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P r e f a c e  

This book grew out of a meeting of the EARA held October 21-23 at the Max- 
Planck-Institut ffir Astrophysik (MPA) in Garching. EARA, the European As- 
sociation for Research in Astronomy (EARA 1) is a consortium of European 
research institutes consisting of the Institut d'Astrophysique de Paris, the Insti- 
tute of Astronomy of the University of Cambridge, the Sterrewacht Leiden, and 
the MPA. 

The meeting brought together the expertise on accretion disks at the EARA 
institutes, with additional keynote speakers invited from outside the EARA cir- 
cle. The result has been a workshop in the tradition of the 'Theory of accretion 
disks' meetings held in Garching in 1989 and 1993. 

The focus of the meeting this time has been on a number of topics at the 
center of the current debates about accretion disks. The contributions to the 
workshop cover the puzzles presented by the X-UV spectra of AGN and their 
variability, the recent numerical simulations of magnetic fields in disks, the re- 
markable behavior of the superluminal source 1915+105 and the 'bursting pulsar' 
1744-28, to mention a few of the topics. 

Professor Osaki's talk on a unification model for the outburst behavior of 
non-magnetic cataclysmic variables was a lecture given on 23 October, at the 
occasion of Friedrich Meyer's official retirement. 

Due to its relatively small size, the meeting was quite interactive. We have 
been fortunate in securing excellent texts from essentially all participants. Special 
thanks are due to the conference secretary Petra Berkemeyer, who also provided 
competent assistance in preparing the camera-ready text. 

Garching 
April 1997 

Scientific Organising Committee 
H. Spruit 

E. Meyer-Hofmeister 
F. Meyer 

R. Sunyaev 

1 http://www.ast.cam.ac.uk/IOA/EARA/EARA.html 
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X-ray spectrum of low-mass X-ray binaries 

Y. Tanaka 1,2 

1 Astronomical Institute, University of Utrecht, Utrecht, The Netherlands 
2 Institute of Space and Astronautical Science, Sagamihara, Kanagawa-ken, Japan 

Abs t r ac t :  This paper gives an overview of the properties of the observed X- 
ray spectra of low-mass X-ray binaries containing a neutron star (neutron-star 
LMXBs) and those of X-ray binaries containing a black hole (black-hole XBs). 
The X-ray spectra of these systems change their characteristics with the mass 
accretion rate. At high X-ray luminosities, typically Lx > 1037 erg sec -1, soft 
thermal emission from the accretion disk dominates. There is a distinct difference 
in the X-ray spectrum between neutron-star LMXBs and black-hole XBs. When 
the luminosity decreases below a certain level (L,  ,~ 1037 erg sec-1), the X- 
ray spectra of both systems undergo a transition to a hard power-law form. 
At further low luminosities (L~ <: 1033-32 erg sec-1), the spectra become very 
soft. The characteristics of these X-ray spectra at different X-ray luminosities 
(different accretion rates) are described and the implications are discussed. 

1 I n t r o d u c t i o n  

A wealth of observational results on the X-ray spectrum of binary X-ray sources 
has become available from various X-ray astronomy satellites. The results show 
that most of the observed X-ray spectra fall into either of the following four dis- 
tinctly different types that are displayed in Fig. 1 (Tanaka 1992). These are the 
incident photon spectra derived from the observed count-rate spectra by correct- 
ing for the instrument response. In this paper, we show incident photon spectra 
unless otherwise stated, instead of raw count-rate spectra that are dependent 
on the response of the specific instrument used. (One can recognize an incident 
photon spectrum by the vertical scale given in units of photons cm -2 s -1 keV -1, 
whereas the one with a vertical scale in units of counts s -1 keV -1 is a count-rate 
spectrum without correction for the instrument response.) 

In th e case of X-ray binaries containing a neutron star, the shapes of the 
X-ray spectra are very different depending on whether the magnetic fields of 
the neutron star is strong or weak. This is generally related to whether the 
companion is high mass or low mass. Binary X-ray pulsars contain a highly- 
magnetized neutron star with the surface magnetic fields of the order of 101: 
Gauss. Most of them are Be binaries. Binary X-ray pulsars typically show a 
spectrum characterized by a hard power-law function with a sharp cut-off above 
a few tens of keV, such as shown in Fig. l(a). On the other hand, non-pulsating 
X-ray binaries composed of a weakly-magnetized neutron star and a low-mass 
companion (neutron-star LMXBs) typically exhibit a spectrum such as shown 
in Fig. l(b), when they are luminous (at high accretion rates). Qualitatively, 
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Fig.  1. Four characteristic types of X-ray spectra of X-ray binaries. These are 
the incident photon spectra, corrected for the instrument response. 

this looks like a thermal bremsstrahlung spectrum. However, a detailed s tudy 
reveals more complex properties, as discussed in section 2.1. The magnetic fields 
of the neutron stars in these systems are considered to be weak enough (10 9 
Gauss or less) so that  the influence of the magnetic fields on mass accretion can 
be ignored. 

Other than these neutron-star LMXBs, there exist a group of sources tha t  
exhibit a qualitatively different type of spectrum characterized by a soft thermal  
component accompanied by a hard tail, such as shwon in Fig. 1(c). l~rom exam- 
inations of these sources in section 2.2, it is shown that  this type of spectrum 
is most probably a signature of an accreting black hole at high accretion rates. 
In the case of black-hole binaries, the X-ray spectrum is not related to the mass 
of the companion (either high mass or low mass). This is because in either case 
magnetic fields that  may influence accretion are absent in black holes. 

The fourth type of the spectrum is an approximately single power-law form, 
as shown in Fig. l(d).  Many X-ray binaries at low luminosities are found to have 
this type of spectrum. Both neutron-star  LMXBs and black-hole XBs change 
their spectral shapes according to the mass accretion rate. The most outstanding 
change is a transition between a spectrum of thermal nature (Fig. l (b)  and 1(c)) 
at high luminosities and a spectrum of a single power-law form (Fig. l (d))  at 
low luminosities. This phenomenon is discussed in section 3.1. It is shown that  
this transition occurs around a certain accretion rate regardless of whether the 
compact object is a weakly-magnetized neutron star or a black hole. Therefore,  
it is considered to be a fundamental property of accretion disks. 

Many low-mass X-ray binaries are transient sources. Of about  120 LMXBs 
known in our galaxy (see van Paradijs 1995), about  100 are neutron-star  sys- 
tems of which more than 80% are persistent sources. In contrast,  most, if not all, 
of ,-, 20 black-hole LMXBs known to date are transient sources. This remark- 
able difference between neutron-star  LMXBs and black-hole LMXBs is yet to 
be explained (see e.g. King et al. in these Proceedings). The transient sources 
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undergo spectacular X-ray outbursts due to a sudden commencement of mass 
accretion onto the compact object. In these transients, the accretion rate changes 
many orders of magnitude from the outburst peak through the following decay 
until the source returns to the quiescent state. Therefore, transient sources are 
very useful for the study of various accretion phenomena over a wide range of 
accretion rate. For a review of transient LMXBs, see e.g. Tanaka & Shibazaki 
(1996). 

In recent years, owing to a dramatic increase of sensitivity of the X-ray 
instruments, X-rays from these transients in the quiescent state have become 
observable. The X-ray spectra at extremely low luminosities are found to be 
much softer than observed at higher luminosities. Study of the X-ray emission 
during quiescnce is a whole new subject. As discussed in section 3.2, the origin 
of these soft X-rays is yet to be understood. 

2 X - r a y  s p e c t r a  at  h i g h  l u m i n o s i t i e s  

2.1 Neutron-star LMXBs 
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Fig. 2. Examples of the observed X-ray photon spectra of luminous (L~ > 1037 
erg sec -1) neutron-star LMXBs, each comprising a soft component (solid curve) 
and a blackbody component (dashed curve). See text for the two components. 
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In the case of neutron-star LMXBs, X-rays are considered to be emit ted from 
two possible sites: (1) an accretion disc in which thermal  energy is released by 
viscous heating, and (2) the neutron star envelope (the boundary  layer) where 
the kinetic energy of accreting mat ter  is eventually deposited. In fact, when the 
sources are luminous, the emission spectra from these two sites can be determined 
respectively as described below. In what follows, the X-ray luminosity L~ is in the 
energy range 1 - 3 0  keV unless otherwise specified. L ,  is estimated as 4~rd2I~ for 
a source distance d and a measured flux I~, hence subject to possible anisotropy 
of emission and the uncertainty of the distance• 

When the X-ray luminosity L~ is well above 1037 erg sec -~, the observed 
spectra are shown to consist of two separate components: a soft component  
and a hard component,  as shown in Fig. 2. Each of these components can be 
independently determined from the analysis of changes of the spectral shape 
with intensity. For example, such an exercise for the spectrum of LMC X-2 is 
given below (Tanaka 1992). 
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Fig.  3. The light curves of LMC X-2 during an observation with Ginga for the 
ranges 1 - 3 0  keV (top), 7 .0-30  keV (middle), and 1 -2 .3  keV (bottom).  

Figure 3 shows the light curves of LMC X-2 in an interval of an obser- 
vation with Ginga in the ranges (a) 1 - 3 0  keV (total), (b) 7 .0 -30  keV, and 
(c) 1 -2 .3  keV, respectively• One notices tha t  the amplitude of variation is 
much larger in the higher energy band. During this interval, the hardness ratio 
I(4.7 - 23 keV)/ I (1  - 4.7 keV) is found to be linearly related to the observed 
flux I(1 - 23 keV), as shown in Fig. 4. (This feature is sometimes referred to as 
a "normal branch" on the hardness vs. intensity diagram). 

We divide the data  into six groups, a through f in the increasing order of 
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Fig. 4. The relation between the observed flux I(1 - 23 keV) and the hardness 
ratio I(4.7 - 23 keV)/I(1 - 4.7 keV). Data points for every 32 s are plotted. 
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a through f (see Fig. 4). (b) The differences between every two spectra of adja- 
cent flux levels (count-rate spectra, not corrected for the instrument response). 
Note that the vertical scales in (b) are successively shifted by a factor of 10. 
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I, with an equal flux ineterval AI as indicated in Fig. 4, and construct the 
spectrum for each group, as shown in Fig. 5(a). One can see in Fig. 5(a) that 
the flux changes very little at the lowest energy channel and that the spectra 
at different flux levels approach the same slope (become parallel to each other) 
towards the high energy end. 

If we take the difference of the spectra AF(E) = F(I + AI; E) - F(I; E) 
between two adjacent groups, we find that AF(E) is essentially identical inde- 
pendent of I as seen in Fig. 5(b). Therefore, it is written as 

AF(E) = B(E) .AI ,  

where B(E) is a normalized function. Hence, by integrating it, 

F(E) = S(E)+ B(E). I .  

(I) 

(2) 

S(E) is an integration constant independent of I, and can be obtained by sub- 
tracting out the component of the form B(E) from the observed spectrum. Thus 
determined S(E) is shown in Fig. 6, together with the average photon spectrum 
of the B(E) component and the sum (average photon spectrum of LMC X-2). 

lO-Z 
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10 o tO 
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Fig.  6. The average photon spectrum of LMC X-2. Photon pectra of the soft 
component S(E) (see text) and the average of the B(E) component are sepa- 
rately shown. 

This soft component S(E) is very well expressed by a multicolor blackbody 
spectrum expected for the emission from an optically-thick accretion disk (Mit- 
suda et al. 1984) based on the standard Shakura-Sunyaev disk model (1973). 
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This multicolor blackbody spectrum is derived on the assumption that  the en- 
ergy generated by viscous heating is dissipated locally in blackbody radiation. 
This model includes only two free parameters,  i.e. S(E) = S(rln, Tin; E), where 
rin is the innermost disk radius and Tin is the color tempera ture  at tin. The 
excellent agreement of the observed soft component with this model makes it 
certain that  the soft component is the emission from an optically-thick accretion 
disc. Hence, the luminosity of the soft component Ls (not the total luminosity 
L~) represents the mass accretion rate M. (This means that  M was constant 
during this particular interval of observation of LMC X-2, despite that  the total  
flux varied with time.) The ASCA observations of several luminous LMXBs do 
not reveal emission lines (except for a weak iron line at 6.7 keV), which sup- 
ports that  the disk is indeed optically thick. The observed color tempera ture  Tin 
increases with Ls (or ~/) ,  and is typically 1 .4-1.5 keV for L~ --~ 10 3s erg sec -1. 

The hard component B(E).  I is best expressed by a modified blackbody 
spectrum BM(Tc; E),  where Tc is a color temperature.  This spectrum is very 
similar to that  of X-ray bursts near the burst peak, with nearly the same color 
temperature  To. This component is most probably the emission from the neutron 
star envelope (an optically-thick boundary layer). The observed T~ is typically 
,-~ 2.3 - 2.5 keV. This value corresponds to an effective tempera ture  Tel f of a 
1.4M® neutron star with a radius of ,~ 10 km at a luminosity near the Eddington 
limit, when corrected for a significant effect of electron scattering. 

The intensity of this blackbody component varies by a large factor on time 
scales of 10 minutes to an hour, but without changing T~. The ratio of the lumi- 
nosities Lb/Ls varies typically in the range 0 .2-1  (Mitsuda et al. 1984), where 
Lb is the luminosity of the blackbody component.  It is to be emphasized that  the 
variation of the blackbody component is unrelated to the soft component,  hence 
not due to changes in M. The observed fact seems to indicate that ,  for some 
unknown reasons, the mass flow from the innermost disk onto the neutron star 
is unsteady. It might be due to stagnation of accretion flow near the inner edge 
of the disk caused by unstable angular momentum transport ,  or could possibly 
be due to occasional mass ejection, when the luminosity is near the Eddington 
limit. However, these are mere speculations. 

2.2 B l a c k - h o l e  b ina r i e s  

Thus far, ten X-ray binaries are known to contain compact objects that  are 
certainly more massive than 3MG, established from the optically determined 
mass functions. Since the theoretical upper limt for a stable neutron star is 
3M®, these compact objects are most probably black holes. They  are listed in 
Table 1 (Tanaka & Shibazaki 1996). 

Eight of these ten black-hole X-ray binaries show X-ray spectra of a common 
characteristic shape when L~ > 1037 erg sec- l :  a soft component accompanied 
by a hard power-law tail, such as shown in Fig. 7. The power-law tail extends 
beyond 100 keV (see e.g. Sunyaev et al. 1994). The other two sources show an 
approximately single power-law spectrum. 
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Table  1. Black-hole binaries established from the mass functions 

Name Spectrum a) Companion F(M) BH mass Ref. 
(M®) (M®) 

Cyg X-1 persistent U S + P L  O 9.7 Iab 0.241+0.013 ,-- 16 (>7)  [1] 
LMC X-3 persistent U S + P L  B 3 V 2.3+0.3 > 7 [2] 
LMC X-1 persistent US+PL O 7 - 9  III 0.14+0.05 ,-- 6(?) [3] 
J0422+32 Nova Per PL M 2 V 1.21+0.06 > 3.2 [4] 
0620-003 Nova Mon US+PL K 5 V 3.18+0.16 > 7.3 [5] 
1124-684 Nova Mus U S + P L  K 0 - 4  V 3.1+0.4 -~ 6 [6] 
J1655-40 Nova Sco US+PL F - G 3.16±0.15 4 - 5  [7] 
1705-250 Nova Oph'77 US+PL K ,--3 V 4.0±0.8 ,-- 6 [8] 
2000+251 Nova Vul U S + P L  early K 4.97±0.10 6 - 7 . 5  [9] 
2023+338 Nova Cyg PL K 0 IV 6.26±0.31 8 -15 .5  [10] 

~*) U S + P L :  u l t r a s o f t  + p o w e r  l a w  P L :  p o w e r  law 

Ref:l. Gies 8z Bolton (1982) 5. McClintock ~ l:temillard (1986) 9. Fi l ippenko et al. (1995b) 
2. Cowley et al. (1983) 6. McClintock et al. (1992) 1O. C a s a r e s  e t  al. (1992) 
3. H u t c h i n g s  e t  al. (1987) 7. BaiLyn et al. (1995) 
4. Fi l ippenko e t  al.  (1995a) 8. Remil lard  et all. (1996) 
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Fig.  7. X-ray photon spectra of black-hole X-ray binaries. Those of Cyg X-1 and 
A0620-00  are from Coe et al. (1976) and White et al. (1984), respectively. 



X-ray spectrum of low-mass X-ray binaries 9 

The soft component  is well described by a multicolor blackbody spectrum of 
the same functional form S(ri,~,Tin;E) as that describes the soft components  
of neutron-star LMXBs. This indicates that the soft component  of  a black-hole 
XB is also the emission from an optically-thick accretion disk. However, an 
important  difference is that kT~ for black-hole binaries is always found to be 
less than 1.2 keV, significantly lower temperature than that for neutron-star 
LMXBs at similar luminosities. Hence, White  et al. (1984) called it ultrasoft. 
This difference is understood in terms of the difference in the mass Mx of the 
compact  object.  If the magnetic  fields are weak enough (for a neutron star) or 
absent (in a black hole), the accretion disk can extend to the innermost  stable 
Keplerian orbit at a radius of ,-~ 3rg (r 9 = 2GMx/c2). (In fact, it is probably 

the case, as shown below.) Then, T~,~ scales as M[ 1/2 for a multicolor blackbody 
disk at a given disk luminosity ( =  the luminosity of the soft compoent  Ls). 

No blackbody component  is present in the X-ray spectra of black-hole X- 
ray binaries. This is consistent with the absence of a solid surface in a black 
hole. Thus,  this form of spectrum characterized by an ultrasoft component  and 
a power-law tail is believed to be a signature of an accreting black hole. 

There are about a dozen more sources showing this characterisitic spectral 
shape. They are also considered to be black-hole binaries. So far, not a single 
X-ray burst has been detected from these sources despite a long integrated ob- 
serving time over a wide range of luminosity. This fact is also in support of the 
absence of a solid surface in the compact  object of these sources in addition to 
the absence of a blackbody component  in their spectra. 
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Fig.  8. Evolut ion of the X-ray photon spectrum of two transient black hole X-ray 
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Fig. 9. Time histories of the luminosities of the hard and soft components, and 
the best-fit parameter values of the multicolor blackbody disk model, for three 
black-hole X-ray binaries, GS/GRS1124-68, GS2000+25 and LMC X-3. From 
the top to the bottom, the power-law flux (2-30 keV), the bolometric flux of the 
soft component, kTin, and r~ncosl/2O (see text) are shown. Note that the values 
of r~nCOSl/2O are for a normalized distance at 1 kpc for GS/GRS1124-68 and 
GS2000+25, and at 50 kpc for LMC X-3. 

The color temperature T~n changes with L~. As L~ decreases, Tin becomes 
lower (the spectrum softens). This is clearly noticeable in Fig. 8, in which 
the X-ray spectra of two transient black-hole binaries, GS/GRS1124-68 and 
GS2000+25, at various intensity levels are shown. This dependence is also ev- 
ident in the kTi~-diagram in Fig. 9. Figure 9 represents the time histories of 
the luminosities of the hard and soft components as well as the best-fit spectral 
parameter values for the multicolor blackbody disk model, for three black-hole X- 
ray binaries, GS/GRSl124-68, GS2000+25 and LMC X-3 (see Tanaka &: Lewin 
1995, and references therein). 

Remarkably, while L~ changes by a large factor, sometimes by more than an 
order of magnitude, the value of rin remains essentially constant, as seen in Fig. 
9. This implies that an optically-thick disk extends to a fixed distance from the 
compact object independnet of accretion rate. This fact is probably indicating 
that ri~ corresponds to the radius of the innermost stable Keplerian orbit, ~ 3r 9. 

Table 2 lists the values of rinCOSZ/20 determined from the observed soft com- 
ponents of various sources for which distance estimates are available (Tanaka & 
Lewin 1995), where ~ denotes the inclination angle of the disk. In fact, the values 
for neutron-star LMXBs are not inconsistent with 3r 9 for a 1.4M® neutron star 
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Table  2. Estimated values of rincosl/20 

Black-hole binaries 

Source Distance ri,~cosll20 
Name (kpc) (km) 
LMC X-1 50 40 ~) 
LMC X-3 50 24 a) 
A0620-00 ,-, 1 25-30 b) 
GS2000+25 ,-, 2.5 25 ¢) 
GS/GRSl124-68 ,-, 3 30 d) 
Cyg X-1 ,~ 2.5 33 ~) 
GX 339-4 ,-~ 4 17-22 f) 

o. E b i s a w a  (1991)  
b T h e  s p e c t r u m  in W h i t e  e t  a1.(1984) used .  
c T a k i z a w a  (1991)  
d E b i s a w a  e t a ] ,  (1994)  

D o t a n i  (1996) ,  p r i v a t e  c o m m u n i c a t i o n  
I E b i s a w a  (1991)  

Neutron-star LMXBs 

Source Distance rln cos1/20 
Name (kpc) (km) 
1608--52 4.1 g) 6.2 h) 

1636-53 6.9 ~) 8.0 
1820-30 ~ 8.5 6.1 
Sco X-1 ~ 0.7 4.1 h) 
LMC X-2 5O 10 
Cyg X-2 ~ 8 10 
Aql X-1 ,-, 2.5 4 

E s t i m a t e d  f r o m  t h e  b u r s t  p e a k  l u m i n o s i t y .  
( E b i s a w a  et  al. 1991) 

h M i t s u d a  et  al .  (1984)  

(~  12 km), if the effects of electron scattering (To > Te/ / )  and the gravi tat ional  
redshift are corrected for (Ebisawa et al. 1991). On the other hand, the values 
for black-hole binaries are all larger by a factor of three to four than  those for 
neutron-star  LMXBs, showing that  these compact  objects are indeed more mas- 
sive than 3M® (since tin o(M~).  Thus,  this provides a method of es t imat ing the 
mass of the compact  object  from the X-ray spect rum alone, when the distance 
of the source is known. 

The hard tail shows a power-law form. The observed photon indices from 
various sources fall within a range 2 .2-2 .5  (see Table 3). The  intensity of the 
hard tail varies in a wide range more than an order of magni tude,  unrelated 
to tha t  of the ultrasoft  component ,  as seen in Fig. 8 and 9. This behavior  is 
similar to tha t  of the blackbody component  in neutron-s tar  LMXBs. Despite 
large intensity changes of the power-law component ,  the photon index remains 
remarkably constant as noticeable in Fig. 8. 

The site of the emission for the hard power-law component  is still unknown. 
Possibly, it is produced by Comptonizat ion of soft photons within 3rg where 
ma t t e r  is optically thin and hot. This would al'so explain why the power-law tail 
is absent in the luminous neutron-star  LMXBs for which the optically-thick disk 
extends close to the neutron star  surface. 

3 C h a n g e s  o f  X - r a y  s p e c t r u m  w i t h  a c c r e t i o n  r a t e  

3.1 T r a n s i t i o n  b e t w e e n  a sof t  s t a t e  a n d  a h a r d  s t a t e  

Black-hole binaries exhibit a dramat ic  change in the spectral  shape between a 
soft thermal  s tate  (high state)  at high luminosities and a hard power-law s ta te  
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(low state) at low luminosities. As the luminosity decreases below a certain 
level, the spectrum changes from the shape described in section 2.2 into an 
approximately single power-law form, and vice versa. This phenomenon was 
first observed from Cyg X-l,  when Cyg X-1 was the only probable black-hole 
source. In addition, Cyg X-1 in the hard state shows large-amplitude intensity 
fluctuations (flickering) on all t ime scales down to 1 ms or shorter. For some 
time, this distinct behavior of Cyg X-1 had been considered to be a possible 
black hole signature. Such a transition has been observed later from at least 
three more black-hole binaries, GS2000+25, GS /GRS1124-68 ,  and GX339-4. 
(The transitions for GS2000+25 and G S / G R S 1 1 2 4 - 6 8  are apparent  in Fig. 8). 
Flickering builds up when the source goes into the power-law state (see Ebisawa 
et al. 1994). 
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Fig.  10. X-ray photon spectra of two neutron-star  LMXBs, 1608-52 (Mitsuda 
et al. 1989; Yoshida et al. 1993) and Aql X-l,  in the soft thermal state and the 
hard power-law state. 

However, these properties are not unique to black-hole binaries. Similar tran- 
sitions have been observed from several neutron-star LMXBs. Such examples are 
shown in Fig. i0. In particular, the progress of such a transition was observed in 
detail for 1608-52, a well-known burster (Mitsuda et al. 1989). The transition 
occurred at around a luminosity of --- 1037 erg sec -I, corresponding to a mass 
accretion rate of --~ 1017 g s -1. As the luminosity decreased to this level, first 
a hard tail began to show up, and then the whole spectrum went into a single 
power-law form within a farily small decrease in luminosity. Flckering was also 
observed in this state (Yoshida et al. 1993). Thus, such a transit ion between a 
soft thermal state and a hard power-law state is considered to be a fundamental  



X-ray spectrum of low-mass X-ray binaries 13 

property of accretion phenomenon regardless of whether the compact object is 
a black hole or a neutron star. The available data  suggest that  transitions occur 
across a mass accretion rate around 1017 g s -1, but this value might vary from 
source to source and even one transiton to another (see Tanaka & Shibazaki 
1996, and references therein). 

Table 3. Photon indices of the power-law component 

Source name 
Black-hole XB 

Single power-law state Ultrasoft+power-law state 

Cyg X-1 1.5-1.7 
GS2023+33 1.4-1.7 
G2000+25 ~ 1.6 2.0-2.3 
GSl124-68 1.6-1.7 ~ 2.5 
GX339-4 ~ 1.7 -,~ 2.5 
LMC X-3 ~ 2.2 
GS1354-64 ~ 2.3 

Neutron-star LMXB 
1608-52 ~ 1.8 
Aql X-1 ~ 1.8 

The observed photon indices in the hard power-law state are in the range 
1.6-1.9 for both neutron-star LMXBs and black-hole XBs as listed in Table 
3. The power-law spectrum in this state is substantially harder than the hard 
tail of black-hole XBs when an ultrasoft component is present (see section 2.2). 
The photon index in this state also remains remarkably constant against large 
changes in luminosity. 

Transition from a soft state to a hard state has been considered as due to a 
change in the disk structure. There is clear evidence that  a sudden enhancement 
of an optically-thin hot plasma (with an electron temperature kTe of the order 
of several tens keV or higher) occurs in the accretion disk when a source goes 
into a hard state. For instance, when X1608-52 went into a power-law state, 
the spectrum of X-ray bursts also showed a significant hard tail that  had not 
existed before the spectral transition (Nakamura et al. 1989). This feature is 
shown in Fig. 11. Since X-rays of bursts are intrinsically a blackbody emission 
from an optically-thick neutron star atmosphere, the hard tail implies that these 
blackbody photons were Comptonized in passing through a hot plasma. This 
clearly indicates new appearance of a hot plasma associated with a transition 
into the power-law state. Yet, the mechanism that causes such a sudden change 
in the disk structure still remains to be understood. 

It is important  to note that, despite a drastic change in the spectral shape, 
the transtion between the two spectral states does not seem to cause a big jump 
in the total luminosity (if the power-law component is integrated to high enough 
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Fig. 11. Observed X-ray spectra (count-rate spectra, not corrected for the in- 
strument response) of 1608-52 for the X-ray bursts (left panel) and the persis- 
tent emission (right panel), before a spectral transition (softer ones) and after 
the transition (harder ones) (Nakamura et al. 1989). 

energies) before and after transition. Hence, the efficiency of radiation (L~/M) 
remains essentially unchanged by the change in the disk structure. Zhang et 
al. (1996) show that, in the recent transitions (hard-to-soft & soft-to-hard) of 
Cyg X-l, the increase was less than 1570 in L~ in the range 1.3-200 keV and 
less than 707o in the bolometric luminosity in the soft state. 

There is evidence that the outer disk remains cool and optically thick against 
Thomson scattering in the hard power-law state. For instance, Cyg X-1 in the 
hard state shows a 6.4-keV fluorescnce line and a significant K-absorption edge 
of iron near 7.1 keV, indicating that the ionization states are lower than Fe 
XVII (Ebisawa et al. 1996). Similar feature has been observed commonly from 
the sources in the hard power-law state, and is interpreted as due to a significant 
contribution of the X-rays reflected by Thomson scattering in a cool disk (see 
e.g. Tanaka 1991). 

A cut-off in the power-law spectrum (an exponential steepening above a 
certain energy) is often observed (e.g. Sunyaev &: Tr/imper 1979; Sunyaev et 
al. 1994; Harmon et al. 1994), The cut-off energy (the characteristic energy of 
the exponential spectrum) of various sources range from several tens keV to 
more than 100 keV. There is an indication that the cut-off shifts towards lower 
energies when the luminosity increases (Sunyaev et al. 1994; Inoue 1994), which 
can be interpreted as due to enhanced Compton cooling of electrons. Such a 
power law spectrum with a cut-off is well reproduced by Comptonization of 
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soft photons (Sunyaev ~c Titarchuk 1980). In the Comptonization model, the 
photon index and the cut-off energy are determined by the electron temperature 
kTe and the Thomson optical depth 7-, or the Comptonization y-parameter: 
y = (4kTe/mec2)Max(7-, l"2).  Yet, the exact reasons for the constancy of the 
photon index against large intensity changes and for the particular photon-index 
values before and after a transition remain to be explained. 

It is worth noting that the properties of X-ray binaries in the power-law state 
are strikingly similar to those of AGNs in the following points: 
(1) AGNs commonly show power law spectra with the photon indices distributed 
within a fiarly small renge around 1.7, very similar to the values for X-ray binaries 
in the hard power-law state. 
(2) The photon index remains constant against large changes in luminosity in 
both systems. 
(3) A high-energy cut-off in the power-law spectrum around several tens keV is 
also observed commonly in Seyfert galaxies (Zdziarski et al. 1995). 
(4) Both systems exhibit high time-variabilities (flickering) on various time scales 
down to the shortest Keplerian periods. 

These similarities suggest that the basic process of accretion is essentially 
the same in both systems, despite huge differences in the scale and power. 

3.2 X-ray s p e c t r u m  in quiescence 

A drastic change in the accretion flow seems to occur when the accretion rate 
further decreases below 1016 g s -1(corresponding to a luminosity of ~ 1036 erg 
sec -1) as discussed below. The light curves of the transient black-hole LMXBs 
A0620-00, GS2000+25 and GS/GRS 1124-68 show a fairly smooth exponential 
decay as shown in Fig. 12, except for a secondary and a tertiary humps (see 
Tanaka & Shibazaki 1995 for references). Another transient black-hole LMXB 
GRO J0422+32 Mso shows a similar exponential decay (Harmon et al. 1994). 
However, in the final stage of the decay, they all decline rather abruptly from 
the level around 1036 erg sec -1, as noticed in Fig. 12. Similar behavior of quick 
turn-off around 1036 erg sec-lwas also observed from Cen X-4 and 1608-522 (see 
Tanaka & Shibazaki 1996 for references). This feature has been considered to 
indicate that the accretion flow is choked when the accretion rate falls below 

1016 g S -1. 
On the other hand, optical observations of the transient sources after return- 

ing to the quiescent state invariably show a significant emission from the disk, 
indicating that mass transfer fi'om the companion still continues. McClintock et 
al. (1995) estimate the mass transfer rate onto the outer disk to be of the order 
of 1016 g s-lfor A0620-00 even at an X-ray luminosity of --~ 1031 erg sec -1. If 
the X-rays come from an optically-thick inner disk, this X-ray luminosity cor- 
responds to an accretion rate of ,-~ 1011 g s -1. This result suggests that very 
little of the transferred mass goes onto the compact object and that matter will 
steadily accumulate in the disk. This is in support of a disk instability model for 
transient X-ray outbursts (e.g. Osaki 1974; Meyer & Meyer-Hofmeister 1981). 
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Fig.  12. X-ray light curves of four bright transient black-hole X-ray binaries, 
A0620-00,  GS2000+25, GS2023+33 and G S / G R S l 1 2 4 - 6 8 .  The observed fluxes 
are shown in units of the Crab Nebula intensity in the energy band indicated for 
each source. (see Tanaka &= Shibazaki 1996 for references.) 

On the other hand, Narayan et al. (1996a) propose an advection-dominated 
disk model for low accretion rates. In this model, the inner part  of the disk 
becomes optically thin, so that  the thermal  energy released by viscous heating 
is mostly advected into the compact object. In such a disk, the efficiency of 
radiation is expected to be extremely small (,-, 10 -3 - 10 -4 of the energy re- 
leased). This model can also explain an abrupt  drop of X-ray luminosity below 
a certain accretion rate as due to a transition from a radiat ion-dominated disk 
into an advection-dominated disk. They show that  this model can reproduce the 
observed spectrum of the quiescent black-hole systems in the optical, UV and 
X-ray bands. However, this advection-dominated disk is against a disk instability 
model for transient outbursts,  since mat ter  will not accumulate in the disk. 
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Table  4. Results of X-ray observations of transient sources in quiescence 

Source Class a) Observed range Luminosity kT b6) 
name (keV) (1032 erg see - I )  (keV) 
Cen X-4 NS 0.5-4.5 

0.5-10 

Aql X-1 NS 0.2-2.4 4.4 
1608-522 NS 0.5-10 6 
0620-003 BH 0.2-2.4 0.06 
2023+338 BH 0.2-2.4 80 

0.5-10 12 

2000+251 BH 0.2-2.4 
0.5-10 

1124-684 BH 0.5-10 
GX339-4BH 0.5-10 

Ref. 

4--8 [1] 
2.4 0.2 [2] 

+ hard tail 
0.3 [31 
0.3 [2] 
0.16 [41 
0.2 [5] 
power law (not blackbody) [6,7] 
photon index -- 1.9 

< 0 1  [31 
< 0 1 [7] 
< 0 1  [7] 
< 0.1 [7] 

") NS: n e u t r o n - s t a r  LMXBs.  BH: b lack-hole  LMXBs.  
I,) for a b l a c k b o d y  spec t rum.  

Ref.: 1. van  P a r a d i j s  et  al. (1987) 5. W a g n e r  et  al. (1994) 
2. Asa i  et  al. (1996) 6. Narayan  et  al. (1996b) 
3. Verbunt  et  al. (1994) 7. A S C A  resul t s ,  u n p u b l i s h e d  
4. McCl in tock  et  al. (1995) 

With the recent high-sensitivity X-ray telescopes, in part icular  ROSAT and 
ASCA, X-rays from several transient sources after returning to the quiescent 
s tate  have been detected in the luminosity range from 1033  erg s e c - l t o  even 
lower than 1031 erg sec -1. The lowest of the positive detections is A0620-00 at 
6 × 1030 erg sec- l (McCl in tock  et al. 1995). For some others, upper  limits have 
been obtained at a level of 1031 erg sec -1. The observed results are listed in 
Table 4. 

The X-ray spectra  in these low luminosity levels are commonly found to be 
very soft, except tha t  GS2023+33 showed a hard spect rum in one occasion (see 
Table 4). If the spectrum is fitted with a blackbody spectrum,  kTb is around 
0 .2-0 .3  keV for all, much softer than  a power-law spect rum observed when L~ 
is in the range 1036-37 erg sec -1.  If it is indeed blackbody emission, the emit t ing 
area turns out to be only 1 - 1 0  km 2 (Verbunt et al. 1994; McClintock et al. 1995; 
Asai et al. 1996), much smaller than the area of the inner accretion disk. Note, 
however, tha t  the precise forms of the spect ra  are still quite uncertain.  A steep 
power law or a bremsstrahlung spect rum can slso give an acceptable fit. Figure 
13 shows examples of X-ray spectra  of t ransient  sources (Cen X-4 & 1608-52)  
in quiescence observed with ASCA (Asai et al. 1996). Note tha t  Cen X-4 has 
a significant hard tail. Whether  the change into such a soft spec t rum occurs 
gradually or abrupt ly  (like a transition) with respect to the change in L~ is not 
yet known. 

At present, where these soft X-rays come from is yet unclear. The observed 
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Fig.  13. X-ray photon spectra of Cen X-4 (left panel) and 1608-52 (right panel) 
during the quiescent state (Asal et al. 1996). 

results in the optical and X-ray bands show close similarities between neutron- 
star LMXBs and black-hole LMXBs in quiescnce. This would argue for a common 
origin of the observed soft X-rays for both systems. 

An imortant question to be resolved is whether the accretion flow is choked 
or instead advectively goes into the compact object. Suppose the accretion flow 
is dominated by advection, it is certain that the mass flow at a rate inferred 
from the optical disk luminosity (,~ 1016 g s -1) does not reach the neutron star. 
Otherwise, the neutron star would emit X-rays at a level of ,-~ 1036 erg sec -1 , 
absolutely in contradiction with the observed luminosity. It is possible that the 
accretion flow is stopped at some distance from the neutron star, expelled by the 
magnetic fields of a rapidly-spinning neutron star (Illarionov & Sunyaev 1975). 
On the other hand, if that were the case, a significant difference in the spectral 
shape would be expected bewteen neutron-star systems and black-hole systems, 
e.g. the characteristic temperature of the spectrum for neutron-star systems 
would be lower than that for black-hole systems because of a systematically 
larger disk radius (>> 3r9) at which the accretion flow is intercepted, hence a 
less amount of graviational energy available. However, the observed results so 
far obtained do not show such a systematic difference between the two systems. 

Mass accretion at such an extremely low luminosity is an entirely new sub- 
ject. Obviuosly, more detailed observations are required to understand the disk 
structure and the origin of the soft X-rays from the sources in quiescence. These 
problems are not only crucial for the physics of accretion but are also related to 
various other important issues (see discussions in Tanaka ~z Shibazaki 1996). 
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Abstract :  In this paper I provide a brief review of the following aspects of 
research in black-hole X-ray binaries: X-ray spectra, mass determinations, and 
source states. In addition, I discuss several recent developments resulting from 
observations of the transient GRS 1915+105. 

1 I n t r o d u c t i o n  

Cyg X-1 was the first X-ray source which was shown to be a member of a bi- 
nary star. This discovery (Webster & Murdin 1972; Bolton 1972) followed the 
determination of an accurate (~ 1') error box by Rappaport et al. (19711, which 
contained a radio source (Braes & Miley 1971; Hjellming & Wade 1972) coinci- 
dent with the 8th magnitude known supergiant HD 226868. Optical spectroscopy 
of this star revealed a 5.6 day periodic radial-velocity variation with an ampli- 
tude Kopt = 64 km/s, and a corresponding mass function fopt(M) = 0.25 M®. 
Under the assumption that the supergiant has a 'normal' mass of ~ 15 M® these 
results led to the conclusion that the mass of'the compact star in Cyg X-1 was 
higher than 3 Mo, which exceeds the maximum possible mass of a neutron star. 

The identification of the radio source with Cyg X-1 was confirmed when its 
brightness showed a large increase correlated with a major hardening of the 
2-10 keV spectrum of Cyg X-1 (Tananbaum et al. 1972). We now know that 
this spectral hardening is caused by the disappearance of an 'ultra-soft' spectral 
component in the X-ray spectrum, signalling a transition from a 'high' (or 'soft') 
state to a 'low' (or 'hard') state (see Sect. 4). 

Following the discovery of the binary X-ray pulsar Cen X-3 (Schreier et al. 
1972 / and many other similar systems, and of X-ray bursters (Grindlay et al. 
1976; Belian et al. 19761, research in X-ray binaries in the 1970's was dominated 
by systems in which the accreting compact object is a neutron star. 

The discovery of strong rapid variability of the X-ray flux of Cyg X-1 (Oda 
et al. 1971; see also Oda 1976, for a review of early work on Cyg X-1 / led to 
the idea that such variability is a tell-tale sign of an accreting black hole, which 
might be used to distinguish them from accreting neutron stars. On the basis of 
this idea Cir X-1 was long considered a black-hole candidate. However, neutron 
star X-ray binaries can also show rapid variability, as was strikingly illustrated 
by the transient V 0332+53, which was initially suggested as a possible black- 
hole system, but later shown to be an X-ray pulsar (Stella et al. 19851, whose 
pulse amplitude happened to be relatively weak compared to that of the red 
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noise component in the power density spectrum (PDS). Also Cir X-1 was shown 
to be a neutron star when it emitted type I X-ray bursts (Tennant et al. 1986). 

Tananbaum (1973) distinguished two groups of galactic X-ray sources on the 
basis of their 2-10 keV X-ray spectra, i.e., sources with relatively hard X-ray 
spectra, several of which were binary X-ray pulsars, and sources with relatively 
soft X-ray spectra, similar to Sco X-l, none of which were then known to be bi- 
nary systems. We now know that these two groups represent accreting neutron 
stars with strong (B .-~ 1012 G) and weak (B ~ 101° G) magnetic fields, respec- 
tively (see various chapters in Lewin, Van Paradijs & Van den Heuvel 1995, for 
reviews of these objects). 

In 1977 Ostriker extended this result by suggesting that black-hole X-ray 
binaries might be distinguished by the shape of their X-ray spectra. This idea 
was put on a firm footing by White & Marshall (1984) who showed that in an 
X-ray colour-colour diagram, derived from the HEAO-1 A-2 sky survey the two 
sources, then known to contain black holes (Cyg X-l, in its 'soft' state, and LMC 
X-3) occupied the extreme upper-left corner, together with several other sources, 
some of which were transient. A few years later McClintock & Remillard (1986) 
found that the mass function of the transient A 0620-00, obtained from the 
r~iial-velocity curve of the low-mass secondary star (which became detectable 
in quiescence, after the X-ray luminosity had decreased by a very large factor) 
equals 3.18 ± 0.16 M o. This immediately showed that the compact star in this 
system is too massive to be a neutron star, and gave confidence in the idea that  
X-ray spectra are an efficient way to select X-ray binaries with black holes. 

Currently, ten X-ray binaries are known to contain black holes on the basis 
of a dynamical mass determination; seven of these are transient low-mass X-ray 
binaries. Another 17 systems are suspected to be black hole X-ray binaries on 
the basis of their X-ray spectra (see Tables 1 and 2, from White & Van Paradijs 
1996). According to a recent analysis the total number of transient black-hole 
X-ray binaries in the Galaxy is ~ 500 (White & Van Paradijs 1996). 

In Sections 2 and 3 I will discuss the X-ray spectra of black-hole X-ray bi- 
naries, and their mass determinations, respectively. In Section 4 I discuss the 
concept of source states. Several recent results are presented in Section 5. 

2 X - r a y  s p e c t r a  o f  b l a c k - h o l e  X - r a y  b i n a r i e s  

Fig. 1 shows typical examples of the X-ray spectra of accreting neutron stars 
with low and high magnetic fields, respectively, and of an accreting black hole. 
The spectra of weak-field neutron stars (e.g., Sco X-l, X-ray burst sources) can 
be approximately described by a thermal-bremsstrahlung model, with k T T B  "-' 

5 keV. The spectra of strong-field neutron stars (i.e., X-ray pulsars) are power 
laws (photon indices .v 1) with a high-energy cut off at several tens of keV. 

In the X-ray spectra of accreting black holes one finds two components, whose 
relative strengths can vary by a large factor. One is a power law, with photon 
indices in the range ~ 1.5 to ~ 2.5, which dominates the high-energy part 
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(~  10 keV) of the spectrum, and is occasionally detected at energies of several 
hundreds of keV. The other component is limited to photon energies below 10 
keV, and is called the 'ultra-soft' component. It is roughly described by a Planck 
function, with kTbb < 1 keV. For extensive reviews of the X-ray spectra of black- 
hole X-ray binaries I refer to Gilfanov et al. (1995) and Tanaka & Lewin (1995). 
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Fig. 1. Spectra obtained with MIR-KVANT of three types of galactic X-ray bina- 
ries with different compact objects: Sco X-1 (weak-field neutron star), A 0535+26 
(strong-field neutron star), and GS 2023+338 (a black hole). (From Gilfanov et al. 
1995). 

The ultra-soft component is generally interpreted as the emission from an 
optically thick, geometrically thin, accretion disk. For a standard accretion disk 
the temperature distribution T(r) is given by 

T4(r) = 3GMx](/Id/8~rar a (1) 

where r is the radial distance from the center, Mx is the mass of the accreting 
object, and )V/d is the mass transfer rate through the optically thick disk. Note 
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that  ~/d is not necessarily equal to the total mass accretion rate, as part  of the 
flow may pass through a geometrically thick very hot advective flow (Rees et al. 
1982; Narayan 1996), or leave the system after having passed through the disk 
(e.g., in a jet ejected from the near vicinity of the compact star). 
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Fig. 2. X-ray spectra of several black-hole X-ray binaries, showing various combinations 
of ultra-soft and power law components (from Gilfanov et al. 1995). 

Mitsuda et al. (1984) assumed tha t  the local emission from the disk is Planck- 
inn, and derived the following expression ( 'multi-temperature disk blackbody') 
for the flux observed from the disk: 

f (E)  = 81rR~, cos i TiSn/3 r Ir,.T_ll/s B(E ,T )  dT (2) 
3d2 J Tout 

here i is the inclination angle of the disk, Rin is the inner radius of the disk, 
d is the source distance, B(E, T) is the Planck function, and Tin and Tout are 
the disk temperatures at the inner and outer disk radii. Note that  the disk is 
assumed to be perfectly flat; therefore, at very high inclination angles the model 
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may not be applicable, e.g., because of self-occultation of the disk. In this model, 
if general-relativistic effects are ignored, the total disk luminosity Ld is given by 
(Makishima et al. 1986) Ld 2 4 = 4rRinaTin , i.e., formally the expression is the same 
as for a spherical uniform blackbody emitter with radius Rin and temperature 
Tin, although all disk emission originates outside Rin. 

The parameter Tin is determined from the shape of the observed spectrum; 
Rin is a factor in the normalization of the fit, and can be obtained if the distance 
and inclination angle are known. Together, Rin and Tin determine the mass flow 
rate through the disk, according to 

f/Id = 87raR3nTi~/(3GMx) (3) 

Usually, it is assumed that the inner disk radius is located at three times the 
Schwarzschild radius, inside of which stable orbits around a non-rotating black 
hole do not exist, i.e., Rin = 6GMx/c 2. However, around a maximally spinning 
Kerr black hole the inner disk radius can be as small as the Schwarzschild radius. 

Spectral fits with this model have been made to X-ray spectra obtained with 
Ginga throughout the outbursts of several BHXT. Remarkably, Rin remained 
constant, while the disk luminosity changed by more than an order of magnitude 
(see Tanaka ~ Lewin 1995). This has given some confidence in the applicability 
of the model. The values of Rin obtained from the fits are consistent with three 
Schwarzschild radii for stellar-mass black holes. 

The power law component in the X-ray spectra of accreting black holes (both 
in X-ray binaries and in active galactic nuclei) is generally interpreted as the 
result of Compton up-scattering of low-energy photons in a very hot medium, 
generally associated with a disk corona, or a geometrically thick inner disk. 
Approximating this spectral component as a power law with an exponential 
cut off at high energies, the photon index, F, of the power law is given by 
F ~ -1 /2  + V/9/4 -4- 7r2/3y, where y is the Compton parameter y = 4kTT2/me c2 
(T and T are the temperature and the scattering optical depth of the hot electron 
gas). 

The nature of the very hot electron gas is not immediately obvious. The 
heating mechanism may be related to magnetic processes on the disk surface, 
analogous to coronal heating in late-type stars. The hot scattering medium may 
be a by-product of an advective flow in which the ion temperature is of order the 
virial temperature (Rees et al. 1982; Narayan 1996); the electron temperature 
is then determined by a balance between heating due to Coulomb interactions 
with the ions, and cooling due to upscattering of low-energy photons (see the 
contribution by H. Spruit to this Volume). It has been suggested that scattering 
may occur on a converging bulk flow in the near vicinity of a black hole (Bland- 
ford & Payne 1981; Payne & Blandford 1981; Chakrabarthy & Titarchuk 1995); 
the expected photon index in this case is N 2.5. 
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3 M a s s  d e t e r m i n a t i o n s  

In determining the mass of an X-ray source, using Newtonian effects only, the 
fundamental quantity is the mass function fopt (M) which is determined from the 
orbital period, Porb, and the amplitude, Kopt, of the radial-velocity variations of 
the mass donor by 

fopt(M) - M 3 sin 3 i / ( M x  + M2) 2 - g°3pt Porb (4) 

The corresponding quantity f x ( M )  can be determined for binary X-ray pul- 
sars: 

f x ( M )  --- M 3 sin 3 i / ( M x  + M2) 2 41r 2 (axsin i)3 
= GP~orb (5) 

(The connection to observational parameters is written differently, since in 
the case of X-ray pulsars the observed quantities are usually pulse arrival times, 
whereas from optical spectra one measures radial velocities.) 

If both mass functions can be measured, thei[ ratio immediately gives the 
mass ratio q - M x / M 2  = f o p t ( M ) / f x ( M ) ,  and both masses are then determined 
separately, by up to a factor sin 3 i. The orbital inclination can be estimated from 
the duration of an X-ray eclipse (if it occurs), and from the amplitude of an 
ellipsoidal optical light curve, which reflects the tidal and rotational distortion 
of the (nearly or fully) Roche-lobe filling secondary star. The latter approach, of 
course, requires that  the light of the secondary dominates the optical emission 
from the binary (see Van Paradijs 1990, for a review of optical light curves of 
X-ray binaries). 

In the case of black-hole X-ray binaries- f x ( M )  cannot be determined, but 
nonetheless important information can be inferred from fopt(M), in conjunction 
with other observables. In the first place, fopt(M) provides a firm lower limit to 
Mx, since sin i cannot exceed unity and M2 > 0. The observed mass functions of 
BHXT are, with one exception, larger than ~ 3 M® (see Table I), and this has 
provided the strongest evidence yet for the existence of black holes with masses 
in the stellar range. 

For systems with a high-mass companion (Cyg X-l, LMC X-1 and LMC 
X-3) the mass functions by themselves do not show tha t  the compact object 
is a black hole. In these cases one has to either assume tha t  the companion is 
not extremely undermassive for its luminosity (see, e.g., Gies and Bolton 1986, 
for a discussion of this issue), or use additional observational constraints on the 
system. Examples of such observational constraints are the following (see Van 
Par~lijs 1983; Gies and Bolton 1986; Charles 1996, for reviews): 

(i) The amplitude of an ellipsoidal optical light curve, if necessary corrected 
for the effect of an accretion disk, provide a relation between q, i and a Roche 
lobe (volume) filling factor f .  (ii) The duration (or absence) of eclipses provides 
another such relation. (iii) The apparent magnitude and spectral type (or colour 
index) of the secondary star determine the ratio R2 / d  of secondary radius R2 
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to distance d. If the source distance, and therefore R2, is known this constrains 
the relation between Mx and Mopt. (iv) Since both Kopt and the observed ro- 
tationM velocity VrotSin i (measurable from broadening of spectral lines in the 
secondary's spectrum) are projected by the same factor sin i, their ratio is given 
by Vrotsin i/Kopt = (q-1 + 1)fl/3r2(q), where r2 is the ratio of the (volume 
averaged) radius of the secondary. Useful expressions for r2 have been given by 
Paczynski (1971) and Eggleton (1983). 

A summary of the mass determinations of black holes in X-ray binaries is 
given in Table 1 (from White & Van Paradijs 1996). 

4 Source  s ta te s  

During the last decade our understanding of accreting weak-field neutron stars 
has much improved by the introduction of the concept of 'source states', defined 
by both temporM and spectral properties of these X-ray sources; this concept 
has also proven fruitful in studying accreting black holes (see Van der Klis 1994, 
1995 for recent reviews, and Lewin et al. 1988 for early developments). 

Weak-field neutron stars are found in low-mass X-ray binaries, and we now 
recognize two groups of such systems, which are called Z sources and atoll sources 
after the shapes of source loci in X-ray colour-colour diagrams (CD; Hasinger & 
Van der Klis 1989; see Fig. 3). The Z sources have X-ray luminosities close to 
the Eddington limit (LEdd), and the neutron stars in these systems have surface 
dipolar fields of order 101° G. They show three source states related to each of the 
three branches of the Z-shaped track in the X-ray CD, i.e., the horizontal branch, 
the normal branch and the flaring branch; the mass accretion rate increases along 
the Z track in this order. The atoll sources have systematically much lower X-ray 
himinosities (mainly between ~ 10 -2 and 0.5 LEdd) , and B ~ 10 ~ G (Hasinger & 
Van der Klis 1989). Two source states have been recognized in the atoll sources, 
the 'island state' and 'banana state' (see Fig. 3). 

The banana state is characterized by a slightly curved track in the CD Mong 
which the sources move on a time scale of hours. In the upper part of the banana 
branch their PDS show only a power law shaped very-low frequency component. 
In the lower part of the banana, which connects to the island in the CD, a high- 
frequency component appears in addition to the VLFN. In the island state the 
X-ray spectral shape doesnt't change very much on time scales of order a day. 
In the PDS the high-frequency component is very strong, roughly shaped as a 
power law with a low-frequency cut off. The island state PDS of several atoll 
sources are very similar to the PDS observed for black-hole X-ray binaries in the 
low state (see below). Between the island state and the banana state the mass 
accretion rate increases (Hasinger & Van der Klis 1989). 

Also in the case of black holes the simultaneous analysis of the spectra and 
the fast variability has led to the distinction of source states, as follows (see 
Fig. 4). In the 'low state' (LS) the ultra-soft component is absent, so the X-ray 
spectrum shows only the hard power law component. The PDS then shows a 
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strong broad-band noise component, which at high frequencies is a power law 
with slope ~ -2  with a variable low-frequency cut off Uco. Belloni & Hasinger 
(1990) found that as Uco changes the high-frequency part of the PDS remains the 
same; thus the lower U¢o is, the higher the fractional variations in the X-ray flux. 
From the long-term monitoring with BATSE Crary et al. (1996) found that the 
r.m.s, fractional hard X-ray variability of Cyg X-1 is correlated with the photon 
index of the power law component in the X-ray spectrum. 

In the high state (HS) the X-ray spectrum shows the ultra-soft component, 
which in some cases completely dominates the emission. The amplitude of X-ray 
flux variations is then much smaller than in the low state, in the PDS they are 
represented by a weak power law. 

TABLE l 

BLACK Hot.a BUqARY C,~DmATaS FROM RADt, U. VaLocvrv Ma,gSUR.aMah"rs 

Date / 'm / (M) Mx 
Name ID 0,r) Transient Companion (days) (M~) (Mo) Reference 

HMXRB: 
Cyg X-I . . . . . . . . . . . . . . . . . . . .  HD226868 1972 No 09.7 lab 5.6 0.25 27 1, 2 
LIviC X-3 . . . . . . . . . . . . . . . . . .  1982 No B3V 1.7 2.3 27  3 
LMC X-[ . . . . . . . . . . . . . . . . . .  1983 No 07-9  Ill(?) 4.2 0.12 ~2.6 4 

LMXRB: 
A 0620-00 . . . . . . . . . . . . . . . .  V616 Mon I986 Yes K,.5 V 0.32 2.91 ~2.9 5 
OS 2023+338 . . . . . . . . . . . . .  V404 Cyg 1992 Yes G9 V-K0 III 6.47 6.26 ~6.1 6 
OS/GRS 1124-68 . . . . . . . .  XN Mus 92 1992 yes  K0 V-K4 V 0.43 3.1 22.9 7 
ORO ,10422+32 . . . . . . . . . . .  V518 Per 1995 Yes M2 0.21 1.2 ~:2.6 8, 9 
ORO J1655-40 . . . . . . . . . . .  X/q Sco 95 1995 Yes F3-F6 2.60 3.16 23.2 10 
O 8  2000+25 . . . . . . . . . . . . . . .  QZ Vul 1995 yes K5 V 0.35 5.0 26.4 II, 12 
H1705-25 . . . . . . . . . . . . . . . . .  XN Oph 77 1996 Yes K3 0.52 (0.70) 4.0 23.4 13, 14 

R a ~ c a s . - -  1. Webster & Murdin 1972; 2. BoRon 1972; 3. Cowley et al. 1983; 4, Hutchings et al. 1987; 5. McClintock & 
Remillard 1986; 6. C.asares eL al. 1992; 7. McClintoek, Ballyn, &Remillard 1992.; 8. Filippenko, Matheson, & Ho 1995; 9. Casares 
et. al. 1995b; 10. Bailyn et al. 1995; 11. C.asaces, Charles, & Marsh 1995a; 12. Filippeako, Matheso~ & Barth 1995; 13. RemiUard 
et al. 1996; 14. Martin et al. 1995. 

TABLE 2 

BLACK HOLE CAi,~mD^'r~s IN Low-MAss X-RAY BJ~ARIHS 

d z 
Name Type Signature I a b a ( p c )  (pc) d Reference 

GRO .[0422+32 (V518 Per) . . . . . . . . . . . . . . . . . .  Transient D / U H  165.9 -11.9 2.5 -516  1 
A 0620-00 (V616 Mon) . . . . . . . . . . . . . . . . . . . . . .  Transient D/US 210.0 -6.5 0.8 - 9 1  2 
ORS 1009-45 (xIq Vel 93) . . . . . . . . . . . . . . . . . .  Transient UH 275.9 9.3 
ORS 1124-68 (GU Mus) . . . . . . . . . . . . . . . . . . . .  Transient D / U S / U H  2953 -7.1 3:9 -4'82 3 
GS 1354-645 (Cen X-2) . . . . . . . . . . . . . . . . . . . . .  Transient U S / U H  310.0 - Z 8  . . . . . .  
A 1524-62 (TrA X-l)  . . . . . . . . . . . . . . . . . . . . . . . .  Transient US /UH 320.3 -4 .4  
4U 1543-47 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Transient U S / U H  330.9 5.4 4" 376 4 
4U 1630-47 (Nor X-l)  . . . . . . . . . . . . . . . . . . . . . . .  Transient US /UH 336.9 0.3 
ORO J1655-40 (XN Set) 94) . . . . . . . . . . . . . . . .  Transient D/US/UH/ . I  345.0 2.5 "3~2 i40 5 
GX 339-4 (4U1658-48) . . . . . . . . . . . . . . . . . . . . . .  Variable U S / U H  338.9 -4 .3  4 -300  6 
H 1705-25 (V2107 Oph) . . . . . . . . . . . . . . . . . . . . .  Transient US /UH 358.6 9.1 6 950 7,8 
GRO J1719-24 (ORS 1716-249) . . . . . . . . . . .  Transient UH 0.t 7.0 . . . . . .  
KS 1730-312 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Transient UH 356.7 1.0 
IE  1740.7-2942 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Variable UH 359.1 -0 .1  '8~5 - ' i 5  6 
H 1743-32 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Transient U S / U H  357.1 - 1.6 . . . . . .  
S I X  1746-331 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Transient US 356,8 -3 .0  . . . . . .  
4U 1755-338 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Persistent US 357,3 -4.9 . . . . . .  
GR$ 1758-258 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Variable UH 4.5 -1.4 . . . . . .  

OS 1826-24 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Variable UH 9.3 -6.1 
EXO 1846-031 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Transient US/UH 30.0 -0 .9  10" - i57 9 
ORS 1915+105 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Variable UH?/J  45..3 -0 .9  12.5 -196  10 
4U 1957+11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Persistent US 51.3 -9 .3  
OS 2000+25 (QZ Vul) . . . . . . . . . . . . . . . . . . . . . . .  Transient D / U S / U H  63.4 -3 .0  Z'5 - i 3 1  6 
G S  2023+33 (V404 Cyg) . . . . . . . . . . . . . . . . . . . . .  Transient D / U H  73.2 -2.1 8 -293 11 

REFRRENCES.-- 1. Shrader et al. 1994; 2. Oke 1977; 3. West 1991; 4. Chevalier 1989; 5. Hjellming & Rupen 1995; 6. Tanaka 
& I..¢win 1995; 7. Gril~ths et al. 1978; 8. Martin et al. 1995; 9. Parmar et al 1993; 10. Mirabel & Rodriguez 1994; 11. Wagner 
et al. 199Z 
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Fig. 3. X-ray colour-colour diagrams and power density spectra typical of Z sources 
and atoll sources (Van der Klis 1995). 

In the very high s tate  (VHS) the X-ray spect rum contains a strong US com- 
ponent,  and a relatively steep power law component  at high energies. The  PDS 
shows, in addition to a highly variable broad-band noise component ,  strong 
quasi-periodic oscillations with frequencies of order 10 Hz and substant ial  har- 
monic content. In N Mus 1991 the VHS was observed at the peak of the outburst ;  
afterwards this source went into the HS which, in turn,  during the decay of the 
outburs t  was followed by the LS. On the basis of this t empora l  order Van der 
Klis (1994) concluded tha t  the sequence LS - HS - VHS is one of increasing mass  
accretion rate. 



30 J. van Paradijs 

7- 

Z 

FF 

Z 
I,I 
rm 

0 
n 

0 

s 
0 

? 
0 

T 
9 

? 
9 

0 

? 
0 

LS 

• 

0.01 0.1 I 10 100 

FREQUENCY (Hz) 

Fig. 4. Power spectra from Ginga data of black-hole X-ray binaries in the low state 
(Cyg X-l), high and very-high states (GS 1124-68) (from Van der Klis 1995). 

Recently, this pleasingly simple global picture of black-hole states was af- 
fected by the discovery that the PDS of N Mus 1991 showed VHS characteristics 
when the source moved from the HS to the LS. This possible 'intermediate state' 
has also been found in Cyg X-1 (Belloni et al. 1996). 

Work by the Granat/Sigma group (see, e.g., Barret & Vedrenne 1994) showed 
that at low luminosities the X-ray spectra of some LMXB with neutron stars 
are relatively hard power laws. Van Paradijs &: Van der Klis (1994) showed 
that there is a general anti-correlation between spectral hardness in the 13-80 
keV range and X-ray luminosity, and that the X-ray spectra of NS-LMXB with 
Lx ~ 10-2LEdd are as hard as those of black-hole binaries (see also the review of 
Gilfanov et al. 1995). Currently available data are consistent with the idea that 
only black holes can show the combination of a hard power law X-ray spectrum 
and a high X-ray luminosity (~ 10 ~7 erg/s) (for a recent summary of this issue 
I refer to Barret et al. 1996). 
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The  LS power spectra of accreting black holes are strikingly similar to those 
of atoll sources in the island state (see Fig 5), not only with respect to the shape 
of the broad-band noise component, but  als with respect to the invariance of 
its high-frequency part  as the low-frequency cut off changes (Belloni-Hasinger 
effect). Together with the spectral similarities this suggests tha t  at low accretion 
rates the dominant factors in the emission processes near black holes in the LS 
and near weakly magnetized neutron stars in the island state are the same; in 
particular, the presence of a hard surface in the case of accreting neutron stars, 
and possibly of a significant magnetic field, do not appear to have much effect 
on the X-ray spectral and temporal  properties. 

Another  example of strong similarity between accreting weak-field neutron 
stars and black holes is provided by Cir X-l,  whose power spectrum, when it is 
very bright, is very similar to those of accreting black holes (see Van der Klis 
1995), in particular by the presence of a high-frequency broad-band noise com- 
ponent  and QPO. The black-hole power spectra show higher harmonics of these 
QPO; this may be a distinguishing proper ty  of these objects. This is consistent 
with the idea (Hasinger & Van der Klis 1989) tha t  Cir X-1 is an atoll source 
(i.e., the neutron star magnetic field is very weak) accreting near the Eddington 
limit. 
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Fig. 5. Light curves and power spectra of a black hole (Cyg X-l) in the low state and 
an atoll source (4U 1608-52) in the island state (from Van der Klis 1995). 
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5 G R S  1 9 1 5 - b 1 0 5 :  s o m e  r e c e n t  d e v e l o p m e n t s  

In this Section I briefly discuss some recent results which extend the above 
picture of accreting black holes, based on radio and X-ray observations of the 
transient GRS 1915+105. 

5.1 R e l a t i v i s t i c  j e t s  

Mirabel & Rodriguez (1994) found that the X-ray transient GRS 1915+105 
ejected radio emitting 'blobs' in opposite directions, with an angular speed that 
appeared superluminal at the distance D = 12.5 kpc they estimated from 21 cm 
absorption line observations. Using the expression describing relativistic proper 
motion (#1,2) of symmetrically ejected emitters 

j3 sin 0 c 
#1,2 = 1 4- j3 cos 0 D (6) 

they derived from lZl = 17.6 mas per day, and P2 = 9.0 mas per day that ~ = 
V/c = 0.92. 

Jets and two-sided ejection had been found before in the X-ray binaries 
SS 433 (see Margon 1984), Cyg X-3 (Schalinski et al. 1995), 1E 0236+610 (Massi 
et al. 1993), GRS 1758-258 (Rodriguez et al. 1993) and 1E 1740.7-2942 (Mirabel 
et al. 1992). The nature of the compact objects in the first three sources is not 
known; the last two objects likely contain black holes on the basis of their hard 
power law X-ray spectra and high X-ray luminosity (see Sect. 4). The connection 
between accreting black holes and relativistic jets was strengthened by the dis- 
covery (Hjellming & Rupen 1995) that also the X-ray transient GRO J1655-40 
showed superluminal expansion of double-sided radio 'blobs' (~ = 0.92 for this 
system as well). The mass function for this system (Bailyn et al. 1995) indicates 
that it contains a black hole (see Table 1). 

These results provide a strong link between galactic black-hole X-ray binaries 
and active galactic nuclei (AGNs), a subset of which eject superluminal radio jets 
(see Antonucci 1993, for a recent review of AGNs), and give strong support to the 
relativistic interpretation of superluminal motion in AGN. The link is reinforced 
by the recent finding of Sams et al. (1996) that both BH X-ray binaries and AGN 
with relativistic jets follow one relation between the size and surface brightness 
of the jets and the accretion rate onto the black hole (see also the contribution 
to this Volume by Sams et al.). 

5.2 E x t r e m e  var iabi l i ty  in G R S  1915+105  

After its first outburst in 1994 the transient GRS 1915+105 has remained very 
active (see Harmon et al. 1994). The Rossi XTE detected one of its recurrent 
outbursts, in April 1994, and has continued observations on a weeky basis. On 
several occasions GRS 1915+105 has shown extremely complicated patterns of 



Black holes in X-ray binaries 33 

variability, in which a time interval of relatively low X-ray flux with little vari- 
ability is followed by what is best described as an outburst  which, in turn,  is 
followed by an interval of rapid switching between low and high X-ray fluxes. 
After this the source returns to the low-flux state and the above pa t te rn  is re- 
peated. On October 6, 1996 the duration of one such cycle of variability was 
-~ 20 minutes (see Fig. 6). 

RXTE PCA GRS 1915+105 1996 October 6th 
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Fig. 6. X-ray light curve of GRS 1915+105 observed with the Rossi XTE on October 
6, 1996 (from Belloni et al. 1997). 

From a t ime resolved spectral analysis, using a combination of a power law 
plus a multi-color disk blackbody (see Sect. 2), Belloni et al. (1997) found tha t  
during the quiescent state in this variability the inner disk radius, Rin, was quite 
large (several hundred kin). During the outbursts  Rin decreased to ,-~ 20 kin. 
From the values o f / t in  and Tin during quiescence they inferred tha t  then the 
mass transfer rate through the disk is extremely high, in the range 7 10 -7 M®/yr  
to 6 10 -6 M®/yr.  Only a very small fraction of this mass flow is emit ted in the 
form of X rays during the outbursts.  Belloni et al. concluded tha t  most of the 
internal energy in the disk is advected into the black hole (a fraction may be 
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ejected from the system, perhaps in a collimated fashion). 
If the spectral inrepretation of Belloni et al. is correct one can draw the con- 

clusion that  the compact object in GRS 1915+105 does not have a hard surface. 
Of course, this is the standard picture of a black hole, following their  descrip- 
tion in general relativity. It is gratifying that  the observations of GRS 1915+105 
support  this description. 
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Abstract:  The results of hard X-ray/soft  gamma-ray observations of GX 339-4 
with GRANAT/SIGMA are reported. The spectral and temporal  properties of 
the source during its four successive hard X-ray outbursts  in 1990-1994 were 
studied in details. We suggest tha t  the mechanism of GX 339-4 outbursts  is 
triggering of the irradiation - driven instability in the low mass binary system. 

1 O b s e r v a t i o n s  

GX 339-4 has been observed by SIGMA during five sets of observations in 1990- 
1994. During four observational periods activity of the source in hard X-ray 
energy domain was detected with typical 35-150 keV flux ~ 200 - 400 mCrab.  

The results of 1990 - 1991 SIGMA observations were reported by Bouchet  
et al. (1993). In the present work we report  results of 1992 - 1994 observa- 
tions and discuss the possible origin of source outbursts  in the framework of the 
mass transfer instability model (MTI; Hameury, King, & Lasota (1986), (1988), 
Hameury et al. (1990)). 

1.1 1992 F l a r e  Observations 

During the February-March 1992 SIGMA and ART-P observations the source 
was found in the of fs ta te  with 3or upper limits on the average 35-150 keV flux 
lS mCrab (see also Grebenev et al. (1993)). 

The source was on again during October  1992 observations. On Oct., 12- 
14, 1992 it was detected by SIGMA in its hard (low) state with the average 
35-150 keV flux ~ 220 mCrab. According to the BATSE data  (Harmon et al. 
(1994)) the lightcurve and spectral evolution of GX 339-4 in the hard X-ray 
- soft gamma ray (_>20 keV) energy band was very similar to tha t  of 1991, 
Fall flare. The average source spectrum is clearly seen up to 300 keV and it 's 
shape is well described by the comptonization model with electron t empera tu re  
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Fig.  1. The 40 - 400 keV spectra of GX 339-4 obtained by SIGMA in Fall 1992. 

kT~ ~ 40 keV and Thomson optical depth r ~ 3.1 or by an optically thin thermal  
bremsstrahlung with the characteristic temperature  ~ 160 keV in the 40 - 300 
keV energy range (Figure 1). It should be noted that  the source spectrum at 
that  t ime was somewhat harder than usual hard state outburst  spectra. 

1.2 1994 Flare Observat ions  

GX 339-4 was the target  of four SIGMA observations in February - March, 
1994. The source has been found in hard (low) state with spectral and temporal  
characteristics close to those for the 1991 hard flare (Figure 2). 

According to the SIGMA data  the averaged hard X-ray spectrum has para- 
meters very close to that  of previously observed hard state  outbursts;  the best 
fit parameters of comptonized spectrum are kT¢ ~ 33 =t= 4 keV, T ~ 2.95 :t: 0.50 
(assuming spherical geometry). 

2 D i s c u s s i o n  

According to BATSE results, three successive hard X-ray outbursts  of GX 339-4 
with ~ 440 =t= 30 days cycle duration occured during 1991-1994 (Fishman et al. 
(1991); Harmon et al. (1992); Harmon et al. (1994a)). It was pointed out tha t  
the spectral and temporal  properties of the source are very similar for these 
outbursts  (Harmon et al. (1994)), which is fully consistent with the results of 
SIGMA observations. 
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Fig. 2. The 40 - 400 keV spectra of GX 339-4 obtained by SIGMA in 1994. 

2.1 Hard X-ray Spectral Evolution During the Outbursts 

In Figure 3 (middle panel), the best-fit bremsstrahlung temperature is shown 
as a function of time since the start of the outbursts for the 1991, 1992, 1994 
SIGMA observations (all SIGMA observations when the statistically significant 
flux from GX339-4 was detected) The outbursts start times were taken from 
the (Harmon et al. (1994a), Harmon et al. (1994)). The upper panel in Fig. 3 
shows the 40-300 keV flux from the source. While some outburst-to-outburst 
variations in the flux history are present, the SIGMA data indicates tentatively 
that the spectral evolution during all three outbursts was quite similar and may 
be described as a gradual softening of the source high energy spectrum. 

It has been recently shown for various black hole candidates (BHC) that the 
hardness of the high energy part of the spectrum is often correlated with the X- 
ray luminosity (Kuznetsov et al. (1996), Revnivtsev et al. (1996)). In particular, 
the data acquired from observations of several X-ray Novae indicate, that the 
hardness of the spectrum is generally anti-correlated with the mass accretion 
rate. Assuming, that the hard spectral component production mechanism in 
GX339-4 is essentially the same we may tentatively suggest, that the gradual 
softening of the GX339-4 spectrum during outburst corresponds to monotonic 
increase of the mass accretion rate. 

Furthermore, comparing the simultaneous results of BATSE (Harmon et al. 
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Fig .  3. The evolution of the characteristics of hard X-ray radiat ion from GX 
339-4 with t ime since the beginning of the 1991, 1992, 1994 hard s ta te  outbursts:  
40 - 300 keV energy flux - upper panel ; hardness of the 40 - 300 keV spect rum 
vs. fitted O T T B  electron tempera ture  - middle panel ; (0.01 - 0.1 Hz) fractional 
rms 2 variation of 40 - 150 keV flux - lower panel. Solid circles, open circles and 
solid squares in each pannel correspond to the 1991, 1992 and 1994 SIGMA 
da ta  respectively. The s tar t ing dates of outbursts  were taken from Harmon  et 
al. (1994a), Harmon et al. (1994b). 

(1994a)) and ART - P and SIGMA (Grebenev et al. (1993), Bouchet et al. 
(1993)) on the 1991 GX 339-4 outburst ,  we can conclude tha t  the beginning 
of the hard-to-soft state  transit ion coincided with the peak of the hard X-ray 
(> 20 keV) luminosity. On the other hand it was demonst ra ted  tha t  the soft 
spectral  s ta te  corresponds to higher mass accretion rate  than  the hard s tate  
(Trudolyubov et al. (1996)). Therefore, the peak of the mass accretion rate  is 
reached welt after the m ax i m um  of the  hard X-ray luminosity - the observed 
decrease of the hard X-ray luminosity after i t 's  max imum corresponds to the 
transit ion to soft spectral  s ta te  and doesn ' t  necessarily reflect decrease of the 
accretion rate. 

According to the E X O S A T / M E  (Ilovaisky et al. (1986)) and G I N G A  obser- 
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vations (Ueda et al. (1994)) the offstate spectrum of GX339-4 in the 2-20 keV 
band is extremely hard with the photon index ,-- 1.7. This value is close to that 
for the hard (low) state (Grebenev et al. (1993), Bouchet et al. (1993), this pa- 
per), while the X-ray luminosity in off state is ~ 100 times lower than during 
the hard outburst. This is yet another example of surprisingly weak dependence 
of the slope (,,- 2 - 20 keV) of comptonized spectrum upon luminosity (Gilfanov 
et al. 1995). 

2.2 Relat ion be tween  spectral  hardness and level of  s h o r t - t e r m  
variability 

We have searched for possible correlation between short term fluctuations of the 
hard X-ray flux and the hardness of the source spectrum. The relation between 
the fractional rms (in the 10 -2 - 10 -1 Hz frequency range) of the 40 - 150 keV 
flux fluctuations and best-fit bremsstrahlung temperature is shown in Figure 
4. It is seen from Fig. 4 that softening of the source spectrum is accompanied 
with decrease of the fractional rms. This behaviour resembles that of Cygnus 
X-1 (Kuznetsov et al. (1996)) and Nova Persei 1992 (GRO J0422+32). This fact 
may hint on the general property of the hard spectral component production 
mechanism. 

2.3 On the Origin of  the Outbursts  

The optical studies ( Cowley, Crampton, & Hutchings (1987), Callanan et al. 
(1992)) identified GX 339-4 with a binary system containing a compact object 
with mass 1Mo<Mc <2M o and a probably evolved low mass secondary with 
luminosity Ls<_L®. In addition, the 14.8-hr binary period has been reported 
recently (Callanan et al. (1992)). 

The BATSE observations have demonstrated that GX 339-4 hard X-ray (_>20 
keV) light curve during outburst is characterized by an initial rise of the flux 
during --, 1 month followed by slower increase up to the peak value during ~2 
months and relatively rapid drop within -,~20 days (Harmon et al. (1993), Harmon 
et al. (1994)). The evolution of the X-ray spectrum suggests that the maximum 
of the accretion rate is reached some time after the maximum of the hard X- 
ray luminosity, i.e. more than ,-~ 3 month after the start of the outburst. This 
type of behavior is opposite to that of X-ray Novae during primary outbursts 
characterized by a short rise time (~ one week) and much slower decay of the 
X-ray luminosity on the timescale of months usually attributed to the disk 
instabilities. 

Increase of the mass accretion rate onto compact object is thought to be 
the origin of the transient outbursts in the low mass X-ray binaries (LMXBs). 
Basing on the different mechanisms that explain this phenomena two compet- 
ing models have been constructed. The mass transfer instability model (MTI; 
Hameury, King, & Lasota (1986), (1988), Hameury et al. (1990)) suggests that 
the outburst is caused by sudden increase of the mass transfer rate through the 
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Fig. 4. GX 339-4 hard X-ray flux fluctuations vs. 10 -2 - 10 -1 Hz fractional rms 2 
variation of 40 - 150 keV flux dependence on the hardness of source spectrum 
vs. fitted OTTB electron temperature. For comparison the Cyg X-1 results are 
shown (Kuznetsov et al. (1996)). 

inner Lagrangian point (L1) due to the expansion of the secondary's outer layers 
heated by hard X-rays generated in the vicinity of the compact object. The disk 
instability model (DTI; Lin & Taam (1984), Huang & Wheeler (1989), Mineshige 
& Wheeler (1989)) attributes the outburst to the rising of the mass transfer rate 
through the accretion disk itself. Let us consider GX 339-4 state transitions in 
the framework of these models. 

In the mass transfer instability model (MTI) the transient process is governed 
by the change of the mass transfer rate from a companion star on a timescale 
of its envelope expansion (Gontikakis & Hameury (1993)) and by changing of 
mass transfer through the accretion disk on its diffusion timescale "Tdi f . .~(r /vr)  
... ( 1 / a f 2 ) ( r / H )  2.,~ several months (Lightman (1974)) where r and H are the 
radius and the thickness of the disk, a and ~2 are viscosity parameter and the 
Keplerian disk angular velocity (Shakura & Sunyaev (1973)). On the other hand, 
the averaged measured quiescent GX 339-4 X-ray luminosity ( >_1035D2kp c ergs 
s -1) (Ilovaisky et al. (1986), Ueda et al. (1994)) is known to be higher than the 
required to initiate the expansion of the secondary's outer layers ,-~ 1034My ergs 
s -1 ( Hameury, King, & Lasota (1986), Chen, Livio, & Gehrels (1993)) where 
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Ms is the secondary mass in the solar units. The disk thermal instability (DTI) 
has a characteristic timescale of order the disk heating wave propagation time 
Theat .,~ ( r / o ~ c s )  ~.~ (1/O/~) (r/H) ,,~ few days (Meyer (1984)) where the cs is the 
speed of sound. These facts and the absence of the fast rise in hard X-rays allow 
us to suppose the mass transfer instability (MTI) as an origin of the GX 339-4 
hard state outbursts rather than the disk thermal instability (DTI). 

Supposing that GX 339-4 outbursts are caused by the matter overflow through 
the inner Lagrangian point (L1), let us define the degree of secondary Roche lobe 
(RL) overfill AR for a given system mass transfer rate. In the case of secondaries 
with sufficiently deep convective envelope the equation of state can be reason- 
ably approximated by the polytropic law p o( p5/3, the relation between the mass 
transfer rate f /  the degree of R L  overfill is follows: M ~ ( M , / P s ) ( A R / R s )  3 
(Livio (1992), Lubow & Shu (1975)) where M, and R8 are the secondary mass 
and radius, PB - is the binary period. The estimated hard state binary mass 
transfer is ,-, 3 x 10 -9 (0.1/~?) Mo year -1, where ~? is the efficiency of X-ray 
production, assuming the X-ray luminosity ,,~ 2 × 1037 ergs s -1 (Grebenev et 
al. (1993)). Therefore, for the GX 339-4 hard state outbursts A R / R s  ~ 10 -4, 
taking into account the uncertainty of the secondary mass determination. Can 
it be attributed to the intrinsic secondary radius fluctuations? It is known that 
in low mass binary systems, such as cataclysmic variables, long term secondary 
radius fluctuations exist, which is possibly linked to cycles in magnetic activity 
(Gontikakis & Hameury (1993)). In addition, solar observations show A R / R o  
,~ 10 -4 within the solar cycle (Gilliland (1981)). Although the possible influence 
of these fluctuations on the long term source behavior can not be completely 
excluded, their associated time scale (years) is too long to explain the observed 
transient events. 

We propose that the sequence of the emission episodes during GX 339-4 out- 
bursts is caused by the gradual increase of the mass transfer from the secondary 
onto the compact object due to the triggering of the irradiation-driven instability 
of the secondary outer layers. When the secondary outer layers expand to some 
extend, the mass transfer through the disk increases resulting in the hard-to- 
soft source state transition. X-ray illumination of the secondary is effective until 
thick accretion disk shields the L1 region, quenching the instability (Hameury, 
King, & Lasota (1986)). The following contraction of the unilluminated part of 
the secondary causes falling of the system mass transfer rate below critical value. 

Proposed transient mechanism doesn't require the strict periodicity of the 
source outbursts. Furthermore, some destabilizing factors such as secondary in- 
trinsic radius fluctuations discussed above, superimposed to the main instability 
cycle, may cause dramatic increase of the system mass transfer, resulting in the 
observed super-high state (Miyamoto et al. (1991)) or even be able to produce 
out of turn outbursts. 
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A b s t r a c t :  

Spectral and temporal variability of black hole and neutron star binaries 
in soft and hard X-ray energy domain are discussed basing on the MIR- 
KVANT/TTM, GRANAT/SIGMA and some ASCA observations. Along with 
prominent spectral changes associated with low/high state transitions the vari- 
ations of spectral and short term variability characteristics of the hard X-ray 
emission were observed in the low spectral state of several black hole binaries. 
Possible relation of these variations with change of the mass accretion rate and 
low/high spectral state transitions is discussed. 

1 Introduction 

Numerous studies of black hole binaries in the X-ray/low v-ray energy domain 
during the past decade revealed complicated pattern of the spectral variability. 
The most prominent spectral changes are associated with well known and inten- 
sively studied transition between soft/hard spectral states (e.g. Tanaka, 1989; 
Grebenev et al. 1993, Sunyaev et al. 1993). This transitions manifest themselves 
as a dramatic redistribution of bulk of the emitted energy over wavelength (e.g. 
Fig.l). Along with that less evident "subtle" variations of the spectral properties 
are often observed (e.g. Fig.2). In many cases spectral changes are accompanied 
with changes in the short term aperiodic variability properties (e.g. Miyamoto 
et al. 1995, van der Klis, 1995, Belloni et al., 1996ab). The spectral and short 
term variability characteristics of the emission are directly observable quanti- 
ties, provided sufficient spectral and temporal resolution, sensitivity and energy 
coverage. 

In many theoretical models the geometry and conditions in the X-ray emis- 
sion generation zone are defined primarily by the mass accretion rate. Opposite 
to spectral and temporal characteristics the mass accretion rate isn't directly 
measurable quantity. In some cases it can be determined in the model depen- 
dent way. Related quantity is the bolometric luminosity which is not directly 
measurable either due to limited energy coverage or, more important, due to 
low energy interstellar absorption. The bolometric luminosity can be in princi- 
ple estimated via extrapolation of the spectral model - best fit to the observed 
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Fig. 1. The spectra of KS1730-312 in different spectral states (TTM and SIGMA 
data, from Trudolyubov et al. 1996. 

spectrum. That obviously requires certain assumptions to be made about spec- 
tral behavior beyond the energy range covered by the instrument, i.e. is spectral 
model dependent. The only directly measurable quantity is the luminosity in 
some restricted energy range defined by the bandpass of the instrument. 

As is well known, the Comptonization theory and, in particular, the simplest 
approximation given by Sunyaev & Titarchuk 1980 formula was quite successful 
in describing individual spectra of the black hole candidates in the low spectral 
state (e.g. Sunyaev & Truemper, 1979; Grebenev et al. 1993). The Compton up 
scattering of low frequency radiation in hot optically thin part of the accretion 
flow is very likely a mechanism of generation of the hard spectral component. 
However the structure of the accretion flow and in particular origin of the hot 
electrons and geometry of the Comptonization region are still unclear. 

Below we discuss some results on spectral/temporal variation of several 
black hole candidates basing on the MIR-KVANT/TTM, GRANAT/SIGMA 
and some ASCA observations. 
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Fig. 2. The spectra of GRS1716-249 (Nova Oph 1993) at different epoch (TTM 
and SIGMA data, from Revnivtsev et al. 1997a). 

2 S p e c t r a l  s t a t e s  

2.1 Black hole binar ies  

Existence of different spectral states for black hole candidates was established 
more than two decades ago (e.g. Tananbaum et al. 1972, Holt et al. 1976, 
Ogawara et al. 1982). Nonetheless the luminosity change (and it's sign even) 
from the hard state to the soft was unclear. The primary purpose of this para- 
graph is to estimate typical luminosity levels corresponding to each spectral state 
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for several sources. For completeness we review briefly the pattern of spectral 
states with emphasis on the spectral properties. 

Different spectral states are roughly distinguished according to relative im- 
portance of the soft and the hard spectral components. Three spectral states are 
usually distinguished: 

1. low or h a r d  - the emission is dominated by the hard spectral component 
which shape is adequately described by the Comptonization model. 

2. h igh  or s o f t -  The primary contribution to the emergent emission is due to 
the soft spectral component, the hard component being absent or extremely 
steep and weak. 

3. s u p e r h i g h  - both the soft and the hard spectral components are present, with 
the major fraction of the X-ray luminosity being emitted in the soft spectral 
component. Properties of the hard spectral component are quite different 
from that in the low state. 

The commonly accepted point of view is that the soft spectral component is 
due to emission from optically thick and geometrically thin (part of the) accretion 
disk of the type predicted by the standard model of Shakura & Sunyaev 1973. 
The hard spectral component is believed to result from Compton upscattering 
of soft photons in vaguely defined optically thin Comptonization region. The 
temporal variability properties of these two spectral components are very differ- 
ent (e.g. Miyamoto et al., 1991, 1994, van der Klis, 1995). Besides that, spectral 
and short term variability properties of the hard spectral component observed 
in the low and superhigh spectral states are also quite different (Miyamoto et al. 
1995, van der Klis, 1995, Belloni et al., 1996ab). In particular, sufficiently steep 
photon index (~ 2.5) and small fraction of the luminosity emitted in the hard 
power law component in the superhigh state could be easily accommodated in 
the disk-corona model without postulating that major part of the gravitational 
energy of accreting matter is dissipated in the rarefied corona (e.g. Gilfanov et 
al. 1991). 

Since the bulk of the emitted energy might shift over the photon energy by 
two orders of magnitude (typical black body temperature of the soft component 
is --~ 0.3 - 1.0 keV, the FE × E 2 for the hard component peaks at ~ 100 keV) 
accurate luminosity estimate requires broad energy coverage- from g 1 keV 
to ~ few hundred keV. Besides that accurate estimate of luminosity of the soft 
spectral component (kTbb "~ 0.3 -- 1 keV) requires in many cases proper account 
for the interstellar absorption. The latter was proven to be important for the 
recently observed soft (or intermediate, Belloni et al. 1996a, Zhang et al. 1997) 
spectral state of Cyg X-1. 

The Table 1 presents luminosity estimates for several sources. Note that the 
numbers given in the table do not correspond to the whole range of the luminosi- 
ties for particular spectral state. They rather represent some luminosity levels 
at which particular source was picked up by different observatories/instruments. 
The high state luminosity for Cyg X-1 was calculated using the best fit parame- 
ters for the soft and hard spectral components from Dotani et al. 1996 assuming 
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Table 1. Luminosity in different spectral states for several black hole candidates 

Spectral state Nova Mus KS1730-312 Cyg X-1 

low ~ 5 • 103~ ~ 4.4 • 1037 ,~ (2 - 4) • 1037 

high ~ 3 • 1036 ~ 1.2- 1038 (7)1 ~ 8- 1037 (.7) 1 

superhigh ~-, 2.10 s7 

The source distance was assumed 1 kpc for Nova Mus, 8.5 kpc for KS1730-312 and 2.4 
kpc for Cyg X-1. The energy range is 1-300 keV for Nova Mus and KS1730-312 and 
0.5-300 keV for Cyg X-1. No correction for interstellar absorption was applied to Nova 
Mus and KS1730-312 data. 
1 Most likely intermediate state between low and high spectral states (see Belloni et 
al. 1996a for Cyg X-l). 

hydrogen column density of 6 • 1021 cm -2. The Table 1 demonstrates, that  the 
luminosity increases from the low state to high and superhigh spectral states. 

2.2 N e u t r o n  s t a r  b i n a r i e s  

The spectral study of X-ray  bursters, (e.g. Langmeier et M. 1987, Mitsuda et al. 
1989, Ford et al. 1996), demonstrate, that  X- ray  bursters (weakly magnetized 
neutron star binaries) show bimodal spectral behavior similar to that observed 
]or black hole binaries (see also Barret 8z Vedrenne 1994, Tanaka & Shibazaki 
1996, Revnivtsev et al. 1997b). At least two distinct spectral states of X- ray  
bursters may be identified - soft/high and hard/low (cf. spectral states of black 
hole candidates). The 4U1705-44 and 4U1608-56 are discussed below as two 
relatively well studied examples (Revnivtsev et al. 1997b). 

The high/soft state spectrum corresponds to luminosity level of L x  ~ (3 - 
9) x 1037 erg/s 1 or L x  "~ (0.2 - 0.6) x LEdd and roughly 2 could be represented 
as a blackbody spectrum with temperature of kTbb -~ 1 -- 2 keV possibly with 
superimposed weak and rather steep power law tail which diminishes above 
-~ 20 - 30 keV. In the case of 4U1705-44 the upper limit on the luminosity in the 
higher energy domain during the soft state is 2 x 1036 erg/s (2a, 35-100 keV, 
assuming the spectral shape similar to that  observed in the low state). 

At lower luminosity level ( L x  ,~ (0.7 - 2) x 1037 erg/s or L x  ~ 0.1 x Ledd) 
the spectrum becomes considerably harder with photon index in the low energy 
limit of ,-~ 1.6 - 1.8 and exponential cut-off at ~ 30 - 50 keV. The low state 
spectrum could be generally described by the Comptonization model. 

1 The hard X-ray luminosities and upper limits for these two X-ray bursters obtained 
by GRANAT/SIGMA and cited in this subsection are from Revnivtsev et al., 1997b. 

2 Detailed discussion of the spectral behavior of the X-ray bursters at high luminosity 
is beyond scope of these paper (see e.g. White, Nagase & Parmar, 1995 for review) 
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F i g .  3. T h e  s p e c t r a  of 4U1705-44 a n d  4U1608-52 in soft  a n d  h a r d  s p e c t r a l  s t a t e s  
( from Revn iv t sev  et  al. 1997b). 

T h e  overal l  spec t r a l  shape  in t he  soft and  the  h a r d  s t a t e s  is gene ra l ly  s imi la r  
to  t h a t  of b lack  hole c a n d i d a t e s  excep t  for s o m e w h a t  h igher  value  of  kTbb in t h e  
soft s ta te .  A n o t h e r  i m p o r t a n t  difference is t h a t  the  X - r a y  b u r s t e r s  have  ~ 2 - 3 
t imes  lower energy  of the  exponen t i a l  c u t - o f f  of t he  s p e c t r u m  in t he  h a r d  s t a t e  
(Fig.4,  Gi l fanov et  al. 1993). Th is  difference is d i r ec t ly  obse rvab le  a n d  opens  a 
poss ib i l i ty  to  d i s t ingu i sh  an acc re t ing  low m a g n e t i z e d  n e u t r o n  s t a r  f rom a b lack  

T a b l e  2. Luminosity in different spectral  states for two X- ray  bursters 

Spectral  s ta te  4U1705-44 4U1608-52 

low --~ 1 - 10 a7 ~ 0.7.1037 

high ,-~ 5 - 9 • 10 zv ~ 3 • 10 av 

The source distance was assumed 7.4 kpc for 4U1705-44 and 3.6 kpc for 4U1608-52. 
The energy range is 0.5-200 keV. 
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Fig. 4. The hardness of the spectra of black hole binaries (in low or superhigh spectral 
state) and neutron star binaries (low spectral state) as observed in the hard X-ray 
domain expressed in terms of best-fit bremsstrahlung temperature (left) and 40-150 
keV photon index (right). The binary systems with known nature of the compact 
object are marked by asterisk (a neutron star) or filled circle (a black hole). The 
GRANAT/SIGMA data; from Gilfanov et al. 1993. 

hole. On the other hand it's worth mentioning that in the hard state the spectral 
slope sufficiently below the cut-off energy is quite the same as for the hard state 
spectra of black hole candidates. 

The X-ray bursters undergo spectral transitions at approximately the same 
luminosity level as black hole binaries (Tables 1,2) although the mass of the 
compact object might differ by more than the order of magnitude. In terms of 
critical Eddington luminosity in the case of X-ray bursters transition occurs 
at  Lx/LEdd ~few×0.1 while for black hole binaries the threshold luminosity 
corresponds to Lx/LEdd ~ 0.1. 

The most apparent difference between weakly magnetized neutron star bina- 
ries and black hole binaries is presence of the neutron star. Existence of relatively 
cool optically thick surface in vicinity of the accretion disk could affect the energy 
balance and/or the structure of the inner part of the accretion disk. In particular 
the feedback (via reprocessing of the hard Comptonized radiation) between the 
neutron star surface and hot electrons in the Comptonization region could be 
the reason for lower electron temperature observed in the low state of X-ray 
bursters (Sunyaev et al. 1991, Gilfanov et al. 1993; Fig.4). 

If the neutron star rotation frequency is sufficiently below the break up fre- 
quency and the magnetic field is week, more than a half of the gravitational 
energy of the accreting matter could be released near the neutron star surface 
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(Sunyaev & Shakura 1986) in addition to the energy released in the accretion 
disk. If the neutron star radius exceeds the radius of the last marginally stable 
keplerian orbit RNS > 3Rg the viscous boundary layer will be formed. In the 
opposite case of RNS < 3Rg the accreting matter at R < 3Rg should fall to- 
ward the neutron star along the trajectories close to that of free particles with 
the given value of the specific angular momentum and energy. The most of the 
kinetic energy is then released during the impact with the neutron star surface 
in the narrow optically thin layer. The spectrum of outgoing radiation in this 
case could be extremely hard opposite to the spectrum of the viscous boundary 
layer (Sunyaev & Shakura 1986). 

The physical conditions in the boundary layer aren't well understood yet. On 
the other hand, in the case of optically thick boundary layer the spectrum of out- 
going radiation should be rather soft with characteristic blackbody temperature 
kT ~ 1 - 2 keV (for typical luminosity of X-ray bursters, --~ 1037 - 103s erg/sec). 
However, the EXOSAT data show that at sufficiently low luminosity, Lx  ~ 1037 
erg/sec, the contribution of the soft blackbody component with kTbb "~ 1 --2 keV 
couldn't exceed ~ 10 - 15% of the overall source luminosity in the low spectral 
state (Mitsuda et al. 1989, Revnivtsev et al. 1997b). 

3 S p e c t r a l  v a r i a b i l i t y  o f  t h e  h a r d  s p e c t r a l  c o m p o n e n t  

In this paragraph we will consider variability of the hard spectral component at 
the energies ~ 40 keV basing on observations of the GRANAT/SIGMA (Paul 
et al. 1991). Since often the SIGMA observations aren't complemented with 
observations in the standard X-ray band it is sometimes unclear if observed 
spectral variations are intrinsic to the low/hard spectral state or correspond to 
transition from the low to high spectral state (e.g. extended episodes of very low 
hard X-ray flux observed for Cyg X-1 and 1E1740.7-2942). 

In order to quantify shape of the hard spectral component the best fit op- 
tically thin bremsstrahlung temperature is used. This approach provides simple 
though rather crude single parameter representation of the hardness of spectrum. 
The same approximation is used to estimate the energy flux or luminosity. The 
short term variability is characterized by relative rms in the 0.01 - 0.1 Hz fre- 
quency range. 

3.1 Cygnus  X-1 and 1E1740.7-2942 

The hard X-ray light curves of both Cyg X-1 and 1E1740.7-2942 have a complex 
structure with short term (time scales of days to weeks) variations superimposed 
on long term (time scale of years) intensity changes of generally larger relative 
amplitude (Kuznetsov et al. 1997). 

The long-term light curve of Cygnus X-1 (Fig.5) recorded by SIGMA (Salotti 
et al. 1992, Vikhlinin et al. 1994, Ballet et al. 1996) shows variations of the 40- 
150 keV flux by a factor of ,~4. During 1990 - mid 1993 (Vikhli.nin et al. 1994) 
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Fig. 5. The 40-150 keV light curves of Cyg X-1 (top) and 1E1740.7-2942 (bottom). 
Each data point represents the average over ~ 2 - 8 hours (Cyg X-l) and ~ 50 hours 
(1E1740.7-2942). The date Jan.l,1990 corresponds to MJD 47892. Approximate flux 
levels corresponding to the three v-states of Cyg X-1 are shown on both panels. From 
Kuznetsov et al. 1997. 

the source was typically detected near the V2 intensity level. In Dec 1993 and 
in the first observations in June 1994 the minimal flux was detected,  ,,~ 0.5 
Crab. According to BATSE data  (Crary et al. 1996) having much be t te r  t ime 
coverage these two observational sets occurred during an extended low hard X- 
ray flux episode. The lowest flux from Cyg X-1 during this period was detected 
in Feb.1994 (0.2~/1 - Phlips et al. 1996). During almost  all SIGMA observations 
considerable variability on the hours -days  t ime scale was detected - by a factor 
of ,~ 1.5. 

The light curve of 1E 1740 recorded by SIGMA (Fig5) shows a quali tat ively 
similar pa t te rn  (Cordier et al. 1993, Churazov et al. 1993). The  40-150 keV flux 
from 1E 1740 changed by a factor of ~10 on the t ime-scale of ~ 1/2 year  with 
the minimal flux corresponding to the extended minimum observed during 1991 
(Churazov et al. 1993). Variability by a factor of 1.5 on a days-weeks t ime scale 
was detected during most  of the observational  sets. 

The  SIGMA observations provided on one hand ra ther  sparse t ime coverage 
- especially for Cyg X-l ,  and, on the other, a limited t ime resolution restricted 
by the instrument  t ime resolution (several hours for spectral  information) and, 
especially for 1E 1740, by the accuracy of the spectral  and variabili ty pa ramete r s  
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Fig. 6. The best-fit bremsstrahlung temperature plotted against the hard X-ray lumi- 
nosity (40-200 keV) for Cyg X-1 (upper panels) and 1E 1740.7-2942 (lower panels). 
The data were averaged over 1 to 20 days of consecutive observations (left panels) and 
according to the source intensity (right panels). From Kuznetsov et al. 1997, see also 
Ballet et al. 1996. 

estimation. The latter leads to the necessity of further grouping of the data.  In 
order to verify possible effects of the data  averaging two grouping methods were 
applied to the data  and the results are shown in Fig.6 and 7 (see Ballet et al. 
1996, Kuznetsov et al. 1997 for the details). 

Although no strict point-to-point correlations were detected certain general 
tendencies are evident. For both sources an approximate correlation between 
kT and Lx  exists. At low hard X-ray luminosity - below -,, 1037 erg/sec - kT 
increases with Lx.  At higher luminosity the spectral hardness depends weaker 
or does not depend at all on the hard X-ray luminosity. On the other  hand for 
Cyg X-1 the spectral hardness is in general positively correlated with the relative 
amplitude of short-term variability. The low luminosity end of these approximate 
correlations (low kT and low rms) corresponds to extended episodes of very low 
hard X-ray flux which occurred during SIGMA observations. 
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short-term flux variations in the 0.01-0.1 Hz frequency range. Open circles correspond 
to Cygnus X-l, filled circles - to X-ray Nova Persei 1992 (GRO J0422+32). From 
Kuznetsov et al. 1997. 

3.2 T h e  black hole X-ray  Novae 

The X-ray Novae form distinct and being intensively studied class of objects (see 
Tanaka & Shibazaki 1996 for review). Typically they are X-ray binary systems 
composed of a low mass normal star and most likely a black hole. The presence 
of a black hole is dynamically proven in many cases - the X-ray Novae form 
most numerous so far class of objects known to harbor stellar mass black holes 
(Cowley 1992, Tanaka & Shibazaki 1996 and references therein). 

Phenomenologically, from the viewpoint of the spectral evolution the X-ray 
Novae might be divided in to two subgroups according to the spectral state (low 
vs. high/superhigh) at the maximum of the X-ray light curve. The likely reason 
for that difference is the peak value of the dimensionless mass accretion rate 
rn = M / l ~ c r i t .  The X-ray Novae supposedly having higher rh (e.g. Nova Vul 
1989, Nova Mus 1991) pass through the entire range of the spectral states during 
their evolution, undergoing the spectral transitions similar to that observed for 
Cyg X-1 and GX339-4. The less luminous (referred below as "low rh") X-ray 
Novae (e.g. Nova Per 1992, Nova Oph 1993) never show soft spectral component 
and apparently are in the low/hard spectral state during entire outburst. The 
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spectral variability of the latter is considered below. 
An example of spectral evolution (X-ray Nova Per 1992) is shown in Fig.8 - 

the decrease of hard X-ray flux was accompanied with hardening of the spectrum 
(Vikhlinin et al. 1995). Similar relation between spectral hardness and luminosity 
was observed for X-ray Nova Oph 1993 (e.g. Fig.2, see Revnivtsev et al. 1997a 
for the details). Such behavior is apparently opposite to that observed for Cyg 
X-1 and 1E1740.7--2942 - cf Fig.6 and 8. 

3.3 S p e c t r a l  v a r i a b i l i t y  o f  t h e  h a r d  spec t ra l  c o m p o n e n t  

Study of the broad band spectra using the data of MIR-KVANT/TTM and 
ASCA observations close in time to the GRANAT/SIGMA observations indi- 
cates that change of the hard X-ray flux ~ 40 keV traces change of the overall 
luminosity of the hard Comptonized spectral component (but not necessarily of 
the total X-ray luminosity). Therefore (Fig.6 and 8), the hardness of the Comp- 
tonized radiation and it's luminosity are positively correlated in the case of Cyg 
X-1 and anti correlated in the case of (at least some of) low m X-ray Novae. 
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It is very likely that in the case of the X-ray Novae the mass accretion rate 
is decreasing with time after the maximum of the light curve, i.e. change of the 
hard spectral component luminosity traces change of the mass accretion rate. For 
Cyg X-1 and 1E1740.7--2942 the change of the mass accretion rate is unclear 
and can't be directly determined. The study of the emission from the optically 
thick part of the disk (see below) indicates in the model dependent way that in 
the case of Cyg X-1 the low hard X-ray flux episode corresponded to increase 
of the mass accretion rate. 

Thus, we may tentatively conclude that in the low spectral state of both low 
rh X-ray Novae and Cyg X-1 the increase of the mass accretion rate leads to 
the softening of the spectrum of the Comptonized radiation. On the other hand 
relation between the mass accretion rate and the luminosity of Comptonized 
radiation is less unambiguous: the increase of the mass accretion rate might 
result in either increase of the Comptonized radiation luminosity (e.g. X-ray 
Nova Per) or it's decrease (Cyg X-l). 

Regardless of the luminosity and the mass accretion rate change, the relation 
between the spectral hardness and the level of the short term aperiodic variability 
are qualitatively the same for Cyg X-1 and X-ray Nova Per (Fig.7). Similar 
behavior was recently found for GX339-4 (Trudolyubov et al. 1997). 

4 O p t i c a l l y  t h i c k  d i s k  e m i s s i o n  in  t h e  l o w  s p e c t r a l  s t a t e  

As was mentioned above the high/superhigh spectral states are characterized by 
presence of prominent soft spectral component which gives the dominant contri- 
bution to the ~ 1 keV to few hundred keV luminosity. In the low state the balk 
of X-ray luminosity is emitted in the hard Comptonized spectral component. 
There are reasons to believe (e.g. Tanaka, 1989, Ebisawa et al. 1994) that the 
soft spectral component originates from geometrically thin, optically thick part 
of the accretion disk. The spectra observed during the superhigh spectral State 
show that the optically thick disk might coexist with rarefied optically thin hot 
region where the hard spectral component originates from. In this context the 
search for the soft component - emission from the optically thick part of the 
accretion disk in the low spectral state is of certain interest for understanding 
the structure of the accretion disk. 

4.1 Cygnus  X-1 

The first indications of presence of the soft excess in the low state spectrum of 
Cyg X-1 were found about two decades ago (Priedhorsky et al. 1979, Balucinska- 
Church et al. (1995)). Most apparently it could be noticed from comparison of the 
values of the hydrogen column density inferred by the low energy cut-off of the 
X-ray spectrum, ~ 3.1021 cm -2, with that known from 21 cm observations and 
interstellar reddening of the optical companion, ~ 6.1021 cm -2 .  The data of the 
ASCA observations fully support this conclusion. That excess may be ascribed 
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to the presence of the soft emission with the best fit blackbody tempera ture  
Tbb "~ 120 eV and luminosity of the order of ,-, 20% of the overall 0.5-300 keV 
luminosity of the source 3 in the nominal low spectral state. 

The approximation of the soft excess (ASCA observation in November, 1994) 
by a multicolor disk model (Shakura & Sunyaev 1973, Makishima et al. 1986) 
gives value of the temperature  at the inner boundary of the accretion disk kTi~ 
136 eV and the radius of the inner boundary Rin "~ 440 ± 60 km. The  best 
fit value of the inner disk radius corresponds to ~ 15Rg for the 10M® black 
hole i.e. exceeds considerably the 3R 9. Tha t  value might be interpreted as a 
radius at which the geometrically thin, optically thick disk approximation ceases 
to hold. As is well known (Shakura & Sunyaev 1976), the inner par t  of the 
standard accretion disk (Shakura & Sunyaev 1973) where the radiation pressure 
dominates is unstable. That  inner part  of the accretion flow could be responsible 
for generation of the hard spectral component observed in the low spectral  s tate  
(Sunyaev et al. 1991; see recent discussions of the advection dominated flows by 
Chakrabarti  & Titarchuk 1995, Narayan 1996). 

Within that  approximation the disk tempera ture  depends upon the radius 
according to well known relation: 

(Shakura & Sunyaev 1973). Therefore, knowing that  T(R = 440kin) = 136 eV 
we can estimate the disk mass accretion rate 

Mdisk "" (2 -- 3)" 1017 g/sec 

(assuming 2.5 kpc distance and 10M® black hole). On the other hand know- 
ing that  the absorption corrected energy flux from the source at tha t  t ime was 
Fx (E > 300 eV) ~ (4 - 5) • 10 -s  e rg /sec /cm 2 and assuming the accretion effi- 
ciency of ~ ~ 0.1 we can obtain independent estimate of the total  mass accretion 
rate 

4/10 ,  

which is consistent with that  derived above from analysis of the low energy part  
of the spectrum. Note, however, that  these two values estimate two essentially 
different quantities and could suffer from different uncertainties. The Mtotal, 
according to the way it was derived, accounts for contribution of the mat te r  
possibly accreting via rarefied optically thin halo and, on the other hand, depends 
on assumed value of the accretion efficiency, i.e. importance of the advection. 
The 2t~/d~sk is an estimate of accretion rate in geometrically thin keplerian disk 
and is not affected by these two effects, but  depends on the validity of simple 
multicolor disk approximation. 

3 It should be mentioned that the luminosity estimate is rather uncertain in this case 
because bulk of the soft component emission is absorbed by the line-of-sight gas. 
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Fig.  9. Constraints on the radius and temperature  at the inner boundary of 
the optically thick part  of the disk in GRS1716-249 (X-ray Nova Oph 1993). 
ASCA observation on Oct.5,1993 (GIS data). The hatched area under the curve 
marked "90% upper limit" is a range of parameters  consistent with the ASCA 
non detection of the soft excess in the spectrum (90% confidence, assuming 
NH = 4.5 - 1021 cm-2).  The line marked "M --, 5 × 1017 g/sec" shows relation 
between Rin and Tin for that  value of the disk accretion rate. Two points marked 
"Cyg X - I "  are values measured for Cyg X-1 in 1994 (left) and 1993 (right). The 
source distance was assumed 2.5 kpc, 10M® black hole, cos(i) = 0.5. 

4.2 G R S 1 7 1 6 - 2 4 9  ( X - r a y  N o v a  O p h  1993)  

The GRS1716-249 was observed by ASCA on Oct.5, 1993 near the maximum 
of it's X- ray  luminosity. Opposite to Cyg X- l ,  the low frequency cut-off of the 
X-ray  spectrum agrees quite well with the Galactic value of NH ~ 4.5- 1021 
cm -2 (Della Valle et at. 1994). The upper limit on the luminosity of the soft 
component similar to the one observed in the spectrum of Cyg X-1 in 1994 
during "standard" low spectral state (black body spectrum with kTbb ,-, 100 eV 
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is ~ 1038 erg/sec, assuming 2.5 kpc distance (Della Valle et al. 1994), which is 
less than ,-- 3% of the total X-ray luminosity of the source. 

The range of values of the temperature and the radius of the inner boundary 
of the optically thick part of the accretion disk, consistent with the ASCA GIS 
spectrum of the source is shown in Fig.9 (hatched area below the curve marked 
"90% upper limit"). 

The multicolor disk parameters could be restricted further, assuming that 
the total luminosity of the source may be used as an estimator of the disk 
mass accretion rate. The 0.5-300 keV source luminosity at the date of ASCA 
observation was ~ 4.1037 erg/sec (the high energy luminosity was measured by 
GRANAT/SIGMA - Revnivtsev et al. 1997a) which corresponds to l~tot~t "~ 
5 x 1017 g/sec. The relation between Tin and Rin corresponding to that value 
of Mdisk is shown in Fig.9 by a curve marked "M ~ 5 x 1017 g/sec". Only part 
of that curve within the hatched area is consistent with non detection of the 
soft excess in the spectrum of the source by ASCA. Under this assumption, the 
accretion disk parameters are constrained by Tin ~ 1 0 0 -  110 ev, R~n ~ 900 km 

30Rg for 10M® black hole. 
On the other hand, assuming, that the inner disk radius is the same as for 

Cyg X-l ,  ~ 15Rg, the upper limit on the inner disk temperature is Tin ~ 120 
eV, which constraints the disk accretion rate: Mdi,k ~ 1 • 1017 g/sec. 

5 Broad band spectral variability of Cyg X - 1  

The Cyg X-1 was observed with ASCA satellite in a number of occasions dur- 
ing 1993-1995. Some of this observations were performed during extended low 
hard X-ray flux episode (although not at the minimum of the hard X-ray flux). 
This gives a possibility to study variations of the broad band spectrum of the 
source corresponding to the spectral changes observed in the high energy do- 
main (Fig.6). We used for this purpose two ASCA observations performed in 
November 1993 (low hard X-ray flux episode) and one year later in November 
1994 ("standard" hard spectral state of the source). 

The broad band spectra of the source in 1993 and 1994 (ASCA and 
GRANAT/SIGMA data) are shown in Fig.10. The parameters of the spectral 
approximation of the ASCA data in the 0.5-10 keV energy range by the model 
consisting of the power law emission with reflected component and multicolor 
disk component (the hydrogen column density fixed at 6.1021 cm -2) are pre- 
sented in Table 3. 

The spectral changes observed by SIGMA in the high energy domain during 
low hard X-ray flux episode in 1993-1994 were accompanied with corresponding 
changes in the standard X:ray band (Fig.10 and second and third columns of 
Table 3): 

1. The slope of the Comptonized radiation changes from .~ 1.6 for standard 
hard state spectrum to ~ 2.0 (low hard X-ray flux episode). As well known 
the steepening of the spectrum may be due to decrease of either the electron 
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Fig.  10. The broad band spectra of Cyg X-1 in the "nominal" hard state 
(marked as "higher flux") and during very low hard X-ray  flux episode ob- 
served in 1993 (marked "lower flux")• The behavior of the spectral flux density 
above 30 keV is schematically shown according to Kuznetsov et al. 1997. 

. 

temperature  or the Thompson optical depth. The high energy da ta  show 
that  the position of the high energy cut-off of the spectrum shifts towards 
lower energy indicating that  the electron temperature  in the Comptonizat ion 
region is decreasing. 4 
Parameters  of the soft spectral component - supposedly emission from op- 
tically thick, geometrically thin outer part  of the accretion disk - change as 
well. Qualitatively, these changes correspond to increase of the luminosity 
and the mean photon energy of the soft component.  The relative contribu- 
tion of the soft component to total  X-ray  luminosity increases as well. In 
terms of the multicolor disk approximation these changes may be a t t r ibuted 
to increase of the disk temperature  and possibly decrease of the radius of the 
inner boundary of the optically thick part  of the accretion disk (the latter 
conclusion is tentative due to limited accuracy of inner radius determination, 
but  see discussion below). Within that  model these changes are caused by 
increase of the mass accretion rate by a factor of ~ 1.5 - 2. 

The sign of change of the overall X-ray  luminosity is rather  uncertain mainly 
due to quite large value of interstellar absorption and the fact tha t  the soft 
spectral component might contribute non negligible fraction to the total  X-ray  

4 The ASCA and SIGMA data are not contemporaneous restricting therefore the pos- 
sibility of reliable Comptonization model parameters estimate fl'om the broad band 
spectral fitting 
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Table 3. The best fit parameters for the ASCA data approximation with the model 
consisting of the power law with reflection and multicolor disk emission. 

Parameters 1 25-26/11/94 11-12/11/93 30-31/05/96 ~ 
"nominal" ,~beginning of the ~middle of the 

hard state low hard X-ray low hard X-ray 

flux 1993 episode flux 1996 episode 

photon index, a 1.64 =t= 0.01 1.99 ± 0.01 ~ 2.2 

T~, eV 136 ± 5 156 ± 2 -,~ 470 

R~n, km ~ 440 ±60 420 ± 15 --~ 110 

Fpl 2 0.86 (1.4) 0.75 (1.6) 3.1 (3.3) 

Fdisk ~ 0.02 (0.7) 0.06 (1.3) 0.2 (5.7) 

Mdi~k, 1017 g/sec 4 ,~ 1.7 ~ 2.8 ,~ 5 

1 The hydrogen column density was fixed at NHL ---- 6 • 1021 cm -2. 
2 The 0.3-9 keV energy flux of the power law and disk emission components, 10 -s  
erg/sec/cm 2 (the absorption corrected value is given in parenthesis) 
3 Assuming the source distance of 2.5 kpc, binary system inclination angle of 70 ° 
4 Estimated from the parameters of the soft excess using the multicolor disk approxi- 
mation 
5 The multicolor disk approximation parameters were roughly estimated using the spec- 
tral parameters reported by Dotani et al., 1996 

luminosity 5. The observed (uncorrected for the low energy absorption) 0.5-300 
keV luminosity slightly decreased from ~ 4 . 1 . 1 0  - s  e rg /sec /cm 2 (~ 3.1- 1037 
erg/sec) to ~ 2 .6 .10  -s  erg/sec/cm 2 (~ 2.0.1037 erg/sec) with decrease of the 

hard X-ray flux. 
Another episode of very low hard X-ray  flux from Cyg X-1 occurred in 

May-June  1996 (Zhang et al. 1997). The source was intensively observed by 
GRO/BATSE in hard X-ray  energy domain and by XTE and ASCA in the 
standard X-ray  band. The accretion disk and Comptonized emission parame- 
ters roughly estimated using the spectral parameters reported by Dotani et al. 
(1996) are given in the fourth column of Table 3. The ASCA observation in 1993 
occurred two month before the source reached the lowest value of the hard X-ray  
flux, whereas in 1996 Cyg X-1 was observed with ASCA nearly at the minimum 
of the hard X-ray  flux. Correspondingly, 1996 observation found steeper power 
law, higher disk temperature, smaller disk inner radius and higher value of the 
mass accretion rate as estimated from the disk parameters (Table 3). It seems 
very likely, that  both 1993 and 1996 events correspond to the same phenomena - 

5 Note that the for the hydrogen column density of 6 • 1021 cm 2 more than ~ 95% of 
the disk emission with parameters given in the Table 3 is absorbed 
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transition of the source to the soft spectral state caused by increase of the mass 
accretion rate by a factor of few. 

C(hmrd 

kT° 

rmshled 

Ldi=k 

low state high state 

Mass acc re t ion  ra te  

Fig. 11. Possible dependence of the hard and soft components parameters on 
the mass accretion rate (low through high spectral states). 

6 Summary 

Possible dependence of spectral characteristics of the soft and hard component 
upon the mass accretion rate is schematically shown in Fig.1 1. The range of M 
considered in Fig.l l  covers low through high spectral states and doesn't include 
superhigh state supposedly corresponding to higher values of 21~/. These curves 
include a large degree of interpolation of the experimental data and therefore 
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should be treated with certain caution. A fair amount of new broad band obser- 
vations is needed to prove and detailize these dependences. 

One of unclear points is dependence of radius of the inner boundary of the 
optically thick part of the accretion disk on the mass accretion rate. One pos- 
sibility is that increase of the M results in smooth continuous decrease of Rm. 
The transition from the low state to the high state is consequently smooth in 
this case. On the other hand sudden increase of the soft X-ray luminosity ob- 
served by XTE/ASM during transition of Cyg X-1 to the soft state (Zhang et 
al. 1997) might indicate that two distinct accretion regimes exist: the lower/~/ 
regime - the inner boundary is located sufficiently far from the compact object, 
at ~ (10 - 20)Rg, and higher M regime, with the inner boundary being close 
to the compact object, ,-~ 3R 9. It should be mentioned though, that in any case 
change of the parameters of the hard spectral component (nhard, OZhard, kTe) is 
smooth (Zhang et al. 1997). 

The opposite dependence of the hardness of the hard spectral component 
upon it's luminosity, observed for several low rh X-ray Novae and, on the other 
hand, for Cyg X-1 and 1E1740.7-2942 could be understood assuming that these 
objects differ in value of rh. In both cases softening of the Comptonized radi- 
ation spectrum and decrease of the level of short term variability are caused 
by increase of the mass accretion rate, but sign of change of the Comptonized 
radiation luminosity is opposite at lower and higher values of the mass accretion 
rate (Fig.ll). At low rh fraction of the gravitational energy dissipated in the 
optically thick part of the accretion flow is small and change of the hard spectral 
component luminosity traces change of M. Opposite to that, at higher rh in- 
crease of M leads to increase of the fraction of gravitational energy dissipated in 
the optically thick part of the accretion flow and to decrease of the hard spectral 
component luminosity. This kind of non monotonic dependence of the hard com- 
ponent luminosity upon the mass accretion rate was probably observed for X-ray 
Nova Muscae after the secondary maximum of it's light curve (Paciesas et al. 
1993, Ebisawa et al. 1994) and for GX339-4 (Harmon et al. 1994, Trudolyubov 
et al. 1997). 

The consequence of non monotonic dependence of the hard X-ray luminos- 
ity upon the mass accretion rate is that at sufficiently small M Cyg X-1 and 
1E1740.7-2942 should show hardness upon luminosity dependence similar to that 
observed for low rh X-ray Novae. Such behavior was possibly observed for Cyg 
X-1 - the kT - L x  dependence splits into two branches at L x  ~ 1037 erg/sec 
(see Ballet et al. 1996, Kuznetsov et al. 1996). 
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X-ray spec trum of a disk i l luminated by ions 

H.C. Spruit 

Max-Planck-Institut ffir Astrophysik, Postfach 1523, D-85740 Garching 

Abstract: The X-ray spectrum from a cool disk inside an ion supported torus is 
computed. A surface layer of the disk is heated by the protons from the torus. It 
produces a comptonized spectrum with a shape that is only very weakly depen- 
dent on the incident energy flux and the distance from the accreting compact 
object, and is similar to observed spectra. Further evidence for 'ion illuminated' 
disks are the Li abundance in the secondaries of low mass X-ray binaries and 
the 450 keV lines sometimes seen in black-hole transient spectra. 

1 I n t r o d u c t i o n  

The X-ray spectra F(E) of AGN as well as galactic black hole candidates (BHC) 
in their hard states are characterized by a power law of index ..~ 1 and a high 
energy cutoff Ec around 200 keV. Such spectra are well known to be describable 
by comptonization in an electron scattering layer of optical depth T ~ 0.5 and 
temperature T .~ Ec. One of the classsical problems in X-ray astronomy is to 
explain why T and T should have just these values, with little variation between 
sources. Theoretical arguments can be given that  comptonization is in fact the 
most important interaction between matter and radiation at temperatures of 10- 
100 keV, for the inferred radiation energy densities near accreting black holes, but 
this does not tell us what the the thickness and temperature of the interaction 
region are. 

An optically thick accretion disk would produce spectra peaking at 1 keV 
and 10-100 eV for BHC and AGN, repectively. The conditions in BHC and AGN 
allow (at accretion rates well below Eddington) for a second form of accretion, 
an ion supported advection torus (Shapiro et al. 1976, Liang 1979, Rees et al. 
1982, Fabian and Rees 1995, Narayan etal 1995, 1996). The ioas in this flow are 
near their virial temperature, the electrons much cooler because of their weak 
interaction with the ions and their strong interaction with the radiation field. 
Such flows could produce, in principle, the kind of spectrum observed (Narayan 
et al. 1995, 1996), but again it is not clear which physics restricts the optical 
depth and temperature of the flow to the observed narrow ranges (cf. Haardt 
1997, Maraschi and Haardt 1997). 

1.1 Evaporating disks inside tori 

Various geometries for the accretion flow near a black hole have been developed 
and are reviewed by S. Collin elsewhere in this volume. One of the possibilities 
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is an ion supported advection torus coexisting with an optically thick accretion 
disk embedded in it (see fig. 1 in Collin). This possibility is attractive because the 
spectra of BHC in their high states show evidence of the simultaneous presence 
of an optically thick, thermal, accretion disk and a hotter component which 
produces a power law tail at higher photon energies (e.g. Tanaka, this volume). 

Theoretically, one would expect exchange of both mass an energy to take 
place between the disk and the advection torus. Heating of the disk surface by 
the hot ion supported flow above would lead to an 'evaporation' of the disk 
surface, feeding mass into the torus. Such evaporation has been studied in detail 
for the case of disks in Cataclysmic Variable systems by Meyer and Meyer- 
Hofmeister 1994. In the inner regions of the disk the mass available in the disk 
is smallest, and the energy budget potentially available for evaporation largest. 
If the mass flow from disk into torus increases with the energy dissipation rate, 
and if a steady state develops, one could therefore envisage a structure consisting 
of three regions: an outer one in which only a geometrically thin optically thick 
disk is present, inside this a composite region with an evaporating disk inside 
a hot ion supported advection torus, and inside this a region in which only 
an ion supported flow exists because all disk mass has evaporated (Meyer and 
Meyer-Hofmeister 1994). 

Depending on details of the processes of mass and energy exchange between 
disk and torus, the boundaries between these regions may vary. It is not necessary 
that the structure is steady. The model has, in principle, sufficient ingredients 
to allow for variability and may perhaps be developed further in the context of 
the various forms of variability seen in BHC. 

1.2 Energy exchange between disk and torus 

Energy exchange between disk and torus may be mediated by particles or by 
radiation. If the interaction is by radiation only, one obtains a model like that 
of Haardt and Maraschi (1991). To simplify the discussion, assume that the 
accretion takes place predominantly through the torus (this assumption can 
easily be relaxed). The radiation produced by the torus illuminates the disk 
below, which thermalizes it into an approximate blackbody spectrum. These 
(soft) photons are comptonized in the hot torus. In this model, approximately 
half the energy comes out as soft radiation and half as comptonized photons. 
It correctly predicts the slope of the spectrum, but still requires an ad hoc 
assumption about the optical depth of comptonizing region to get the right 
cutoff energy Ec. For further developments of this model see Haardt (1997). 

As second possibility for energetic interaction are the hot protons in the 
torus with temperature near the virial temperature, Tp ~ Tv ~ 400rg/r MeV. 
At the distance dominating the energy release, r ..~ 7rg, the protons thus have a 
temperature around 50 MeV. At this energy, they have a significant penetration 
depth into the cool disk. They are slowed down mainly by Coulomb interactions 
with the ensemble of electrons inside their Debye sphere. The 'stopping depth', 
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expressed in terms of the corresponding Thompson optical depth, is 

~ p  ~ 4  

Ts ~ 3me ln-------~ ¢ -- x ¢ "  (1) 

(e.g. Ryter et al., 1970) where/~ = vz/c ~ (kTp/mpC2) 1/2 is the vertical compo- 
nent of the proton velocity, 0 = kT/meC 2 is a measure of the temperature of the 
heated layer, In A ~ 20 is a Coulomb logarithm, x 2 =/~2/(29), and ¢ the error 
function 

e = - ~  e-~2dx. (2) 

At low electron temperature kT < me~rap kTp, x is small and the factor involving 
the error function can be expanded. This yields 

e 

{ kT_.t~_'~ 112 c kT.__~__~312 (3) 
~ '  ~, 50MeV ] k 50keV } " 

2 Comptonizat ion in a layer heated by protons 

2.1 Es t ima t ing  the  dep th  of  the  compton iz ing  layer 

Heating by protons yields a Comptonizing layer of thickness equal to the stopping 
depth %. This depth is a function of the electron temperature in the layer, by 
(2). The electron temperature on the other hand is determined by the heating 
and cooling processes, so that a consistent calculation of heating and cooling will 
yield both the electron temperature and the optical depth of the layer. With a 
simple estimate, we can now show that this will yield vs and Ts in roughly the 
right range. 

The cooling process in the layer is the inverse Compton process, i.e. the 
energy loss electrons experience as they scatter the soft photons from the cool 
disk below. We assume that these soft photons are all (or mostly) produced by 
thermalization of comptonized photons from the heated layer, as in the model 
of Haardt and Maraschi (1991, hereafter HM). Since approximately half the 
Comptonized photons escape and the other half illuminates the thermalizing 
layer, the energy flux in the soft photons at the base of the layer must be about 
the same as that in the escaping comptonized photons. Such a balance is possible 
only if the Comptonization is sufficiently strong. In terms of the Compton y- 
parameter y ~ 49rs, it requires that y ~ 1. If the electron temperature is too 
low, Compton cooling of the electrons by the soft photons is too low and the 
layer heats up until y ~ 1, and vice versa. Since the y-parameter also determines 
the slope of the X-ray spectrum, the model yields a fixed spectral slope, which is 
in the range of the observed values. This is the reason for the success of the HM 
model. Whereas in HM the depth of the layer has to be assumed, we are now 
in a position to compute it, by requiring the stopping depth vs to be consistent 
with the resulting electron temperature. A simple estimate is obtained by setting 
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y = 1, or 0 = 1/(4Ts), and inserting into (2). This yields, assuming again tha t  
the protons are near their virial temperature: 

or  

and 

m,  
TSs/2 -- 8V/-6 In Ame 

(4) 

~-~ ~ 1.3 , (5) 

( r ~1/~ 
kTe ~ meC2/(4Ts)  ,~, 60 \ ~ r g ]  keV. (6) 

We conclude that  proton illumination yields optical depths and temperatures 
in the right range, with only a weak dependence on the assumed distance from 
the black hole. Obviously, the estimate is rather crude, and more detailed cal- 
culations of the energy transfer from the protons to the electrons, as well as the 
Comptonization process are needed to test the model. In the following we make 
a first step in this direction, by means of a radiative transfer calculation. 

2.2 M o d e l  problem 

The aim of the calculation reported below is to compute the electron temperature 
as a function of depth, together with the emergent photon spectrum from a layer 
heated by protons who deposit their energy according to 2. We do this in two 
steps. First, we assume the heating rate to be distributed uniformly over a layer 
with an assumed depth 7s. In this layer, we solve the radiative transfer equation 
together with the electron temperature Te(T), such that  the heating is in balance 
with cooling by comptonization of the soft photons. The loop is then closed by 
comparing the electron temperature found with the assumed stopping length 2. 

The assumptions and simplifications that  go into the model are as follows. 
The heating by the protons is approximated as uniform between T = 0 (the 
surface of the disk) and Ts. In this layer, the only photon process is electron 
scattering (Comptonization). Below this, we assume that  electron scattering con- 
tinues to be the dominant process down to some depth Tb. At Tb, the downward 
photons are assumed to be absorbed and their energy reradiated upward as a 
black body spectrum. Thus, the gradual thermalization with depth by free-free 
processes is simplified by a step at depth Tb. The value of Ts is determined from 
the proton velocity ~ = v/c and the mean electron temperature in the heated 
layer. Obvious improvements are possuible on these simplifications, by explic- 
itly taking into account photon production/destruction process, an by a more 
accurate treatment of the energy loss of the ions as they penetrate into the disk. 

The radiative transport part of the problem is simplified by reducing the 
angular dependences to a one-stream model: only vertically upward and down- 
ward moving photons are considered, and the electron distribution is similarly 
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reduced from a 3-D to a one-dimensional Maxwellian distribution. For the scat- 
tering cross section and the Maxwellian the proper relativistic expressions are 
used. This simplification is made for programming convenience only: leaving out 
the full angular dependences leads to very simple expressions. Discretization by 
a reasonable number of angles would still yield a very modest problem in terms 
of computing time, and is an obvious next step to improve the calculations. 

In the following an outline is given of the method used, a full description will 
be given elsewhere. 

2 . 3  N u m e r i c a l  m e t h o d  

The transport equation is of the form (e.g. Rybicki and Lightman, 1976): 

dn / d3p / dO, dd_~ d--7 = [fe(p')n(w')(1 + n(w)) - f e (p)n(w)(1  + n(w'))], (7) 

where n(w) is the photon occupation number, fe the electron momentum dis- 
tribution, p (respectively p') the electron momentum, and w (w') the photon 
momentum vectors before (after) scattering. The dependences of p' and w') on 
(p, w, ~')  follow from the collision kinetics. 

The equation is discretized in N~ logarithmically spaced photon-energy bins. 
As photon energy scale we use w = hv /mec  2. As depth scale we use the Thomp- 
son optical depth T T .  If n + and n~- are the occupation numbers of the upward 
and downward moving photons in bin i, the result is the set of 2N~ equations 

d + = n~ E [ ( B j i -  B i j ) n y  - Bij] + E Bjin~f ' q: "~T n i 
J J 

(8) 

where Bij(Te) is the scattering cross section integrated over the appropriate 
frequency and electron momenta, for scattering from bin i into bin j ,  in units of 
the Thompson cross section a T .  The boundary conditions are 

n~- = 0 (r = 0), (9) 

n + = nBB(Wi) = 1/[1 -- exp(w/Ob)] (T = rb). (10) 

Here nBB is the black-body occupation number at temperature Ob, which follows 
from the condition that the net energy flux at depth Tb vanishes: 

wa[n-(Tb) = 0. (11) nBB (¢0, 0b)] 

The condition of energy balance between the assumed heating rate h(T) and 
the Compton cooling by the soft photons is 

dF  
- -  = h ,  ( 1 2 )  
dz 
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where the energy flux F is given by 

F = ~ w3(n+ - hi- ). (13) 

The equations (8) are discretized in optical depth by centered first order 
differences. The resulting set of nonlinear algebraic equations is solved by an 
iterative process. It turned out that  full simultaneous linearization of the trans- 
fer equation, the boundary conditions and the energy equation had very poor 
convergence properties. Instead, an iteration was done in which only the transfer 
equation and the upper boundary condition were linearized, while the lower bc 
and the energy equation were dealt with by a modified succesive-substitution 
process after each iteration of the transfer equation. Convergence, however, was 
still problematic for large optical depths and for cases where the assumed photon 
energy range extended too far beyond the cutoff energy. For the cases reported 
here, where the optical depth is not too large, on the order of 30-100 iterations 
were required for an accuracy of 10 -4 in luminosity. 

3 R e s u l t s  
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Fig. 1. Temperature as a function of optical depth in an electron scattering layer heated 
by virialized protons incident with energy flux F (erg/cm2/s), for r / r g  = 7. 

The parameters of the problem are the total energy flux F (per unit surface area 
of the disk), the velocity of the incident protons, and the optical depth Tb of the 
thermalizing lower boundary. Assuming the protons to be thermal and virialized, 
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Fig. 2. Emergent spectrum of a layer heated by protons at r = 7rg for three values of 
the energy flux. 

their mean vertical velocity component/~z as a function of the distance r from 
the compact object is 

~z = ( rg ~ l/2 (14) 
\ 6 r /  

The electron temperature  as a function of depth is shown in figure 1 for a few 
values of F for r/rg -- 7. These fluxes correspond to effective temperatures  
~eff : (F/a)l/4/(mec 2) of 3 10 -4, 10 -3 and 3 10 -3, respectively. The emergent 
spectrum for these energy fluxes is shown in figure 3, for r/rg = 7. The depen- 
dence of the spectrum on r/rg at a fixed F is shown in figure 2. The penetrat ion 
depths are shown in figure 4. All of these cases were computed for 7-5 = 1. 

The similarity of the spectra, apart  from shifts in amplitude and photon 
energy, is remarkable. The temperature  of the heated layer increases only very 
weakly with increasing energy flux. The cutoff energy decreases somewhat with 
distance from the hole, but again this is dependence is rather weak. On account of 
modest optical depth of the layer, the spectrum shows a prominent contribution 
from unscattered soft photons from the reprocessing depth Tb. This peak are 
smeared out somewhat when the spectra are convolved over distance from the 
hole, at a given accretion rate (not shown here). 

4 D i s c u s s i o n  

With an admittedly somewhat simplified radiative transfer model I have shown 
that  heating of a cool disk by protons from an ion supported advection torus 
reproduces the main features of the hard X-ray spectra of accreting black holes. 
Like the Maraschi and Haardt  model (and for the same reason), it yields approx- 
imately the right spectral slope, but  in addition, it also predicts approximately 
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Fig. 3. Dependence of the spectrum on distance from the compact object, for a fixed 
energy flux. 
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Fig. 4. Thomson depth of the heated layer as a function of energy flux and distance 
from the compact object. 

the right optical depth of the comptonizing layer and the cutoff energy of the 
spectrum. 

The temperature  of the heated layer is insensitive to the energy flux, and 
stays around 40-60 keV. Instead of getting hot ter  at high energy flux, the in- 
cident energy is spent in upscattering a larger number of soft photons. As in 
the Maraschi and Haardt  model, the reason for this lies in the energy balance 
condition. In order for the incident energy to be radiated as Comptonized flux, 
the Compton y-parameter  has to be of of the order unity, and the tempera ture  
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of the layer adjusts accordingly. What  is new in the results presented here is tha t  
the optical depth of the Comptonizing layer also comes out natural ly in the right 
range, due to the physics of Coulomb interaction between the virialized protons 
with the electrons in the coot disk. This process also is fairly insensitive to the 
proton temperature  (within the relevant range), so that  the emergent spectrum 
is only a weak function of distance from the accreting object (figure 3). 

The agreement of the result with one of the most puzzling features of the hard 
X-ray spectra of accreting compact objects, viz. the uniformity of the spectral 
shape, makes it likely that  ion illumination plays a major  role in the physics of 
these objects. 

4.1 L i t h i u m  

An independent observational indication for ion illumination is the observation 
of high Li abundances in the secondary stars of X-ray binaries (Martin et aI. 
1992, 1994a, 1995). The energy of virialized protons hitt ing the cool disk at 
r = 7rg (where the gravitational energy release peaks for accretion onto a hole) 
is around 50 MeV, just in the range where Li production by spallation of CNO 
elements becomes efficient. Since the observed secondaries are of spectral types 
known to destroy Li on a rather short time scale, a significant continual source 
of Li is needed. As shown by Martin et al. (1994) the energetics of the accretion 
process is enough to explain the observed amount of Li on the secondary, if a 
fraction 10 -3 of the Li produced in the disk finds its way to the secondary (in 
the form of a disk wind, for example). Another consequence of ion illumination 
would be Li and Be production by He ions from the virialized flow reacting 
with He ions in the disk. These reactions peak around 50 Mev/nucleon,  and are 
accompanied with emission of 7 - l ines  at 431 and 478 keV. It is possible tha t  the 
v - l i ne s  observed sometimes around this energy (Gilfanov et al. 1991, Sunyaev 
et al. 1992) are another signature of ion illumination (Martin et al. 1994a,b). 

Acknowledgement: This work was done in the context of Human Capital and 
Mobility network 'Accretion onto compact objects' ,  CHRX-CT93-0329. 
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Abstract :  We present a new emission model of Seyfert I galaxies where the 
accretion disk luminosity is entirely due to the reprocessing of hard radiation 
impinging on the disk. The hard radiation itself is emitted by a hot point source 
above the disk, that could be physically realized by a strong shock terminating an 
aborted jet. This hot source contains ultra-relativistic leptons scattering the disk 
soft photons by Inverse Compton (IC) process. Using simple formula to describe 
the IC process in an anisotropic photon field, we derive a self-consistent solution 
in the Newtonian geometry, where the angular distribution of soft and hard 
radiation, and the radial profile of the disk effective temperature are determined 
in a univocal way. This offers an alternative picture to the standard accretion 
disk emission law, reproducing individual spectra and predicting new scaling laws 
that fit better the observed statistical properties. General relativistic calculations 
are also carried out. It appears that differences with the Newtonian case are 
weak, unless the hot source is very close to the black hole. 

1 I n t r o d u c t i o n  

It is widely believed that the high energy emission of radio-quiet AGNs is pro- 
duced by Comptonization of soft photons by high energy electrons or pairs. Two 
classes of models have been proposed so far: Comptonization by a thermal op- 
tically thick plasma, resulting in a lot of scattering events associated with small 
energy changes, or Inverse Compton (IC) process by one or few scattering events 
from a highly relativistic, non thermal particles distribution, which can result 
from a pair cascade. 

Detailed observations in the X-ray range by the Ginga satellite have shown 
that a simple power law is unable to fit the X:ray spectrum of Seyfert galaxies. 
Rather, the spectra are better reproduced by a complex superposition of a pri- 
mary power law, with an index a -~ 0.9 - 1.0, a reflected component from a cold 
thick gas, a fluorescent Fe Ka line and an absorption edge by a warm absorber 
(Pounds et al. Pounds (1990); Nandra & Pounds 1994). The second and third 
components could be produced by the reflection of primary hard radiation on an 
accretion disk surrounding the putative massive black hole powering the AGN 
(Lightman & White 1988; George & Fabian 1991; Matt, Perola & Piro 1991). 
This has led to consider various geometries where the hot source is located above 
the disk and reilluminates it, producing the observed reflection features. The hot 
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source can be a non-thermal plasma (Zdziarski et al. 1990), or a thermal  hot 
corona covering the disk (Haardt  & Marasehi 1991, 1993; Field & Rogers 1993). 

In another context, some observational facts have motivated the develop- 
ment of so-called reillumination models, where high energy radiation reflected 
on a cold surface (presumably again the surface of an accretion disk), produces 
a fair fraction of thermal UV-optieal radiation. Firstly, long term observations 
have shown that  for some Seyfert galaxies, such as NGC 4151 (Perola et al. 
Perola (1986)) and NGC 5548 (Clavel et al. Clavel (1992)), UV and optical 
luminosities were varying simultaneously, and correlated with X-ray variability 
on time scales of months, whereas the rapid, short-scale X-ray variability was 
not seen in optical-UV range. This is in contradiction with the predictions of 
a standard, Shakura-Sunyaev (SS) accretion disk model (Shakura & Sunyaev 
1973), where any perturbation causing optical variability should cross the disk 
at most at the sound velocity, producing a much larger lag between optical and 
UV than what is actually observed. Rather, these observations support  the idea 
that  optical-UV radiation is largely produced by reprocessing of X-rays emit ted 
by a small hot source, the UV and optical radiation being emitted at larger dis- 
tances. The main problem is that  the apparent  X-ray luminosity is usually much 
lower than the optical-UV continuum contained in the Blue Bump, whereas one 
would expect about the same intensity in both components if half of the pri- 
mary hard radiation is emitted directly towards the observer and the other half 
is reprocessed by the disk. 

In many cases also, the equivalent width of the Fe K a  line requires more 
impinging radiation than what is actually observed if explained by the reflec- 
tion model (Weaver et al. 1995). As an explanation, Ghisellini et al. (1991), 
have proposed that  the anisotropy of soft radiation could lead to an anisotropic 
IC emission, with much more radiation being scattered backward than forward. 
Due to the complexity of their calculation, they have restricted themselves to 
the emission by a hemispheric bowl (equivalent to an infinite plane), tha t  could 
model a flared accretion disk with a constant temperature.  The thermal  disk- 
corona model faces the same kind of difficulties, for it predicts nearly the same 
luminosity in X-ray and UV ranges. Furthermore,  it is difficult to explain very 
rapid X-ray variability if the corona covers a large part  of the disk. 

Although the spectral break observed by OSSE around 100 keV seems to fa- 
vor thermal models and disprove the simplest pair cascade models, such a break 
could also be obtained by a relativistic particles distribution with an appropriate 
upper energy cut-off, such can be provided for example by pair reacceleration to 
avoid pair run-away (Done et al. 1990, Henri & Pelletier 1993). 

The subject of this paper is to present a new model develop by Henri & 
Petrucci (submitted) where, on the one hand, the primary power-law emission is 
associated with the emission from a hot point source of relativistic leptons (the 
hot source) located above the accretion disk, and, on the other hand, the UV- 
optical component (the Blue Bump) is associated with the reprocessed radiation 
on the disk, together with a Compton backscattered component in X-rays (not 
taken into account in the present model). The crucial hypothesis is to suppose 
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that  the emission of the disk is entirely due to the reprocessing of hard radiat ion 
coming from the hot source, which is at turn produced by IC process on the 
soft photon emitted by the disk. In this case, a unique angular  distr ibution of 
hard radiation and a unique (properly scaled) disk t empera tu re  radial profile are 
predicted. We derive evenly new scaling laws for luminosity and central t emper -  
ature as a function of the mass. We show tha t  the predictions of the model are 
sensitively different from the s tandard ones, and tha t  they could be t te r  explain 
the observations. We have treated both  Newtonian and Kerr  metrics cases. The  
organization of these notes is as follow. We first present the main characterist ics 
of the model in section 2 as well as the general equations governing the radiat ive 
balance between the hot source and the accretion disk in an axisymmetr ic  grav- 
itational field. Then, in section 3, we give the most  interesting results obta ined 
with this model before concluding in section 4. 

2 T h e  m o d e l  

\ ,' relalivislic leptons source 

ck 
cretion disk 

I RI U I I  I 

Fig .  1. The general picture of the model in Kerr  metrics. We have also drawn 
the t ra jectory of a beam of photons emit ted by the hot source in a solid angle 
dr2 and absorbed by a surface ring dS on the disk. In a Newtonian metrics,  the 
photons trajectories are obviously straight  lines. The  scale is not respected. 

2.1 A s s u m p t i o n s  o f  t h e  m o d e l  

As we have previously explained, we consider a self-consistent model where In- 
verse C0mpton process takes place on soft photons from the accretion disk, which 
are themselves emit ted as thermal  radiation due to the heating of the disk by 
hard radiation. The disk is modelized by an infinite slab radiat ing isotropically 
like a black-body at the same equilibrium t empera tu re  (cf. Fig. 1). The  high 
energy source is assumed to be an optically thin p lasma of highly relativistic 
leptons, at rest at a given distance Z0 above the disk, on its rotat ion axis. I ts  
size is small enough to be considered as a point source. Although the complete 
s tudy this source is out of the scope of this paper  (and will be the subject  of 
a future work), we have in mind tha t  it can be physically realized by a strong 
shock terminat ing an abor ted jet. We have considered both  Newtonian and Kerr  
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geometries, taking into account, in the later case, the curvature of photon geo- 
desics as well as gravitational and Doppler shifts. 

2.2 T h e  m a i n  f o r m u l a e  

In this section, I only treat, briefly, the Newtonian case. Let us consider a rela- 
tivistic charged particle, characterized by its the Lorentz factor 9' = (1 - f l2)-1/2 ,  
and the soft photon field, characterized by the intensity distribution Iv(k). We 
assume that  the Thomson approximation is valid; in this limit, the rate of energy 
emitted by the particle by inverse Compton process is: 

dP = a T ' )  ' 2  / I~(k)(1 - 13ko.k)2dDdu (1) 

k and ko are respectively the unit vectors along the photon and the particle 
velocity. Thus, one deduced with the hypothesis of an isotropic distribution of 
high energy particles, the plasma emissivity of the hot source (Henri & Petrucci 
submitted): 

dP 
d/2 o( [(3J - K) - 4H# + (3K - j)#2] (2) 

where the 3 Eddington parameters, J, H and K are defined by: 

1/ 
J = ~ I , ( k ) d # d u  (3) 

1/ 
H = ~ I~(k)#d#du (4) 

1/ 
K = 5 L ' (k )#2d#du (5) 

and # = cos 0 is the cosine of the impinging angle of radiation (cf Fig. 1). Under 
the hypothesis that  the disk reprocesses the whole radiation impinging on it, we 
equalize the power absorbed and emitted by a surface element dS of the disk at 
a distance r of the black hole (cf Fig. 1): 

dP _#3 dP dS  
F ( r ) d S  = -d~dY2 = d£2 Z--~o (6) 

= vrI(r)dS (7) 

where Z0 is the height of the hot source above the disk (cf Fig. 1). In equation 
(7), one supposes that  the disk radiates like a black body. Combining Eqs. (2), 
(6) and (7), one can express the specific intensity I(r) ,  emitted by the disk at 
radius r, as a function of the Eddington parameters. Finally, using Eqs. (3)-(5), 
one obtains a linear system of equations between J, H and K.  By setting its 
determinant to zero, we finally find universal solutions for the hot source and 
disk emissivity laws (Eqs. (2) and (7)). The relativistic case of a Kerr metrics has 
also been solved (Petrucci & Henri submitted). In this case, the overall spectra 
depend on a, the angular momentum by unit mass of the black hole, and on the 
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ratio Zo/M of the height of the hot source on the black hole mass. The whole 
computations in the Newtonian and Kerr  geometry can be find, respectively, in 
(Henri & Petrucci submitted) and (Petrucci & Henri submitted).  

3 R e s u l t s  

3.1 A n g u l a r  d i s t r i b u t i o n  of  t h e  h o t  s o u r c e  

It appears from Eq. (2) tha t  the anisotropy of the soft photon field about  level 
with the hot source, leads to an anisotropic Inverse Compton process, with much 
more radiation being scattered backward than forward. Such an anisotropic re- 
illumination could naturally explain the apparent X-ray luminosity, usually much 
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dP 
Fig.  2. Polar plots of ~-~ for Zo/M = 100 (solid line) and Zo/M = 10 (dashed 

line) in Kerr metrics with a = 0.998. The bold line corresponds to the Newtonian 
metrics 

lower than the optical-UV continuum emitted in the blue bump. It can also 
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explain the equivalent width observed for the iron line, which requires more 
impinging radiation than what is actually observed. We plot in Figure 2 the 
angular distribution of the power emitted by the hot source in Newtonian metrics 
and for different values of the source height in Kerr metrics. It appears tha t  the 
closer the source to the black hole is, the less anisotropic the photon field is. This 
is principally due to the curvature of geodesics making the photons emitted near 
the black hole arrive at larger angle than in the Newtonian case. 

3.2 Disk  t e m p e r a t u r e  p rof i l e  

The radiative balance between the hot source and the disk allows to compute 
the temperature  profile on the disk surface. It is, in fact, markedly different 
from "standard accretion disk model" as shown in Figure 3. Indeed, even if at 
large distances, all models give the same asymptotic behavior T c< R -3/4, in the 
inner part of the disk it keeps increasing in "standard model" whereas, in our 
model, for R < Z0, the temperature  saturates around a characteristic value To. 
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Fig.  3. Effective temperature  versus r for Z o / M  = 70. 
a) Our model in Newtonian metrics 
b) Our model in Kerr metrics with a = 0.998 
c) The standard accretion disk in Kerr metrics with a = 0.998 

Indeed, the power radiated by the disk is essentially controlled by the angular 
d P  

distribution of the hot source ~-~ (cf Eq. 6) which is approximatively constant 

for R _< Zo (i.e. 0 _~ 7r/4, el. Fig. 2). The differences between Newtonian and 
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Kerr  metrics comes only from gravitational and Doppler shifts, which are only 
appreciable for R < 5M. Thus, unless Z0 is itself small enough, these shifts 
concern only a small fraction of the emitting area at T = To, and modified 
hardly the UV to X-ray spectrum. 

3.3 T h e  ove ra l l  s p e c t r a  

The overall UV to X-ray spectra can be deduced from this model. The bulk 
of the energy coming from the disk is emitted on the blue and the ultraviolet,  
giving the well-known "blue-bump" observed in most quasars and many AGNs. 
On the other hand, the high energy spectrum depends directly on the relativistic 
particle distribution adopted. As reminded in the introduction, the high energy 
emission of Seyfert galaxies can be well reproduced by a primary power-law spec- 
t rum with a spectral index c~ ~ 0.9, superimposed on more complex structures,  
tha t  can be produced by the reflection of the hard X-rays on a cold surface. 
Noticeably, this power law is exponentially cut-off above a characteristic energy 
of about  100 keV, with some uncertainty its precise value. Contrari ly to thermal  
models, where this cut-off is related to the temperature  of the hot comptonizing 
plasma, we propose to interpret it as a high energy cut-off of the relativistic 
energy distribution. Although a detailed model of the high energy source is out 
of the scope of this work, one can note that  a model associating pair Production 
and pair reacceleration can provide such upper cut-off, to avoid catastrophic 
run-away pair production (Done et al. 1990 ; Henri & Pelietier 1991 ). 
To account for the high energy cut-off, we will assume that  the particles (elec- 
trons or positrons) distribution function has the form: 

f(3', #)cx 7 - s  exp (-7ff-~),  7 m m < 7 < T m a x  (8) 

As we have previously said, the following spectra do not include secondary com- 
ponents, like the Compton reflection feature and the fluorescent Fe K a  line that  
are observed in many Seyferts. Work is currently in progress to take these fea- 
tures into account. The observations seem to indicate a particle spectral index 
s -'2 3, and a high energy cut-off 70 ~- 100. We have kept these values for all 
simulations and an extremal value for the angular momentum by unit mass 
a = 0.998. 

Influence of  the incl ination angle One can see on Figure 4 Newtonian and 
Kerr  maximal spectra for different inclination angles, ranging from O = 0 ° to 60 °, 
for Z o / M  = 10. For all inclination angles, the Kerr  spectra are always weaker 
in UV and brighter in X-ray than the Newtonian ones. However, the difference 
tends to be less visible for the highest inclination angles. These results can be 
easily explained: in the X-ray range, as shown in Fig. 2, it is due to the decreasing 
of the relative difference of the angular distribution between Newtonian and Kerr 
metrics. In the UV band, the relativistic effects (the gravitational shift and the 
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Fig.  4. Differential power spectrum for different inclination angle, in the New- 
tonian (solid lines) and the Kerr maximal (dashed lines) cases for Zo/M = 10. 
We use reduced coordinates. 

Doppler transverse effect) produce a net redshift in the face-on case (0 = 0 °) 
compared to the Newtonian case. For higher inclination angle, the redshifted 
radiation is compensated by the blueshifted one, coming from the part  of the 
disk moving toward the observer. These effects are much less pronounced for high 
Zo/M values because the emission area is much larger, and thus is less affected 
by relativistic corrections. Higher inclination (0 > 60 °) angles will probably 
lead to strong absorption through the external parts of the disk, presumably a 
molecular torus: in the unification scheme, they would correspond to Seyfert 2 
galaxies. 

I n f l u e n c e  o f  t h e  h o t  s o u r c e  h e i g h t  Figure 5 shows the overall spectrum, for 
different values of Zo/M for 0 = 0 °. The relativistic effects become important 
for values of Zo/M smaller than about 50. They produce a variation of intensity 
lowering the blue-bump and increasing the hard X-ray emission. The change in 
the UV range is due to the transverse Doppler effect between the rotating disk 
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Fig.  5. Differential power spectrum for different values of Zo/M for the Kerr 
maximal case. We use reduced coordinates. 

and the observer, producing a net red-shift. In the X-ray range, the variation is 
due to the high energy dependence on Zo/M (cf Fig. 2). The observed X/UV 
ratio can then be strongly altered by these effects. Quantitatively, the luminosity 
ratio between the maximum of the blue-bump and the X-ray plateau goes from 
_~ 30 in the Newtonian case, to -~ 1.5 for Zo/M = 5. 

3.4 Scaling laws 

As is well known, a usual assumption for the mass-luminosity ratio of AGN 
is that  the bolometric luminosity is limited by the radiation pressure to the 
Eddington luminosity: 

41rG Mrnpc 
LE -- (9) 

(7  T 

This relationship predicts a linear correlation between mass and luminosity for 
Eddington accreting black-holes, L 0¢ M; the corresponding Eddington temper-  
ature is given by 

I Lt ~l/4cxM -U4. TE = \ 4-~r2g ] (10) 

where rg is the Schwarzschild radius. We show here that  the present model pre- 
dicts different scaling laws, if one adds some supplementary assumptions on the 
physics of the hot source. At first sight, all equations of the models are linear 
with respect to the global luminosity, so no particular relationship is predicted 
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between the luminosity and other parameters  like M or Z0. However things 
are different if one considers the microphysics and a more realistic geometry of 
the hot source. First, let us consider again the upper energy cut-off of the IC 
spectrum discussed in section 3.3. Observations seem to show that  all Seyfert 
galaxies have the cut-off around the same value, approximately 100 keV; how- 
ever, when taking into account the reflection component,  this estimate could be 
somewhat higher, up to 400 keV (Zdziarski et al. 1995). This is sufficiently close 
to pair production threshold to make plausible the idea that  this cut-off is in 
some way fixed by a regulation mechanism to avoid run-away pair production. In 
this case, the cut-off energy is a physical quantity, determined by microphysics 
rather that  macrophysical quantities. The maximal energy of photons produced 
by IC process is of the order 

~ hvc .~ constant.  (11) 

Now it is obvious that  a point source is a convenient, but  unrealistic approxi- 
mation of the real geometry of the source, since it has a zero cross section and a 
infinite Thomson opacity. Rather, for a given number N of scattering particles, 
one gets a minimal size Rm~, for the source being optically thin; for a homo- 

: 3 N a T ~  1/2 
geneous sphere, it requires Rmin >_ \ ~ /  . This hot source will sustain 

a solid angle ~ ~ 7r(Rm~,JZo) 2. This source can not intercept more luminosity 

from the disk than Ldisk J~. By IC process, this luminosity will be boosted by 

a factor ,,~ V02 and part  f of it will be reemitted toward the disk, giving again 
Ldisk. So one gets 

~--~ ~/~ f ,~ 1 (12) 
7I 

Now it is plausible that  the size of the source and its distance to the black 
hole are controlled by the global environment responsible for the hot source. 
Conceivably, it could be realized through a strong shock terminating an aborted 
jet. If one makes the (admittedly crude) assumption that  all distances scale like 
the hole radius rg, then one gets ~ .~ constant.  So Eq. (12) predicts 70 
constant,  and Eq. (11) predicts Vc ~ constant.  Finally one gets the following 
scaling laws: 

Tc c( vc oc M ° ~ constant  (13) 

Lt o¢ M S. (14) 

Of course, one could observe substantial variations of at least one of these quan- 
tities if ~ varies, either by a variation of Z0 or a variation of R. Interestingly, 
observations seem to corroborate these behaviors: on a sample of many quasars 
and galaxies spanning a large range of masses, Walter & Fink (1993) found that  
the Blue Bump and soft X-ray excess were approximately in the same ratio, al- 
though the central masses can differ by a factor 104. This is very hard to explain 
in the frame of conventional accretion models. In another study, using a specific 
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model to describe the width of Broad Lines from the emission by the exter- 
nal part  of the disk, Collin-Souffrin & Joly (1991) have deduced the inclination 
angles and central masses of a sample of Seyfert 1 galaxies and quasars. They  
found a correlation between mass and luminosity under the form L o~ M ~, with 
/3 = 1.8 =t= 0.6. Although these results have been obtained on a limited sample, 
they are compatible with the previous results and clearly different from those 
predicted by the standard accretion disk models. A rather  intriguing consequence 
is that  there is a maximal mass above which the accretion becomes impossible 
by such a mechanism, where the luminosity predicted by Eq. (14) gets higher 
than the Eddington luminosity. 

4 C O N C L U S I O N S  

We have shown that  a model based on reillumination of a disk by an anisotropic 
IC source could lead to a self-consistent picture where the angular distribution 
of high energy radiation and the radial tempera ture  distribution of the disk are 
mutually linked and both determined in a single way. The model offers a simple 
explanation for the correlated long term variability of X and UV radiation, 
the short term variability of X-rays non correlated with UV variations, and 
the apparent  X/UV deficit tha t  seems contradictory with simple reillumination 
models. In its simplest form, it predicts a unique shape of disk spectrum and a 
X/UV ratio depending only on the inclination angle. The predicted values are in 
good agreement with observations. A precise comparison with real spectra should 
also include other components, such as a reflection component and a fluorescent 
Fe KcY line. This is deferred to a future work. Finally, a more complete work 
has to be done to explain the exact mechanism of emission of the hot source, 
supposed to be realized by a strong shock terminating an aborted jet. 
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Disc instabilities and binary evolut ion 
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A b s t r a c t :  Disc instabilities are a plausible cause of soft X-ray  transient  out- 
bursts, provided that  one allows for the effect of irradiation of the disc by the 
central accreting source. The mass transfer rates required for transient behav- 
iour are then so low that  they place powerful contraints on the evolution of the 
host binary. In particular, short-period systems containing neutron stars must 
have companions which were significantly nuclear-evolved before mass transfer 
began, and millisecond pulsars in long-period binaries with white dwarf com- 
panions must decend from transients. 

1 I n t r o d u c t i o n  

Soft X-ray  transients (SXTs) are a subset of the low-mass X-ray  binaries 
(LMXBs) which brighten dramatically for a few months at irregular intervals 
of years. These timescaies are very different from those of dwarf novae, and until 
recently made it hard to see how the disc instability model could provide a com- 
mon explanation. However van Paradijs (1996) has pointed out tha t  at least the 
basic condition for the instability, namely the presence of hydrogen ionization 
zones within the disc, can be understood provided that  one takes into account 
the fact that  the central accretor (neutron star or black hole) in an LMXB will 
irradiate the disc surfaces, raising their tempera ture  from the usual effective 
temperature  (e.g. Prank, King & Raine, 1992) 

3GMM 
r~e~- 8rcaRa, (1) 

where M, M, a, R are the mass of the accreting star, the local accretion rate, the 
Stefan-Boltzmann constant and the disc radius respectively. Irradiation would 
instead give the disc a temperature  

- 4--~-aR -5- R in R 1 . (2) 

Here ~? is the efficiency of rest-mass conversion into luminosity, ~ the disc surface 
albedo, and H(R) the local disc scale height. Since the last two factors on the 
rhs vary little with R, one sees that  Tirr o¢ R -1/2 as compared with Teff c< R -~/4. 
Dividing the equations and using typical values, including tic 2 ..~ GM/Racc, we 
find 

Tier R 
~ . , l O - 3 R a c c ,  (3) 
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where Racc is the radius of the accretor. We see that irradiation is unimportant 
in CVs (Race "~ 109 cm, R ~ 1011 cm) but must be taken into account in a 
neutron-star or black-hole binary (Racc ~ 106 cm, R ~ 1011 cm). Thus the 
temperature of the outer parts of LMXB discs is likely to be closer to Tir  r than 
Tell. If Tirr exceeds the typical ionization temperature TH '~ 65(}0 K at the 
outer disc edge (and thus throughout the disc structure), the characteristic disc 
instability will be suppressed. Clearly, since 

~ r r  > Teff,  (4) 

this means that even lower values of the accretion rate M are required if the 
disc is to be unstable in a soft X-ray transient rather than a dwarf nova disc of 
similar size. Van Paradijs (1996) shows that indeed the known low-mass X-ray 
binaries are correctly divided into transients and persistent sources by the simple 
criterion (4) for the latter. This constitutes very strong circumstantial evidence 
in favour of a common origin of both phenomena in terms of the disc instability 
picture. 

2 C o n s e q u e n c e s  

The criterion (4) implies that SXTs must have remarkably low mass transfer 
rates M, i.e. 

~ - - l l  2/3 n 4 / 3  ~ - - 1 0  2/3 r~4/3 , 
M < Mcr i t  "~ 5 x l u  m l  /~3 M® yr -1 _~ 8 x l u  m 1 r d Mo y r  - 1  (5)  

where ml is the mass of the accretor in M® .and P3, Pa are the binary period 
in units of 3 hr and days respectively. Since M is determined by the long-term 
evolution of the binary, the constraint M < Mcrit has very powerful consequences 
for the latter. These have been explored in a series of papers which will appear 
shortly, so I simply summarize the main results here. 

1. For short-period (P N 2. d) LMXBs containing neutron stars, King, Kolb 
& Burderi (1996) show that M is only low enough for transient behaviour (i.e. 
violating (3)) if the companion star is already significantly nuclear-evolved before 
mass transfer (driven by orbital angular momentum loss) begins. The companion 
masses are thus much lower than would be expected for a main-sequence star 
filling the Roche lobe at the observed periods, explaining the extreme mass 
ratios observed in SXTS. It is unclear whether a similar conclusion holds for 
black-hole binaries: for black-hole masses ~ 10M®, uncertainties in TH and the 
orbital magnetic braking rate may conceivably allow transient behaviour even 
with unevolved companions. 

2. The fact that short-period SXTs containing neutron stars are observed 
must (by 1.) mean that nuclear-evolved companions are not rare in LMXBs 
with P N 2 d. This in turn requires these companions to be massive enough 
for significant nuclear evolution in the age of the Galaxy. King & Kolb (1996) 
examine the constraints on the formation of neutron-star LMXBs via the usual 
helium-star channel (e.g. Webbink & Kalogera, 1994). They show that indeed the 



Disc instabilities and binary evolution 91 

companions are likely to be nuclear-evolved, with pre-contact masses 1.3M o 
M2# £ 1.5M®, provided that a sufficiently large number of pre-LMXBS receive 
supernova kick velocities which are less than typical pre-SN orbital velocities 
(~ 100 km s-l).  These large initial masses also explain why the LMXB period 
histogram does not resemble that of CVs. The latter ensemble is dominated by 
systems emerging from common-envelope evolution with very small companion 
masses M2,i ~ 0.1M@ (e.g. King et al., 1994), raising the CV population below 
the well-known periods gap (P ~ 2 hr). 

3. Long-period LMXBs (P ~ 2 d) must have mass transfer rates driven by the 
nuclear expansion of the companion, which is a low-mass subgiant. King, Kolb, 
Frank & Ritter (1996) show that persistent X-ray behaviour is rare among such 
systems, being confined to neutron-star systems with comparatively massive 
(M2 ~ 0.75Mo) companions. All black-hole systems are transient, and every 
neutron-star system eventually becomes transient as the companion is whittled 
down by mass transfer. As is well known, the endpoint of this evolution is a 
millisecond pulsar in a long-period (P ~ 100 d) binary. This work show that all 
such systems descend from soft X-ray transients. This may well be relevant to 
the claimed discrepancy between the numbers of millisecond pulsars and their 
LMXB progenitors. 

3 C o n c l u s i o n s  

The work described above supports the view that soft X-ray transients are a 
manifestation of disc instabilities, suitably modified for the effects of irradiation. 
In its turn, the requirements of this model place extremely tight constraints on 
LMXB formation and evolution. 
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A b s t r a c t :  Outburst  mechanisms of dwarf novae are discussed. There  is a rich 
variety in outburst  behaviors of non-magnetic cataclysmic variable stars, start ing 
from non-outbursting nova-like stars to various sub-classes of dwarf novae (i.e., U 
Gem-type, Z Cam-type, and SU UMa-type).  A unification model for dwarf nova 
outbursts is proposed within the basic framework of the disk instability model 
in which two different intrinsic instabilities (i.e., the thermal  instability and the 
tidal instability) within accretion disks play an essential role. In this model, 
the non-magnetic cataclysmic variables are classified in the orbital-period versus 
mass-transfer-rate diagram into four regions depending on different combination 
to these two instabilities, and their observed outburst  behaviors are basically 
understood in a unified way on this diagram. 

1 I n t r o d u c t i o n  

Dwarf novae (or U Gem stars) are eruptive variable stars exhibiting repetitive 
outbursts with a typical amplitude of 2 - 5 mag and with a typical recurrence 
time of order of a few weeks to months. They belong to a more general class of 
eruptive variables called Cataclysmic Variables (CVs). A monograph covering 
both observations and theories of CVs has recently been published by Warner 
(1995a) and those who want to know more on CVs are advised to consult with 
that monograph. It is now well established that  cataclysmic variable stars are 
semi-detached close-binary systems consisting of a Roche-lobe filling cool dwarf 
secondary and a white dwarf primary. Mass transferred from the secondary star 
via the inner Lagrangian point is accreted onto the white dwarf primary. Cata- 
clysmic variables are further classified into "magnetic CVs" and "non-magnetic 
CVs". In magnetic CVs, the white dwarf has strong magnetic fields and mass 
transferred from the secondary star is channeled onto the magnetic poles of the 
white dwarf along the magnetic field lines. On the other hand, the white dwarf 
component of non-magnetic CVs has weak or no magnetic fields and mass ac- 
cretion occurs via an accretion disk. Dwarf novae belong to non-magnetic disk 
systems. 

Cataclysmic variables may also be classified into classical novae (CN), dwarf 
novae (DN), and nova-like variable stars (NL) depending on their outburst  am- 
plitudes. In a classical nova, an explosion has been observed only once so far with 
an outburst  amplitude exceeding ten mag and mass is observed to be thrown out 
from the system. On the other hand, the nova-like stars are those binary sys- 
tems which share all the binary characteristics with CN and DN, but  in which 
no outbursts have so far been observed. They may be understood to be those 
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same systems as CN but observed in quiescence as it is thought  tha t  the nova 
outburst  may occur once every 103 ,-~ 104 years. 

Dwarf novae are further classified into three sub-classes from outburs t  light 
curves. They are (1) the U Gem-type (or SS Cyg-type) exhibiting more or less 
regular quasi-periodic outbursts,  (2) the Z Cam-type showing ra ther  frequent 
outbursts which are occasionally interrupted by a "standstill" in which the sys- 
tem stays in more or less constant brightness with a level intermediate between 
the outburst  maxima and minima, and (3) the SU UMa-type showing two dis- 
tinct outbursts of a short "normal" outburst  with a durat ion of a few days and 
a long "superoutburst" with a duration of about  two weeks. Usually, one super- 
outburst  is followed by several short normal outbursts  before the next  superout- 
burst, and this sequence is called "supercycle". A typical length of supercycle is 
about one year. 

The observed orbital-period distribution of non-magnetic CVs shows a bi- 
modal character, in which their periods are either longer than 3 hour or shorter 
than 2 hour and systems having periods between 2 hour and 3 hour are very rare. 
Thus this period range is called the "period gap". U Gem stars and Z Cam stars 
belong to long period systems above the gap while the SU UMa stars belong to 
the short period ones below the gap. 

As for the cause of outbursts in CVs, it is now well established that  the 
classical nova explosion is caused by the thermonuclear runaway of accreted 
hydrogen on the surface of the white dwarf. A natural  question tha t  follows is 
then: are dwarf nova outbursts caused by the same mechanism as the classical 
nova but  with a small scale ? Its answer is definitely n o .  Various arguments can 
be made against this but the strongest evidence is the observational one, that  
is, the seat of the outburst  is not on the white dwarf itself but  the outburst  is 
caused by a sudden brightening of the accretion disk around the white dwarf, 
that  is, a sudden increased accretion onto the white dwarf. 

In order to explain a sudden increased accretion in the dwarf-nova outburst ,  
two models were proposed in 1970s: the mass transfer burst model and the 
disk instability model. A fierce contest was fought between the two models in 
1970s. However, a very promising intrinsic instability in the accretion disk was 
discovered around 1980. The disk instability model is now widely accepted at 
least for the ordinary dwarf novae of U Gem-type. The main objective of this 
paper is to convince the readers that  a wide variety in outburs t  behaviors of 
dwarf novae can be understood in a unified way within the basic framework of 
the disk instability model. Before presenting this unification theory, we give a 
brief historical review of the development of the disk instability model. 

2 A b r i e f  h i s t o r y  o f  t h e  d e v e l o p m e n t  o f  t h e  d i s k  

i n s t a b i l i t y  m o d e l  

In early 1970s, Warner and Nather (1971) and Smak (1971) have found that  it is 
the accretion disk itself that  brightens during a dwarf nova outburst .  Since the 
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ult imate energy source of the accretion disk is a release of gravitational potential  
energy, this indicates that  accretion onto the white dwarf occurs intermittently 
in dwarf novae. The question is now: why does accretion occur intermit tent ly  ? 

To explain this, two models were proposed in 1970s. One model is the so- 
called mass-transfer burst model proposed by Bath (1973). In this model, the 
mass transfer from the secondary star to the accretion disk is thought  to be 
unstable because of an intrinsic instability in the envelope of the secondary 
star and mass transfer rate from the secondary star is not stable but  sometime 
increases dramatically. Mass accretion onto the white dwarf via accretion disk 
consequently increases that  explains an outburst  of dwarf nova. 

Another model is the disk instability model (DI model) first proposed by 
Osaki (1974). He showed that  many observed features of dwarf novae could be 
explained if one assumed that  mass transferred from the secondary star during 
quiescence was not accreted onto the white dwarf but  instead stored in the 
outer part  of the accretion disk. If the mass thus stored exceeds some critical 
amount, some kind of instability (unknown at that  time) was postulated to set 
in and mass accumulated by then would suddenly be accreted onto the white 
dwarf, explaining an outburst  of the dwarf nova. This was the first proposal 
of the so-called disk instability model. These two models contested fiercely in 
1970s. However, a physical mechanism responsible for the disk instability was 
discovered around 1980. 

Hoshi (1979) was the first in realizing that  the accretion-disk theory allows 
double solutions in outer parts of accretion disks in CVs; one solution is a low 
viscosity optically thin cool one (where hydrogen is neutral) and the other is a 
high-viscosity hot one (where hydrogen is ionized) . Although his basic idea was 
correct, his solution unfortunately did not allow a full limit cycle instability. 

The full limit cycle instability was first discovered by Meyer and Meyer- 
Hofmeister (1981), who obtained the now well known S-shaped thermal  equilib- 
rium curve (see, Figure 1) by solving the vertical s t ructure of accretion disks by 
taking into account of all details of opacities and equation of state and convective 
t ransport  of energy. 

They demonstrated that  the dwarf nova outburst  could be explained by the 
thermal limit cycle instability based on this S-shaped thermal  equilibrium curve. 
Tha t  is, mass is stored in the disk during quiescence in a low-viscosity cold state. 
When mass is sufficiently accumulated in the disk to reach the turning point of 
the S-curve, the thermal instability sets in, which brings the disk to a high- 
viscosity hot state, now dumping mat ter  onto the white dwarf, corresponding to 
an outburst  state. The outburst  ends when mass is drained in the disk and the 
disk drops back to a cold state once again. 

The thermal limit-cycle instability for dwarf nova outbursts  was then studied 
by five independent groups; they were Meyer and Meyer-Hofmeister in Germany, 
Smak in Poland, Cannizzo and Wheeler's group in USA, Faulkner, Papaloizou, 
and Lin in England, and Mineshige and Osaki in Japan.  They  have shown tha t  
the dwarf nova outburst  can basically been understood by the disk instability 
model based on the thermal limit cycle instability. The further development of 
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Fig. 1. The S-curve explaining the thermal limit cycle oscillation for dwarf nova 
outbursts. The left panel shows a schematic S-curve between the surface density 
Z and viscosity required for the limit cycle oscillation. The right panel shows the 
original S-curve obtained by Meyer and Meyer-Hofmeister (1981) who integrated 
the vertical structure of the accretion disks. 

the thermal limit cycle instability for dwarf nova outbursts was reviewed by 
Cannizzo (1993). 

Another development of the theory of dwarf nova outburst comes from ob- 
servational recognition of a very curious phenomenon called the superhump in 
SU UMa stars. Vogt (1974) and Warner (1975) independently discovered in the 
December 1972 superoutburst of VW Hyi, a proto-type of SU UMa stars, that 
a prominent periodic hump appeared at about the superoutburst maximum and 
was visible almost to the end of the superoutburst. The most curious of all is 
that its period is longer by a few percent than the orbital period. The periodic 
hump was then called the superhump because it appeared only during a super- 
outburst. Since then, superoutbursts in various SU UMa stars were observed and 
superhumps described above appeared in almost all cases. The superhump phe- 
nomenon now becomes the defining characteristics of superoutbursts and thus 
of SU UMa stars. 

As for the explanation for the superhump phenomenon, various models were 
proposed in the past but the only model that has survived is the eccentric disk 
model. The eccentric disk model in its crude form was first suggested by Vogt 
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(1982) to explain the "y-velocity variations during superoutbursts of SU UMa 
stars. It was extended by Osaki (1985) who demonstrated that the superhump 
phenomenon could well be explained at least phenomenologically by the precess- 
ing eccentric model. However, the basic question why an accretion disk becomes 
eccentric in the first place remained unanswered. 

A theoretical breakthrough in this problem was first provided by Whitehurst 
(1988) who discovered a new instability in accretion disk now called tidal in- 
stability or tidally driven eccentric instability. He found in his two-dimensional 
hydrodynamic simulations that an accretion disk evolved into eccentric form 
and its eccentric pattern slowly rotated in the inertial frame of reference. The 
orbiting secondary star then gives rise to tidal stressing periodically on the ec- 
centric disk, which explains the superhump light maximum. Whitehurst (1988) 
has argued that this tidal instability occurs only in the binary system having a 
low mass secondary with the mass ratio q = M~/M1 < 0.25, which is consistent 
with the known fact of short orbital periods of SU UMa stars. 

The tidal instability in accretion disks was further studied and confirmed by 
Hirose and Osaki (1990) and Lubow (1991). The tidal instability is found to 
occur only when the outer edge of an accretion disk reaches the so-called 3:1 
resonance radius (called the eccentric Lindblad resonance) and this condition 
requires a large accretion disk in units of the binary separation and it can be 
met only in binary systems having a low mass secondary star, which correspond 
to those binary systems below the well-known CV period gap. 

Osaki (1989) proposed that the superoutburst phenomenon of SU UMa stars 
may be explained by the basic framework of the disk instability model in which 
the two intrinsic instabilities (i.e., the thermal and the tidal instabilities) are 
properly combined, and this model for SU UMa stars is now called the "thermal- 
tidal instability" model. 

3 U n i f i c a t i o n  t h e o r y  o f  d w a r f  n o v a  o u t b u r s t s  

An intriguing possibility has now opened in that almost all variety of outburst 
light curves of dwarf novae may be explained by a single paradigm: the DI model. 
In this unification model, different outbursting behaviors among non-magnetic 
cataclysmic variable systems are basically classified by two-parameters charac- 
terizing accretion disks in these systems; that is, orbital period of the system 
and mass transfer rate from the secondary star. For a given orbital period the 
mass transfer rate from the secondary determines the thermal stability nature of 
accretion disks (Smak 1983) in a sense that CV systems with high mass transfer 
rate yield hot "stable" disks corresponding to nova-like systems while those with 
mass transfer rate below the critical one give rise to thermally unstable disks, 
producing dwarf nova outbursts. 

The critical mass-transfer rate is given in the disk-instability model by (see, 
Smak 1983) 

81r T4 R~ 
/~cr i t  = ~ 0r eff,crit , (1)  GM1 
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where a and G are the Stefan-Boltzmann constant and the gravitational con- 
stant, respectively, Rd is the disk radius and Teff,cri  t is the critical effective tem- 
perature of an accretion disk below which no hot state exists. Here, we use 
l o g T e f f , c r i t  - -  3.9 - 0.1 logRd,10 where Rd,10 = Rd/101°cm. We then find 

M c r i t  ~'~ 2.7 x 1017g s-l(Porb/4 hr) 17, (2) 

where we have assumed that Rd ~-- 0.35A and M1 ÷ M2 -~ 1MQ and A is the 
binary separation. 

On the other hand, the orbital period of binary determines whether the 
tidal instability is possible or not. As mentioned before, the period gap gives 
approximately a dividing line between the tidally stable systems (above the 
gap) and tidally unstable ones (below the gap). 

Figure 2 illustrates different classes of non-magnetic CVs in the (Porb, 2~/)- 
diagram. Various outbursting behaviors of non-magnetic CVs are understood 
in a unified way (an unification model) within the basic framework of the DI 
model in this diagram. This diagram is divided basically into four regions by 
different combination of stability behaviors to these two intrinsic instabilities 
in the accretion disks. Corresponding to these four regions different kinds of 
outburst behaviors are found in non-magnetic CVs. 

The accretion disks in the upper right region are stable both for the thermal 
instability and the tidal instability and observationally we find steady accretors 
called nova-like systems (NL). The ordinary dwarf novae called U Gem-type 
(UG) are located in the lower right region where disks are thermally unstable 
but tidally stable. The Z Cam stars (ZC) are located in the borderline zone 
between these two, which show both dwarf nova outburst (thermal limit cycle 
oscillation) and "standstill" (steady accretion). 

Moving to the upper left region in this diagram, we find another interesting 
class of CVs called "permanent superhumpers" (designated here as PS), which 
are nova-like stars (steady accretors) but nevertheless exhibit permanent su- 
perhump phenomenon (see, e.g., Skillman and Patterson 1993). These stars are 
understood to be permanently stuck in superoutburst because they are thermally 
stable but tidally unstable. The CV systems that are located in the lower left 
corner are in general classified to SU UMa stars which exhibit superoutbursts 
and superhumps. These stars can be both thermally and tidally unstable. 

In the case of SU UMa stars there is a wide range in outburst recurrence time- 
scales ranging from ER UMa stars with supercycle less than 50 days to classical 
SU UMa stars with supercycle of order of a year and to the extreme of WZ 
Sge stars with recurrence time as long as 30 years. Their difference is basically 
understood by difference in mass transfer rate in the thermal-tidal instability 
model as discussed in the next section. 

4 T h e r m a l - t i d a l  i n s t a b i l i t y  m o d e l  o f  S U  U M a  s t a r s  

The present author (Osaki 1989) has proposed a model to explain the supercycle 
of the SU UMa stars based on the basic framework of the disk instability model. 
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Fig. 2. Porb -- / ~  diagram showing different outburst behaviors of non-magnetic 
CVs. The region surrounded by dotted vertical lines shows that of the CV's 
period gap with 2-3 hr. Dashed line shows the borderline between the ther- 
mally stable and unstable disks given by equation (3). Symbols in the figure 
are ; NL: nova-like stars, ZC: Z Cam stars, UG: U Gem stars, PS: "permanent 
superhumpers", ER: ER UMa stars, SU: SU UMa stars, and WZ: WZ Sge stars. 

This model uses the two intrinsic instabilities of an accretion disk and it is thus 
called the thermal-tidal instability model. 

In this model, both the normal outburst and superoutburst are caused by 
the thermal instability in the accretion disk. During the early phase of the su- 
percycle, the disk is compact and the thermal instability produces quasi-periodic 
episodes of accretion, which are observed as normal outbursts but the accreted 
mass in each normal outburst is less than that transferred during quiescence 
because of inefficient tidal removal of angular momentum from the disk. Both 
the mass and angular momentum of the disk are gradually built up. The disk 
radius expands further with each successive outburst until it eventually exceeds 
the critical radius for the 3:1 resonance; this final normal outburst triggers the 
tidal instability, producing a precessing eccentric disk (observed as superhumps). 
The resulting outburst greatly clears the disk mass (producing "superoutburst") 
because of greatly enhanced tidal torques due to the eccentric disk. After the 
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end of the superoutburst ,  the disk returns to the s tar t ing compact  state. This is 
the basic idea of the thermal- t idal  instability model for SU UMa stars. Figure 
3 illustrates results of light-curve simulations based on a simplified t r ea tment  
of the thermal- t idal  model developed by Osaki (1989). The  supercycle of an SU 
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Fig .  3. A numerical simulation of supercycle of an SU UMa- type  star  based on 
the thermal-t idal  instability model (Osaki 1989). LFrom top to bo t tom,  (a) the 
bolometric light curve, (b) the disk radius, Rg in units of the binary separat ion,  
A, and (c) the total  disk mass normalized by the critical mass above which the 
disk is tidally unstable. 

UMa star  is understood in this model as a relaxation oscillation cycle of the disk 
radius. 

I t  has recently been realized tha t  outburs t  parameters  of SU UMa stars  
extend in very wide ranges; tha t  is, they extend from the shortest  ext reme for the 
supercycle length of 20 days and the shortest  recurrence t ime of normal  outburs ts  
of 4 days with an outburs t  ampli tude of 3 mag  for the recently discovered SU 
UMa star  RZ LMi to the other extreme of WZ Sge which has the recurrence 
t ime of 30 years with an outburs t  ampli tude of 8 mag. I t  thus encompasses a 
range of a factor of a thousand in time-scale. 

Vogt (1993) and Warner  (1995b) have noted tha t  there exists a continuous 
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sequence in outburst  activities in SU UMa stars, in the sense tha t  the number 
of normal outbursts between two consecutive superoutbursts  decreases with an 
increase of the supercycle length and that  those WZ Sge-type stars which exhibit 
very large amplitude outbursts with extremely long intervals seem to show only 
superoutbursts.  

As already discussed in details in the review paper on the dwarf nova outburs t  
which appeared in PASP (Osaki, 1996), wide ranges in outburst  parameters  
in SU UMa stars can basically be understood as a sequence of different mass 
transfer rate (denoted as M) in the thermal-tidal instability model. Here we 
do not go into any details of this model but  we simply summarize this picture 
below. 

In the thermal-tidal instability model (Osaki 1996), the basic clock of the 
supercycle length (denoted as T8) in the SU UMa stars is provided by mass 
accumulation time for the disk to reach the 3:1 resonance radius and the su- 
percycle length is thus inversely proportional to the mass transfer rate, tha t  is, 
T8 o¢ M -1. The classical SU UMa stars, such as VW Hyi and Z Cha having 
supercycle length of the order of 200-400 days can be explained in this model 
as systems having mass transfer rate around 0.5 x 1016g s -1, a value expected 
from the standard CV evolution scenario below the period gap in which mass 
transfer is driven by angular momentum loss by the gravitational wave radiation. 
On the other hand, the recurrence time, TN, of the normal outburst  is shown 
to be proportional to the inverse square of mass transfer rate, i.e., TN c< M -2. 
Then the number, N,  of the normal outbursts  in a supercycle should be inversely 
proportional to the supercycle length, that  is, N = TS/TN o~ M o¢ T s  1, which 
explains the observed correlations. 

The WZ Sge stars could be understood as systems having extremely low mass 
transfer rates. However, it has been argued by various authors (see the review by 
Osaki, 1996) that  a condition of low mass transfer rate is not sufficient but  also a 
very low viscosity in quiescence is required to explain extremely long recurrence 
times of WZ Sge stars. In an extremely low mass transfer rate, the recurrence 
time of outbursts is determined by the viscous diffusion time in the disk, which 
is independent of mass transfer rate, and the thermal instability is triggered in 
the inner-part of accretion disk by viscous diffusion of the disk mat ter  and this 
type of outbursts is called "inside-out outburst" .  The recurrence time in this case 
would then be given by the viscous diffusion time in the disk, which is thought  
to be of order of a year or less in the case of the s tandard viscosity, much shorter 
than the recurrence time of 30 years in the case of the WZ Sge. 

There is however an alternative possibility other than that  of a very low 
viscosity to avoid an early occurrence of inside-out outburst .  Meyer and Meyer- 
Hofmeister (1994) suggested that  the inner part  of accretion disk in quiescence 
of dwarf novae is evacuated by a coronal siphon flow. This would then explain 
X-ray emissions in quiescence of dwarf novae and evaporation of mat te r  in the 
inner part  of accretion disks in quiescence. The WZ Sge itself in quiescence is 
known to be an X-ray source. Mass accretion in quiescence is too low in the 
standard DI model to explain observed X-ray flux in WZ Sge. This indicates 
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that  mass seems to trickle down from the disk to the central white dwarf even 
in quiescence by some mechanism, which fits in Meyer and Meyer-Hofmeister 's 
picture. 

The other extreme SU UMa stars are those ER UMa stars which exhibit 
extremely short normal and superoutburst  recurrence times. These systems are 
also shown to be explained nicely as systems having high mass transfer rates 
in the thermal-tidal instability model. Tha t  is, they are the borderline systems 
between the classical SU UMa stars and "permanent  superhumpers" and thus 
they may be considered in some sense to be a Z Cam counterpart  below the 
period gap. 

5 Summary 

This talk may be summarized in the following one sentence: 
Dwar/ nova outbursts can basically be understood in a unified way within a single 
conceptual framework, that is, the disk instability model. 

More details of this unification theory may be found in the review paper  
which appeared in PASP (Osaki 1996). 

Acknowledgement: I would like to thank Professor Simon D. M. White,  Director 
of Max Planck Insti tut  fiir Astrophysik, for inviting me to give this talk in 
such an honorable occasion of Dr. Friedich Meyer's official retirement from Max 
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Friedrich Meyer and Emmi Meyer-Hofmeister for their warm hospitality during 
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A b s t r a c t :  On the basis of LTE radiative transfer calculations for ax isymmetr ic  
accretion disks we fit the most  prominent  optical emission lines of U Gem and 
T Leo during quiescence. A nearly isothermal disk with a mean kinetic t emper -  
ature of (T) = 11 500 K and a radial decreasing density ~ R -2'3 can account for 
the observed emission line spectrum. It  is shown tha t  Stark broadening is not 
impor tant  in U Gem. Also a macroscopic supersonic velocity dispersion above 
the threshold of the spectral  resolution does not improve the fit. The spec t rum 
of T Leo can be fitted with a similar accretion disk seen at i = 30 °. 

1 I n t r o d u c t i o n  

Recently we succeeded in fitting the phase-averaged optical spec t rum of U Gem 
in quiescence (Hummel et al. 1997) assuming a power law for the density N(R)  = 
NoR m and the kinetic t empera ture  T(R) = ToR k. An improved fit is shown in 
Fig. 1, where we have taken the finite spectral  resolution of the observations 
R = 10 000 into account. Both the low excitation (Ca II) and the high excitat ion 
lines (He0  show good agreement (Fig. 1) using a nearly isothermal accretion 
disk. 

The outstanding problem visible in the fit are the broad wings in the Balmer  
emission lines. They are presumably produced by 

- Stark broadening 
- Supersonic macroscopic velocity dispersion 
- Thomson scattering 
- The radial runs of the gas t empera tu re  T(R) and /o r  the density N(R)  do 

not follow power-laws. 

We check the impact  of the first two mechanisms on the emission line format ion 
in U Gem in quiescence. 

2 S t a r k  b r o a d e n i n g  

Stark broadening in dwarf  novae accretion disks was first considered by Williams 
& Shipman (1980). The mean surface density (5:) ~_ 0.02 gcm -2 of our model 
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Fig.  1. Quiescent spectrum of U Gem fitted by a model accretion disk (X 2 = 10) 
with N -- 1.16 × 1015R-2'31cm-3,T = 14000R - ° °7  K D = 72 pc, and micro- 
scopic turbulence VT = Cs (C8 = sound speed). The mean gas tempera ture  is 
(T) = 11 500 K, the total mass of the disk is Md = 7.8 x 10 is g. 

disk is about a factor 100 below the critical E for which Stark broadening be- 
comes important  (Lin et al. 1988). In order to test this suggestion quanti tat ively 
we also include Stark broadening in the radiative line transfer calculations. 

Hydrogen Stark profiles have been tabulated by Vidal et al. (1978) and ex- 
tended to higher densities by SchSning & Butler (priv. comm.). Since we know 
from section 1 that  the accretion disk is nearly isothermal, we neglect the small 
dependence of the Stark profiles on the temperature.  The density dependence of 
the profiles is taken into account. For He I and Ca n we use the HWHM Lorentz 
widths of Dimitrijevid & Sahal-Br~chot (1990) and Griem (1964) respectively. 
The HWHM Lorentz widths have been scaled linearly with the local electron den- 
sity and interpolated to the mean gas temperature  of the disk. We then folded 
the Lorentz profile with the Doppler profile for thermal motions and microscopic 
turbulence. 

As for our initial model without Stark broadening (Fig. 1), we carried out 
multi-parameter fitting using the temperature  and the density as free parame- 
ters. The comparison with the observations is shown in Fig. 2. Clearly, Stark 
broadening has no effect on the emission line shapes (here at i = 700), in par- 
ticular on the broad Balmer line wings, and does not play a role for the line 
formation in U Gem during quiescence. 
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Fig .  2. Best fit model  spec t rum including Stark  broadening.  Best fit pa rame-  
ters are: N = 7.7 × 1014R -2'12 cm -3 ,  T = 14400R - ° ° 7  K with X 2 = 12.3 at  

D -- 70pc .  

3 S u p e r s o n i c  V e l o c i t y  D i s p e r s i o n  

In addi t ion to  the micro- turbulence  VT we allow for a macroscopic ,  isotropic  
and supersonic velocity dispersion VM as a fur ther  possible source of the  b road  
Balmer  line wings. In pract ice  we handle  macro- tu rbu lence  by convolving the  
result ing line profile with a Gaussian of  wid th  VM. Since the finite spectra l  
resolution is taken into account  in the same way we consider the to ta l  b roaden ing  
VB to  be a composi t ion of  macro- tu rbu lence  and spectral  resolut ion 

VB = ~/AV~ + VM 2 _> lS kms -1 (1) 

and as an addi t ional  free parameter .  No  be t t e r  X 2 is ob ta ined  for VM > 0. Our  
initial pa ramete r  set is the best  fit. We conclude tha t  there  is no evidence for 
macro- turbulence  above the  spectral  resolut ion threshold of  AVR = 18 kms -1.  
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4 T L e o  

Having studied U Gem we apply our radiative transfer code to T Leo, another 
dwarf nova of type SU UMa (Slovac et al. 1987) with a low inclination. The 
optical spectra were obtained during quiescence in the same observing run as 
U Gem. System parameters are taken from Shafter &: Szkody (1984). We use a 
fixed inclination of i = 30 ° and an initial distance of D = 80 pc. Since the peak 
separations of the emission lines are poorly resolved (Fig. 3) we use the same 
disk radius of Rd = 50Rwd as for U Gem. We use the best-fit values of U Gem as 
initial parameters for the density and the temperature. /,From our experience 
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Fig .  3. Continuum subtracted optical spectrum of T Leo during quiescence and 
the best-fit calculated spectrum for T = 14400R -°'°7 K, N = 7.9 × 1014R -26  
cm -3 and X = 16. The mean gas temperature is (T) = 11 500 K and the total 
disk mass is Md : 1.4 x 10 TM g. 

with U Gem we neglect macroscopic turbulence. In order to be on the safe side 
we include Stark broadening because of the low inclination. 

The best-fit continuum subtracted spectrum of T Leo during quiescence is 
shown in Fig. 3. The best fit values are T = 14 400R -°'°7 K, N = 7.9 x 1014R -26  
cm -3 and D = 78 pc with ~(2 = 16. 

The ionisation structure of T Leo shows hydrogen to be completely ionised, 
He II and He I are equally populated and Ca III exceeding Ca II. Since the disk is 
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Fig.  4. Radial (a) and vertical (b) distribution of the most abundant ionisation 
stages in the model disk for T Leo. /~From top to bottom: HI] (--),  electron 
density Ne (o), He I ( . . .) ,  He II (.--), HI (--),  Ca n! (--  -), Ca II  (-  - - )  

almost isothermal, the density distribution controls the ionisation degree in the 
disk. Lower densities at higher latitudes increase the ionisation (Fig. 4 b). 

5 D i s c u s s i o n  

We have shown, that  Stark broadening and macroscopic turbulence cannot ex- 
plain the broad wings of the Balmer emission lines in U Gem. Since our relatively 
hot model disk is completely ionised and the Ha intensity is much larger than 
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the local continuum, we expect Thomson scattering as a promising source for 
the wing extensions. 

For T Leo the wings of the Balmer emission lines are much less developed 
and are better  reproduced by the model. Again, as for U Gem the best fit is a 
compromise to account for both Ca II and He I. The T Leo model predicts H a  to 
be much larger than observed. A reason for this could be the following: The low 
inclination causes a larger optical depth in the lines due to the smaller kinemat- 
ical broadening. If the calculated continuum is underestimated,  Hc~ will sa tura te  
at stronger intensities in the model. In order to test for this we will consider 
the influence of electron scattering and absorption due to H -  as additional con- 
t inuum opacity sources. Another possibility for the overestimated Ha  emission 
could be the breakdown of the LTE-assumption at higher latitudes in the disk. 

6 Summary  

Our tests have shown that  Stark broadening is insufficient to broaden the emis- 
sion lines (at i = 70 °) in U Gem during quiescence. A supersonic macro-turbulence 
does not improve the fit for this object. We found, that  the disk s t ructure  of 
U Gem and T Leo during quiescence are essential identical. 

Acknowledgment: WH thanks the Deutsche Forschungsgmeinschaft (KU 474/22- 
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Modelling magnetised accretion discs 

A. Brandenburg, C. Campbell 

Department of Mathematics, University of Newcastle upon Tyne NE1 7RU, UK 

Abstract Some recent results are reviewed that lead us now to believe that ac- 
cretion discs are basically always magnetised. The main components are Balbus- 
Hawley and Parker instabilities on the one hand and a dynamo process on the 
other. A mechanical model for the Balbus-Hawley instability is presented and 
analysed quantitatively. Three-dimensional simulations are discussed, especially 
the resulting magnetic field structure. Possibilities of reproducing the field by 
an aT2 dynamo are investigated, especially its symmetry with respect to the 
midplane. 

1 I n t r o d u c t i o n  

Until quite recently the origin of turbulence in accretion discs was considered to 
be rather obscure (see, for example, the excellent textbook by Frank et al 1992, 
Sect. 4.7). However, this seems to have changed considerably over the past few 
years. There is now strong numerical evidence that turbulence may be generated 
by the Balbus-Hawley instability (e.g. Hawley et al 1995, Matsumoto & Tajima 
1995, Brandenburg et al 1995). Moreover, three-dimensional simulations show 
that even in the absence of an external magnetic field there will be self-excited 
turbulence, because the flow can regenerate the magnetic field by dynamo action 
(Brandenburg et al 1995, Hawley et al 1996, Stone et al 1996). We refer to this 
mechanism as dynamo-generated turbulence. 

There remain several outstanding problems. Firstly, we need to gain a deeper 
understanding of how the dynamo process works. Is it some kind of an aT2 
dynamo, or is it something completely different? Secondly, what can we learn 
from local models of dynamo-generated turbulence if the real accretion disc is 
global? We begin by discussing briefly how keplerian shear flows become unstable 
in the presence of some coupling. We then consider the structure of large scale 
magnetic fields that might be generated in an accretion disc. Finally, we discuss 
the problem of global models of magnetised aCcretion discs. 

2 A m e c h a n i c a l  m o d e l  o f  t h e  i n s t a b i l i t y  

In order to understand the nature of the Balbus-Hawley (1991, 1992) instabil- 
ity it is useful to consider mechanical models displaying similar behaviour as a 
magnetised fluid in keplerian motion. An imposed uniform magnetic field, for 
example, holds the fluid particles in place like beads on an elastic string. In both 
cases there is a restoring force (with a given spring constant in the mechani- 
cal model, and the magnetic tension force in the hydrodynamical model). The 
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Fig. 1. Field lines representing a magnetic flux tube (upper panel). The Lorentz 
force (V × B) × B has no component in the direction of B. However, the Lorentz 

l V(B2"~ force has two contributions, a magnetic pressure gradient, - ~  ~ ,, which is 
readily balanced by the gas pressure gradient, and the tension force, (B • ~7)B, 
which is plotted in the lower panel. The tension force tends to contract the tube. 
(In the thin flux tube approximation this contraction corresponds to a pressure 
gradient along the tube.) 

analogy works also for nonuniform (turbulent) fields which typically consist of 
many flux tubes. Consider now a model with only two beads connected by a 
rubber band. This rubber band symbolises the restoring force experienced by a 
magnetic flux tube; see figure 1. The main difference is now that we can con- 
sider localized flux tubes and do not need to invoke a uniform large scale field. 
This seems more appropriate for characterizing turbulent magnetic fields as they 
seem to be present in the simulations. However, in this case the analogy is by no 
means exact, and yet it seems to capture some typical features of the dynamics 
of magnetic flux tubes. 

Consider two particles in a keplerian orbit. The story is best conveyed with 
two space crafts orbiting round the earth and trying a rendezvous maneuver. 
Larry November from Sac Peak Observatory explained to us his memories of 
Gemini 3 launched March 23, 1965 with Gus Grissom and John Young. The 
mission tried to dock with an Agena spacecraft launched separately and put into 
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a similar orbit. The astronauts tried maneuvering by "eye" and were unable to 
close their gap with Agena because of the oddities of orbital dynamics. They 
]ound that they could not get closer by "speeding up". Increasing their orbital 
velocity only put them in a higher orbit which caused them to lag ]urther beyond 
the Agena. The unsuccessful mission demonstrated that maneuvering spacecraft 
was unintuitive and could only be successful by use o] computers. Subsequent 
missions used onboard computers to estimate crossing orbits given the relative 
locations o] the spaceerafts. That software solution completely solved the diffi- 
cultly and permitted entirely successful docking with the lunar excursion module 
with the mother Apollo craft used in all of the lunar landings. Of course soft- 
ware solutions could be accurate within millimeters and provide corrections that 
minimized expended fuel. It is surprising to hear that  the astronauts  really fell 
into this trap, but Larry also said I do believe that after they realized the effect 
they did try breaking. Unfortunately, however, the effect is dij~cult to gauge and 
I do not think they were ever closer than about 100 m, and only managed to 
get hopelessly separated as they tried different things. One should notice tha t  
the mission was allocated only 3 orbits, so this was probably not meant  to be a 
particularly serious attempt! 

Anyway, the main lesson is this: in order to go faster in a keplerian orbit  one 
has to break, and vice versa. However, rubber  bands behave more straightfor- 
wardly. They exert a restoring force when start ing to pull. Therefore, objects 
in a keplerian orbit that  are connected in some way always go unstable. In a 
sense this mechanism is reminiscent of tidal disruption of celestrial bodies pass- 
ing nearby a black hole (see Novikov et al 1992). Here the restoring force is the 
self-gravity of the passing body. In fact, the criterion for disruption is similar to 
the stability criterion of Balbus-Hawley (see below). 

In our simple model the positions of two coupled particles, r l ( t )  and r2(t), 
are governed by the equation 

G M ^  
ri -- r---7--r - f ( r i  - r j) ,  (1) 

where G is the gravitational constant, M the mass of the central object,  and 
f ( x )  is the restoring force in the direction 5: = x / I x  I. The restoring force is 
assumed to be proportional to Ixl - do, where 

do = Ir2(O) - r l (O )  t (2) 

is the initial separation between the two particles. Thus, we put 

{K0~( Ix l  - do) when Ixl > do, 
f ( x ) =  0 otherwise. (3) 

The cutoff for Ixl < do was introduced to account for the fact tha t  no force 
should be exerted when the rubber band is not tight, i.e. if the particles are too 
close together. The rubber band has a spring constant Ko per unit mass, which 
is measured in units of f2 2 = G M / r  3, where /2  is the keplerian angular velocity 
at the initial radius r0 of the particles. 
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In figure 2 we plot the positions of a pair of particles at different t imes for 
two different values of Ko. In the first case (K0 = /22) the spring constant  is 
weak enough so that  the pair of particles becomes (tidally!) disrupted. However, 
in the second case (Ko = 10/22) the coupling is strong enough so tha t  the pair 
of particles always stays together. In addition to the counterclockwise orbital 
motion the two particles rotate  about  each other  also in the counterclockwise 
direction. 

K0 = Q 2 

1 ( p  
o 

-1  + 

- 2  -1  o 1 
X 

2 

1 

0 

-1  

- 2  
- 2  

Ko= 1 0 ~  2 

-1  0 1 2 
X 

Fig.  2. The positions of a pair of particles at different times for two different 
values of Ko (left panel: K0 = /22 ,  right panel Ko = 10/22). Initially the leading 
particle (indicated by a star) moves inwards and the following particle (indicated 
by a plus) moves outwards. 

This result can be understood by means of linear stability analysis. We as- 
sume r i  = ro + dr, where r0 describes the motion of the center of mass with 
r0 = - /22dro.  Linearising the gravitational acceleration yields 

GM ^ GM ( 3 dr - ro 
r2 r -  ( to+dr)  3 ( r ° + d r ) = / 2 2 r ° _ l -  --rTo ] +/226r. (4) 

The linearised equation of motion is then 

I I O  

6i ~ = 3/226"r2r° ~22dr + Kdr. (5) 

To get the dispersion relation we assume dr c< e -i~t and obtain after taking the 
inner product  with r0 

w 2 = -2/22 + K. (6) 

The system is unstable when w 2 < 0, i.e. 

K < 2/22 (instability)• (7) 
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We verified this also numerically. This dispersion relation is similar to the case 
of the Balbus-Hawley instability, where the criterion is: 

~ < 2q/22 (instability) (8) 

(Balbus & Hawley 1992), where WA = i k .  B / ( 4 ~ p )  1/2 is the Alfv~n frequency for 
modes with wave vector k and q -= - d l n  1 2 / d l n r  = 3/2 for keplerian rotation. 
The criteria (7) and (8) are similar to the criterion of tidal disruption of celestrial 
bodies passing nearby a black hole 

w.2 < (~3j22 (instability) (9) 

(Novikov et al 1992), where w .  = G M . / R 3 .  is approximately the eigenfrequency 
of a star of mass M. and radius R. passing nearby the black hole. The coefficient 

is of order unity. [Novikov et al (1992) quote the value 1.69 for an incompress- 
ible stellar model, see Kosovichev & Novikov (1991), but ~ is a little less for a 
polytropic stellar model, Luminet & Carter (1986)]. Common to all three cases 
is the fact that a harmonic oscillator with eigenfrequency w can become over- 
stable when placed in a keplerian orbit (or parabolic orbit in the case of tidal 
disruption) provided w2 is less than J22 = G M / r 3 o  . 

3 D y n a m o  g e n e r a t e d  t u r b u l e n c e  

From the illustrative experiments above we have seen that both weak and strong 
coupling can lead to instability. A proper stability analysis of fluid in keplerian 
motion threaded by a magnetic field (of arbitrary orientation) confirm that there 
is indeed an instability (Balbus & Hawley 1991, 1992). The difference is that in 
the stability analysis there is a uniform imposed magnetic field, whereas the 
mechanical experiment presented here corresponds to an isolated magnetic flux 
tube connecting two points. 

There are numerous subsequent investigations that extent the local analysis 
to global geometry (e.g. Curry et al 1994, Terquem & Papaloizou 1996, Ogilvie 
& Pringle 1996, Kitchatinov & Rfidiger 1997). We mentioned in the introduction 
that there are now also numerical simulations that show that the flow generated 
by the instability leads to turbulence, and that this turbulence in turn is capable 
of amplifying and sustaining the magnetic field by dynamo action. We briefly 
summarize here some of the basic results of such simulations. 

The most significant result of such simulations is simply the fact that tur- 
bulence is self-sustained. An important quantitative outcome of the simulations 
concerns the strengths of the Maxwell and Reynolds stresses that would lead 
to mass accretion and angular momentum transport. Their magnitude is conve- 
niently given in terms of the mean angular momentum gradient and a turbulent 
viscosity which, in turn, is specified in terms of natural units (sound speed cs 
and disc scale height H) times a dimensionless factor, ass. Here the subscript SS 



refers to Shakura &: Sunyaev (1973), who introduced this concept in the context 
of accretion discs. Thus, the stress is expressed as 

(mru  ¢ - B r B ¢ / 4 r  ) = - ( p ) v t r - ~ r  , where vt = as sc sH.  (lO) 

where mr = pUr is the mass flux in the radial direction and primes indicate 
fluctuations about the mean. The value of ass fluctuates in time, because the 
system is turbulent and because the magnetic field varies strongly on long time 
scales. In figure 3 we show the evolution of the magnetic and kinetic contributions 
to (~ss. Comparison with the magnetic energy in the system shows that peaks 
in ass coincide with peaks in the magnetic energy. On average the value of 
c~ss is of the order of 0.01 (Brandenburg et al 1995, 1996a, Hawley et al 1996, 
Stone et al 1996). We should recall that some authors use a slightly different 
definition of c~ss, where C~ss could be larger by a factor 3/2 times v~; (see the 
review by Brandenburg et al 1996b). Magnetohydrodynamic models of accretion 
discs (Campbell i992, Campbell & Caunt 1996) show that such values of ass 
are sufficient to lead to dynamically important large scale magnetic fields. The 
resulting (B~B~¢) stresses can play a major part in the radial advection of angular 
momentum necessary to drive the disc inflow. Note also that, although the field 
is oscillatory, (B~B'¢) is always negative. 

The next important result of the simulations is that there could be long 
term variability of the dynamo activity, which is associated with a variable large 
scale field. In the cartesian models investigated by Brandenburg et al (1996a) 
the activity varies approximately cyclically with an average period of about 30 
orbits. This varying large scale magnetic field, especially the toroidal component 
(Be), strongly affects the value of c~ss in a systematic manner which can be 
described by a parabolic fit of the form 

,~(B)I B X21B2 C~ss ~ °/(S~ + ' ~ S S  \ ~b] / eq, (11) 

where Beq = (47rpc2s) 1/2 is the equipartition value with respect to the thermal  
energy density, and cs = £2H/v/2  is the isothermal sound speed. (Both c8 and H 
depend on the disc temperature, which may change due to heating.) The most 
important contribution to (11) comes from the second term. In this second term 

the coefficient is ,~(B) ~ 0.5. ~SS 
Another remarkable result concerns the dependence of the value of ass on the 

rotation law. Abramowicz et al (1996) used the simulations for different values 
of q =- - d l n Y 2 / d l n r .  The value q -- 3/2 is for keplerian rotation. Although 
the main parameter varied was q, Abramowicz et al expressed it in coordinate 
independent form using the magnitudes of the shear and vorticity tensors, a 
and w, respectively. They found that ass varies approximately linearly with the 
ratio a /w .  Abramowicz et al (1996) suggest that this result could be used in more 
general circumstances as well. This would be especially important if one were to 
produce a global accretion disc model. By this we mean a model, as opposed to 
a full three-dimensional turbulence simulation. The advantage of such a model 
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Fig.  3. Evolution of the magnetic and kinetic contributions to ass .  Comparison 
with the magnetic energy of the mean field shows tha t  peaks in ass  coincide 
with peaks in the magnetic energy, which is plotted here in the form (B¢)2/B2eq, 
where Beq ----- (4~rpc2) 1/2 is the equipartition value with respect to the thermal 
energy density, and c8 = ~2H/v~ is the isothermal sound speed. The da ta  are 
from Model 0 of the three-dimensional simulation of Brandenburg et al (1996a). 

would be that  it is easier to produce, and that  it can be more easily applied to 
different circumstances. Before we consider this in more detail we need to discuss 
another complication that  is related to the parameterizat ion (10). 

When we estimated the value of ass  from eq. (10) we assumed tha t  (p) 
was the volume averaged density. This seemed sensible, because the stresses 
do not strongly vary with height. However, it appears questionable whether a 
vertically averaged density would be a sensible description under more general 
circumstances, where the disc could be thick, for example. In tha t  case it would 
seem natural  to adopt an average that  depends on height. However, this is not 
consistent with the numerical models, because then eq. (10) no longer represents 
a good description of the simulation's results, unless we relax the assumption 
that  ass  is independent of height. 

We now allow ass  to be height dependent.  However, instead of assuming 
some unknown profile function we assume that  this dependence is already cap- 
tured by the dependence (11). Originally eq. (11) was obtained by considering 
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Fig.  4. Spatio-temporal pattern of the radial and toroidal components of the 
large scale field, (B~) and (Bu), respectively, as a function of height and time. 
The data  are from Model O of the three-dimensional simulation of Brandenburg 
et al (1996a). 

volume averaged values of the stress and the density at different times during 
the magnetic cycle. We now assume that  this relation is also valid at each height. 
Putt ing (11) into (10), and neglecting the a (9  term, we find that  the stress varies 
like 

(B) 2 
ass  (Be) c, HrO07 _ V~q o~(B) s t r e s s -  47rc----~ ~ SS (Be) 2, (12) 

which is now independent of (p). However, we have to know how (Be) varies 
with height. So, if eq. (12) were to be used in an accretion disc model one would 
need a sensible prediction of the variation of the mean magnetic energy density 
with height. Unlike the local cartesian simulations, where the magnetic energy 
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density varied only little with height, in a truly global model the energy density 
ought to decrease as one goes sufficiently far away from the disc midplane. Thus, 
one is then seriously forced to consider accretion disc models tha t  included the 
magnetic field evolution in a self-consistent manner. Let us now discuss how one 
can actually model the evolution of the mean magnetic field without invoking a 
full-blown numerical turbulence simulation. In order to appreciate the systematic 
behaviour of the large scale magnetic field we plot in figure 4 the spatio-temporal  
pat tern  of the radial and toroidal components of the large scale field, (Br) and 
(Be), respectively. 

The large scale field, especially the toroidal magnetic field component ,  shows 
remarkable spatio-temporal coherence. The field varies not only cyclically, but  
it also migrates away from the midplane. The tradit ional approach to under- 
stand such organised behaviour is to adopt the mean-field approach, where the 
original induction equation is averaged and turbulent  t ranspor t  coefficients are 
introduced that  describe the evolution of the nonlinear term, £ - (u '  x B ' )  in 
terms of the mean field itself. In principle such parameterizations can be fairly 
complicated, but more importantly, they are typically extremely uncertain. We 
may therefore use the simulations to estimate the " transport  coefficients" as- 
suming a relation ~ = £((B)). Such a relation should contain terms that  are 
capable of yielding dynamo action. So, in its crudest approximation it should 
take the form 

(u'  x B ' )  = a(B> - r/iV x (B) ,  (13) 

where a is the traditional dynamo a-effect (not to be confused with ass)  and 
r/t is a turbulent magnetic diffusivity. The simulations are consistent with the 
following estimates: a ~ -0 .001S)H and rh ~ 0.008OH ~, where the sign of a 
is negative in the upper disc plane, but  positive in the lower disc plane; see 
Brandenburg et al (1995), Brandenburg & Donner (1996). This is quite peculiar. 
The opposite result is expected from conventional mean-field theory, where the 
a-effect is related the helicity of the turbulence. Whilst the helicity of the tur- 
bulence in our simulations does have the expected sign, the simulations indicate 
that  it has not much to do with a. 

The sign of a can be explained as a direct consequence of the Balbus-Hawley 
instability. Figure 2 illustrates this. Initially this instability turns a toroidal mag- 
netic flux tube in the counterclockwise direction. This is because the following 
particle accelerates, so it moves outwards, whilst the leading particle brakes and 
moves inwards, corresponding to counterclockwise rotation. This alone would 
not lead to an a-effect, or to a component of (u' x B ' )  in the direction of (B) ,  
because we also need a systematic orientation of the velocity. This bit is easy, 
however, because strong magnetic flux tubes are always susceptible to magnetic 
buoyancy, which will lift them vertically away from the midplane. So, motion in 
the direction of z together with a twist of the magnetic flux tube  in the counter- 
clockwise direction does lead to a systematic sign of the a-effect, and this sign 
is negative. 

A negative a-effect has various implications. First  of all, if the generated 
magnetic field is oscillatory, as in fact it is in the simulations, there will be a 
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magnetic field migration associated with its cyclic variation. This is indeed what  
is observed in the simulations. The direction of this field migration is indeed 
consistent with the implied negative sign of a. Furthermore,  a negative c~ could 
affect parity selection of the magnetic field. While for positive c~ the preferred 
parity of the magnetic field is always even, this does not need to be the case 
when the sign of ~ is reversed. We address this in the following section. 

To test the hypothesis that  the magnetic field evolution seen in figure 4 can 
be explained by a mean-field dynamo we now solve the horizontally averaged 
induction equation using eq. (13), 

- -  ° z 
O(B,>ot - a(By> + r h ~ , (14) 

O(By> 02<By) (15) 
Ot - q~?(B~) + rlt Oz----~, 

where q = 3/2. Here and below x corresponds to radius and y to longitude.) 
Since ~ << J?H we have neglected the a-effect in the second equation (15). On 
the boundaries we assume 

O(B~) O(By) 
Oz - 0z - 0  on z - - 0 ;  ( B ~ ) - - - ( B y ) = 0  on z = L z .  (16) 

This boundary condition was also used in the three-dimensional simulations 
(except in those cases where no symmetry  was prescribed; see figure 6). The 
calculations of Brandenburg et al (1995) confirmed that  ~ changes sign about  the 
equator. The simplest functional form for c~ is therefore a = ~o(z /H) .  For a0 = 
- 0 . 0 0 1 ~ H  we reproduce the right cycle frequency, £2cyc//? = 0.03. In fact, one 
can show that  f2cy¢/~) = O(]~/J"IHll/2). In figure 5 we plot the resulting spatio- 
temporal  pat tern of (B~) and (By). The qualitative agreement with figure 4 is 
quite striking. 

4 T h e  p a r i t y  o f  l a r g e  s c a l e  m a g n e t i c  f i e l d s  

A large number of different dynamo models has been studied over the years. 
However, the case of a negative c~-effect has not received much attention, because 
it was thought  to be unphysical. In the case of galactic dynamos the result is 
typically that  for C~o < 0 oscillatory modes of dipole-type pari ty are most easily 
excited (Parker 1971, Stix 1975, see also Brandenburg et al 1990). This result is 
interesting in various respects. Firstly, a dipole-like magnetic field seems to be 
more favourable when modelling magnetically driven jets from accretion discs 
(eg Yoshizawa & Yokoi 1993 and references therein). However, if a dipole-like 
magnetic field is indeed easier to excite than a quadrupole-like magnetic field 
the question arises why the field found in the local simulations was actually 
still quadrupole-like. Also, although galactic dynamos are similar in geometry to 
accretion disc dynamos, there are marked differences concerning especially the 
form of the rotat ion curve. So we are encouraged to look now more systematically 
at the different field parities under those different conditions. 



Modelling magnetised accretion discs 

Bx 
1 . 5  ,:. ' :-k.;,v . . - . , ,4 : i : "  •:P.;,':," :" . .:,':::'.,:;~' . , : . ' ? . " ' , " /  . . . . .  • 

N 1 . 0  '~:<"" '~  : " ":>' : " ; : ' ~ P ; " : "  " "  " :  :~"P:< ' ; '  " :' "' " : : ;  
," , "  • . : ' , : , :  . . . .  l " "  " . "  : : : ; : .  v ; v : : . -  . "  : t , : : : :  : 

" , "  ~ : : :"5  :'7,-::,'7," - TF: , :  h':,'7:/.: :" :[:::[: 

i00 120 140 

t/r~ot 

B~ 
2.0 :.:..- ..:::i!~-::.::.:., ,:-.-.!~! ,::..-. ... 

• : ; ; ; : : . '  ,v,,,.,,.',',".., ;;1::,,,,; ; , ' , ' / , '1 , ' , '_ . ,  : : : : ; ; : , ,  
U/ill: .'7/::7::'.: :7:.7# ,.:,:.:.:,..:.,v . ~ :.,::::: 

N I. 0 '.":.':: .:::::.'."," : ::::.'.':':: :;'::,.':,:.7/: : :::::.":: 
~:-',.,.' ,:,:::TL:/,," :,,':':'i,'~:," $:,7':,': ; i.::'!L,':"/, 

O . O  ,iiii JHHUI~ i . i i i i i i i i  !;I!HH ~ ,: : : : : : : ; :  

100 120  140  

e / T r o t  

119 

Fig. 5. Spatio-temporal pattern of (Bx} and (By) as a function of height and 
time, obtained by solving (14)-(16). 
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Fig. 6. Spatio-temporal pattern of (By)  as a function of height and time for the 
three-dimensional simulation of Brandenburg et al (1995)• No restriction to the 
parity is made. Note that the field is mostly symmetric about the midplane. 
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First we consider the magnetic field generated by a mean-field dynamo in 
a local box with the same boundary conditions as those used in the numerical 
simulations. The field structure of (B~) and (By / is given in figure 7. The critical 
values of the dynamo number 

D = q  - q  , (17) 

where the dynamo is just marginally supercritically, are given in table 4. Here, 
q = 3/2 for keplerian rotation. Note that  even for negative a the quadrupole- type 
geometry (even parity) is the most preferred one. This is a bit surprising, but  it 
is at least not in conflict with the results of the three-dimensional simulations, 
which also give quadrupole-type symmetry  when no symmetry  restriction is 
imposed; see figure 6. Continuous inflow through the disc requires a quadrupole- 
type field structure. Unless the surroundings are very highly conducting, a dipole- 
type field does not lead to a magnetic torque on rings of disc material and 
hence cannot contribute to the radial advection of angular momentum (Campbell 
1997). 

However, we now need to check whether the occurrence of a quadrupole mode 
for negative values of ~ could be an artefact of the local geometry used in our 
model. Therefore we now consider briefly a global a~2 dynamo model with a 
disc-like distribution of a and ~t. In this model we used the following profiles for 

and f2 o=o0 ex {  } 
= , ( 1 9 )  

with n = 10. Again, the result is surprising. The critical solutions are plotted 
in figure 7 and the critical values of the dynamo number D are given in table 4, 
where we also compare with results obtained by other authors. 

The table shows that  there is not a unique result regarding the pari ty of the 
easiest excited mode for negative values of ~. The  disks of Stepinski &: Levy 
(1988, SL88) are relatively thick and represent only this innermost parts  of the 
disc. The general behaviour of those models is similar to dynamos in spherical 
geometry. The models of Stepinski & Levy (1990, SL90) are thinner,  and here 
the parity depends on whether the fields are confined to the disc (SL90-1) or 
whether the disc is surrounded by a vacuum (SL90-2), permitt ing the field to 
extend into the corona. In Torkelsson &: Brandenburg (1994a, TB94) the parity 
depends on whether or not there is a cavity in the middle of the disc. In those 
models a cavity was introduced to model an inner boundary of the disc at the 
innermost stable orbit around black holes. If such a cavity is present (TB94-4c, 
ie Model c in their Table 4), then A0 parity is more preferred. 

To shed some light on the occurrence of the different modes we now compute 
the full spectrum of growth rates shown as a function of dynamo number D = 
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Table 1. Critical values of the dynamo number for different models (see text for 
explanations). Numbers in bold face indicate the most easily excited mode. A0 and SO 
refer to antisymmetric (dipole-type) and symmetric (quadrupole-type) modes. 

cartesian 
Figure 7 
TB94-40 
TB94-4c 
SL88-3 
SL90-1 
SL90-2 

neg alpha pos alpha 
A0 SO A0 SO 

-1130 osc - 4 0 0  osc 
-130 osc - 8 0  osc 
-576 osc - 5 1 2  osc 

-1080 osc -1120 osc 
- 1 3 8  osc -169 osc 

- 9  st -45 osc 
-68 osc - 4 5  st 
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+160 osc +35 osc 
+352 osc +40 st 
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Fig.  8. Growth rates A (in units of $2) as a function of the dynamo number D for 
a dynamo in cartesian geometry using equations (14) and (15) and a = aoz/H 
i n 0 < z < H .  

oscillatory branches have merged into a single oscillatory one. Also, in the highly 
nonlinear regime things can change again, as was demonstrated by Torkelsson 
& Brandenburg (1994b), who presented a survey of models for both signs of 
a,  different nonlinearities (buoyancy and a-quenching), and a large range of 
different dynamo numbers. 
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In the forthcoming years it will be important  to design a new standard ac- 
cretion disc model that  includes those new effects turbulence simulations have 
revealed recently. Ideally, one would like to have a magnetic version of the famous 
Shakura-Sunyaev solution. The model by Campbell (1992) is such an example. 
In this section we briefly address a few issues where some adjustments to this 
theory could be made and where conceptual differences should need some further 
clarification. 

An important  property of the dynamo is the value of the magnetic field at 
which the dynamo saturates. This value is determined by the dominant feedback 
magnetism. In the model of Campbell (1992) it was assumed that  magnetic 
buoyancy limits the magnetic field strength. Another possibility is a-quenching, 
which seems to be important  in the three-dimensional simulations (Brandenburg 
& Donner 1996). A more urgent concern is related to the sign of the dynamo a. 
The simulations suggest that  a is negative. This is rather  surprising and could 
not have been predicted. This appears to be directly related to the dynamics 
of the Balbus-Hawley instability. So we do have some understanding of this 
surprising result and are tempted to include it into actual models of magnetised 
accretion discs. One immediate consequence would be that  the magnetic field 
can no longer assumed to be steady. A variable level of the magnetic field could 
lead to variability of the temperature  in the disc, which could be of interest in 
connection with the outbursts of cataclysmic variables (CVs). Current models 
describing outbursts of CVs invoke a dependence of ass  on H/R (e.g. Cannizzo 
et al 1988), which does not seem to be supported by the simulations (Vishniac 
& Brandenburg 1997). Furthermore, s tandard outburst  models require ass  to 
be around 0.1 during outbursts. Such a large value could only be achieved in 
the presence of a sufficiently strong magnetic field. This seems unsatisfactory, 
because the origin of such a field needs to be explained. More importantly,  it 
would then be difficult to explain the absence of strong fields during quiescent 
phases. Therefore a self-consistent model for CV outbursts  seems to be highly 
desirable. 

6 C o n c l u s i o n s  

Significant progress has been made in understanding the origin of viscosity and 
the nature of turbulence in accretion discs. Three-dimensional simulations in 
local geometry can be used to address those questions. Nevertheless, it is impor- 
tant  to consider those simulations as preliminary. Global simulations using more 
realistic, open, boundary conditions and including the effects of curvature are 
necessary. Finally, proper account of radiative transfer should be made before 
we can begin to address questions of observational significance, such as the CV 
outbursts. 
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Abs t rac t :  The structure of the boundary layer region between the disc and 
a comparatively slowly rotating star is studied using a causal prescription for 
viscosity. The vertically integrated viscous stress relaxes towards its equilibrium 
value on a relaxation timescale T, which naturally yields a finite speed of propa- 
gation for viscous information. For a standard ~ prescription with ~ in the range 
0.1 - 0.01, and ratio of viscous speed to sound speed in the range 0.02 - 0.5, 
details in the boundary layer are strongly affected by the causality constraint. 
We study both steady state polytropic models and time dependent models, tak- 
ing into account energy dissipation and transport. Steady state solutions are 
always subviscous with a variety of ~2 profiles which may exhibit near discon- 
tinuities. For ~ -- 0.01 and small viscous speeds, the boundary layer adjusted 
to a near steady state. A long wavelength oscillation generated by viscous over- 
stability could be seen at times near the outer boundary. Being confined there, 
the boundary layer remained almost stationary. However, for ~ = 0.1 and large 
viscous speeds, short wavelength disturbances were seen throughout which could 
significantly affect the power output in the boundary layer. This could be po- 
tentially important in producing time dependent behaviour in accreting systems 
such as CVs and protostars. 

1 I n t r o d u c t i o n  

The boundary layer region between a star and accretion disc is of fundamental 
importance for non-magnetic accreting systems. This is because up to half the 
total accretion energy may be liberated over a relatively small scale in this region. 
(Lynden-Bell and Pringle 1974, Pringle 1977). Consequently, the angular velocity 
changes rapidly from a near Keplerian value to a smaller value associated with 
the accreting star on a scale length that is expected to be comparable to the 
pressure scale height of the slowly rotating star. 

In a thin Keplerian disc, the inflow velocity is generally highly subsonic. 
However, in the boundary layer where the gradients increase the radial infall 
velocity may become large, reaching supersonic values, if an unmodified viscosity 
prescription appropriate to the outer disc is used (see Papaloizou and Stanley 
1986; Kley 1989, Popham and Narayan 1992). In this case, it has been argued 
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(Pringle 1977) that the star would lose causal connection with the outer parts 
of the disc so that information about the inner boundary conditions could not 
be communicated outward. In order to prevent such a situation, the viscosity 
prescription should be modified so as to prevent unphysical communication of 
information. Various approaches that limit the viscosity in the vicinity of the 
star (thus reducing the radial inflow velocity) have been suggested (Papaloizou 
L: Stanley 1986, Popham & Narayan 1992, Narayan 1992). Here we adopt an 
approach frequently used in non-equilibrium thermodynamics (eg. Jou, Casa- 
Vasquez and Lebon 1993), and we assume that the viscous stress components 
relax towards their equilibrium values on a characteristic relaxation timescale T. 
This leads naturally to a set of basic equations incorporating a finite propagation 
speed for viscous information given by Cv = V/ -~ ,  where u is the usual kinematic 
viscosity. 

We use these to investigate the structure of the boundary layer region be- 
tween the disc and a comparatively slowly rotating star by studying vertically 
averaged one dimensional models, as many of their properties are expected to 
be manifested in the more general two dimensional case. We begin with a study 
of steady state polytropic disc models and then go on to study time dependent 
models in which energy dissipation and heat transport are taken into account 
using, for illustrative purposes, parameters appropriate to protostellar discs. 

2 E q u a t i o n s  

In an accretion disc the vertical thickness H is usually assumed to be small in 
comparison to the distance r from the centre, i.e. H / r  << 1. This is naturally 
expected when the material is in a state of near Keplerian rotation. Then one can 
vertically integrate the hydrodynamical equations and work only with vertically 
averaged state variables. Under the additional assumption of axial symmetry, 
the vertically integrated equations of motion in cylindrical coordinates (r, ~, z) 
read: 

OZ 1 0 
a--Y + - r ~  ( ~ )  = o, (1) 

OP ~ G M ,  
0( ru )  I 0 (ru~u) = rL~22 Or - -  + fi' (2) 
O - - - V -  + 7 ' ~  - - -  - r~ 

0(Xr2D)0t + --x-l O ( r z r 2  o r  = r 0 ( r ~ T ~ )  (3) 

O(Ze)  P _ 0 (rv) + D ,  - V • F d z  (4) 
a----i- + ( r F e u )  - r O r  oo 

Here Z denotes the surface density Z = f-~o~ pdz,  where p is the density, v 
is the radial velocity, • the angular velocity, P the vertically integrated (two- 
dimensional) pressure, M, the mass of the accreting object, G the gravitational 
constant, f~ the viscous force per unit area acting in the radial direction, and 
T ~  is the r99 component of the vertically integrated viscous stress tensor. In 
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the energy equation e denotes the specific internal energy, Dv ~ T r w ~  is the 
viscous dissipation rate per unit a rea ,  and F is the radiative energy flux. 

2.1 C a us a l  V i scos i ty  

Viscous processes are of central importance in accretion discs in that  they are 
responsible for the angular momentum transport  that  allows the radial inflow 
and accretion to occur. It is believed that  processes such as MHD turbulence 
are likely to be responsible for the existence of the large viscosities, required to 
account for observed evolutionary timescales associated with accretion discs (see 
Papaloizou and Lin 1995, and references therein). 

The essential component of the viscous stress tensor for accretion discs is the 
(r, ~) component. The prescription normally adopted is Trw = TOw, where TOw is 
given by an expression in the form appropriate to a microscopic viscosity such 
that  

0 ~  
° = 0-7 (5) 

Here ~ is the kinematic viscosity coefficient. In accretion disc theory, the a 
prescription of Shakura and Sunyaev (1973) is often used such that  

u = acsH,  (6) 

Here a is a (usually constant) coefficient of proportionality describing the ef- 
ficiency of the turbulent transport. In writing (5) and (6) it is envisaged that  
the turbulence behaves in such a way as to produce a viscosity through the ac- 
tion of eddies of typical size H and turnover velocity aCs. Vertical hydrostatic 
equilibrium gives 

H cs = b-: '  (7) 

where Y2k is the Keplerian angular velocity which is given by 122 = G M . / r  3. 

The ansatz Tr w = TO w results in the transport of angular momentum through 
diffusion, with a diffusion coefficient u = acs~/(12k). This leads formally to the 
possibility of instantaneous communication of disturbances in the angular mo- 
mentum distribution, or an infinite speed cv of propagation of viscous informa- 
tion. In the main part of the accretion disc this causes no serious problems, since 
(radial) velocities are very small in comparison to the sound speed. However, in 
the boundary layer where the incoming material hits the surface of the accreting 
object, the radial infall velocity may become large, reaching supersonic values 
Ivl > Cs (see Papaloizou and Stanley 1986; Kley 1989; Popham and Narayan 
1992). 

To overcome this causality problem various rather ad-hoc approaches that  
limit the viscosity in the vicinity of the star (thus reducing the radial inflow 
velocity) have been suggested (see introduction). Here we follow a more general 
approach frequently used in non-equilibrium thermodynamics (Jou et al. 1993) 
and also in relativistic physics (Israel 1976) where the theory requires a finite 
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speed of propagation for information related to a given physical process. One 
assumes that the actual turbulent stresses tend to approach the equilibrium 
value T°~ on a suitable relaxation time T. This is described through an additional 
equation for the time evolution of the vertically integrated (r, ~a) component of 
the viscous stress 

d T r ~  _ (T~ ° - Try) 
d--~- T (8) 

Note that the total or convective time derivative is used here. 
This prescription was used to model the central regions of discs around com- 

pact objects by Papaloizou and Szuszkiewicz (1994) who noted that the system 
of equations (1 - 4) are then hyperbolic and thus completely causal with a prop- 
agation speed for viscous information given by 

° 

C v  • ---~ Cs  j ,~k  T . (9) 

Note that in the limiting case of T ~ 0, the stress is given by its equilibrium 
value T°~. Also variation of a, which may be a function of (r, ~Y, ~2), does not 
affect the causality properties of the equations. 

Here we apply the above formalism using the (r, ~o) component of the viscous 
stress as this is the most important for the one dimensional models we consider. 
However, the formalism can be applied to all the components of the tensor and 
be used in more general two dimensional models of the type developed by Kley 
(1989). 

3 Steady state polytropic models  

To illustrate, as well as simplify, we first use a polytropic equation of state. It 
is found in practice that such a treatment yields the essential behaviour of the 
radial and angular velocities. We adopt 

P = K E  ~, (10) 

where K is the polytropic constant and 7 is the adiabatic index. The local sound 
speed in the disc is then given by 

2 O P  
c s = ~ = K ~ / E ~  - 1 .  (11) 

To analyze time independent solutions for a polytropic equation of state we 
drop the time derivatives in the evolution equations. The continuity and angular 
momentum equations can then be integrated yielding 

IVI = 2 7 r ~ v r  (12) 

J = 1~r2~2 - 27rr2Tr~.  (13) 
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Here the constants of integration denote the inward mass flow rate  M through the 
accretion disc and the total  angular m om en t um  flow rate  J;  both  are negative. 
The total  angular momentum flux consists of the advective and viscous par t .  
Using the radial component  of the equation of mot ion (assuming f~ = O) and 
the viscous relaxation equation, we obtain two ordinary differential equations 
for J'2 and v (see also Papaloizou and Szuszkiewicz 1994): 

r dv  
(v 2 - 4 )  ; = [r 2 ( _ + 4 ]  

. T _ =  = • -  1--7. 

(14) 

(15) 

where we have also made use of the mass and angular momen tum flux integrals. 
We note that  a complicating feature of the above differential equations is tha t  
they have critical points whenever the infall velocity reaches the sonic or viscous 
speed respectively. 

Once values of a ,  $?k~- and H / r  have been specified, the above sys tem pro- 
vides two first order ordinary differential equations for ~2 and v with the addi- 
tional paramete r  J .  Solutions can be found with v. and f2 specified at the inner 
boundary  with J being determined as an eigenvalue in order tha t  the exterior 
solution matches onto a Keplerian disc. We present here results for illustrative 
examples with a = 0.01, and ~k  T in the range 0.1 - 25. In all cases  J'~/~k WOoS 
taken to be one third at the inner boundary,  3' = 2, and H / r  ,,~ 0.05 in the 
Keplerian par t  of the disc. Each model has a constant  value of Cv/Cs. Details of 
the models are given in table 1. All of our calculations are such tha t  the flow 

Table  1. Parameter of the stationary polytropic 

Polytropic Models 
Nr. a Y2k7 Cv/Cs v.  
1 0.01 0.1 0.316 0.1 11 0.01 1 
2 0.01 1.0 0.1 0.01 12 0.01 25 
3 0.01 4.0 0.05 0.01 13 0.1 10 
4 0.01 9.0 0.033 0.01 14 0.1 250 
5 0.01 25.0 0.02 0.01 15 0.1 10 

16 0.1 0.4 

and time dependent radiative models 

Radiative Models 
Nr. a ~2k'r c,,/Cs Remarks 

0.10 stable, with overstab. 
0.02 stable, overstab, damped 
0.10 stable, M = 10 -6 
0.02 stable 
0.10 unstable 
0.50 unstable 

remains subviscous throughout.  In all cases, except perhaps  model 1, which has 
the largest value of c, , /cs for a = 0.01, the flow speed almost  reaches the viscous 
speed at its maximum.  In such cases the f2 profile becomes nearly discontin- 
uous (Fig. la).  For model 1, the profile is moderate ly  extended approximate ly  
up to the pressure scale height in the slowly rota t ing star. However, in models  
2-5 the profile approaches a discontinuity. The jump in angular  velocity occurs 
when the flow speed is at a max imum and almost  equal to the viscous speed 
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(Fig. lb).  At the discontinuity, there is a jump in the velocity gradient. The  
tendency to form a discontinuity is even more noticeable in models which have 

= 0.1 (not shown). We note that  the radial equation of motion (14) implies 
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Fig.  1. Ratio of the angular velocity $2 to the Keplerian value Y2k and radial 
Mach number M/cs versus radius for models 1 to 5. 

that  a discontinuity in $2 must occur at constant velocity and be accompanied 
by a jump in velocity gradient. The occurrence of these near discontinuities is 
reminiscent of the 'shear shocks' envisaged by Syer and Narayan (1993). At such 
locations material is instantaneously slowed down as it encounters the stellar 
surface. However, they occur here at the viscous speed only and do not involve 
a transition from super to subviscous speeds. The discontinuities tend to be ap- 
proached whenever the model is strongly affected by the causality condition. The 
condition R,/H > cv/(aCs) provides a rough indication as to when this occurs 
in the models presented in this section 

4 Time dependent  calculations 

In addition to the steady state calculations described above, we also studied time 
dependent evolution of the flow in order to investigate any essential unsteady be- 
haviour associated with the boundary layer. The numerical solution of equations 
(1) to (4) is accomplished by a finite difference method. The partial differential 
equations are discretized on a spatially fixed one-dimensional grid tha t  stretches 
from r = 1 to r = 2. This computational domain is covered by typically 1000 
grid cells. A forward time and centered space method with operator  splitting 
and a monotonic advection scheme is used (Kley 1989). 
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We have studied polytropic models of the type used above in which the energy 
equation (4) is dropped, as well as models which include (4) with heat t ransport .  
For these cases 

V .  Fdz = 2aT4~ - H / r  rFr), (16) 
o o  

where Tefr is the effective temperature  at the disc surface, a is Stefan's constant,  
and Fr is the radial radiative flux. For our models we used an analytic approx- 
imation to tabulated opacities (Lin & Papaloizou 1985). The gas consists of a 
Hydrogen and Helium mixture where the dissociation o f / / 2  and the degrees of 
ionization of H and He are calculated by solving the Saha equation. 

We adopted conditions appropriate to protostellar discs, where the protostar  
has M, = 1.0M o, R, = 3R®, and :/1, = 4000K. Through the surrounding disc, 
a mass flow rate of M = lO-TMoyr  -1 is accreted (only model 13 has M = 
lO-6Moyr -1 ) .  At the inner boundary a fixed outwardly directed stellar flux, 
F, = aT,  4, is assumed. The radial infall velocity at Rmin ---- R ,  is fixed at a given 
small fraction of local Keplerian velocity at R, .  We use typically v, -- 10-3Vk,. 
The stellar angular velocity is 0.3 of the break-up velocity for the polytropic test 
cases, and to 0.1 for the fully radiative models. 

At the outer boundary the angular velocity is Keplerian, the radial radiative 
flux vanishes and the radial infall velocity and the density are prescribed in such 
a way to ensure a given constant mass inflow rate through the system. For initial 
conditions we use a simple polytropic disc model with no boundary  layer. The 
system is subsequently evolved until the region containing the boundary  layer 
attains a quasi-steady state which was reached in most cases. Oscillations caused 
by viscous overstability persist typically near the outer boundary (see Kato  1978, 
Godon 1995). 

In order to compare with the steady state calculations described above we 
have considered time dependent polytropic models with constant a,  and f2k~'. 
There was, in general, positive agreement between the two methods. There is a 
tendency for the evolutionary calculations to overshoot the viscous speed some- 
what, an effect which decreases with increasing spatial resolution of the calcula- 
tions. 

4.1 R a d i a t i v e  m o d e l s  

The parameters of the calculations with thermal effects included are listed in 
Table 1. Solutions appropriate to a statistically steady state  are presented for 
models (14, 15) which both have M = 10-7Mo,  and a = 0.1. The viscous 
velocity Cv = Cs V/a/(/2kZ) differs by a factor of 5 between the two models. Some 
state variables are plotted in figure 2. The structure of the v and ~ profiles is 
similar to tha t  in the polytropic case, i.e. Y2 displays a near discontinuity and v 
has a peaked maximum near the viscous speed. The rate of liberation of energy 
in the boundary layer is 0.521}/R2, A~22 , with A~2 being the jump in f2 that  occurs 
there. Heat diffusion then occurs over a greater length scale. In the case with 
/)T = 25, the optical depth is about  ten times larger than that  with Y2T ---- 1. 
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Fig.  2. The radial mach number and the effective temperature  versus radius for 
models 14 and 15 (see table 1) at six different times. 

But this only results in a 20 percent reduction in Tefr because the lat ter  quanti ty 
is predominantly determined by a fixed rate of energy production. However, 
typically there will be an order of magnitude difference in the est imated value 
of M for which the boundary layer becomes optically thin. This is the main 
effect of increasing the relaxation time ~-. Another consequence of increasing 7 
is damping of the present viscous overstability because of the stronger phase lag 
induced. In model 12 the overstability is eventually damped completely. We ran 
three models with c~ = 0.1 which had constant values of J~k 7 chosen such that  
Cv/Cs was 0.02, 0.1 and 0.5, respectively. The case with Cv/Cs = 0.02 (Model 14, 
figure 2) behaved in a very similar way to the cases with a = 0.01, in tha t  it 
had an almost steady and stable inner boundary  layer region. However, highly 



Causal viscosity 133 

2o~ 

o. .~ 2x10~ 

c5 

~ 1.9x10 

q,,, r~T, r,, i i  i,,i ~,~, i 

2.2x10 ~ 

2.1x10 ~ 

2x10 ~ . . . . .  

! 

1.8x10 3~ ~ ' <  

1.7x10 = 

1,6x1033 ~--4. t. I 

10 15 20 25 30 35 

Time 

Fig.  3. Time variation of the density for model 15 (a). Luminosity (dashed line) 
and total dissipation (solid line) versus time (b). value ~?k and radial Mach 
number Ivl/c8 versus radius for the same model. Time given in dimensionless 
units with an offset. 

unstable features remained in the boundary layers of the other two models (15, 
16) with c~ = 0.1. These features were not seen in the other models even when 
they showed signs of viscous overstability. Here the characteristic wavelength is 
much shorter and the temperature  structure and power output  are significantly 
affected in a highly irregular manner. The instability appears more pronounced 
with higher c,,/es, here the strongest instabilities are present for c,,/Cs = 0.5. 
Then slightly supersonic speeds with shocks, as well as superviscous speeds occur. 
We remark that  in the models with a = 0.1, the short wavelength inward coming 
compressional waves are not expected to be reflected at a Lindblad resonance 
before they reach the boundary layer region, so they are able to affect the power 
output  there. This would indicate that  if the outer boundary condition allows, 
waves may exist in the boundary layer region where they may significantly affect 
the power output.  In Figure 3b the variation of the luminosity and the total  
dissipation is shown over a short time interval for model 15. The luminosity 
varies over timescales of the order of the dynamical time (orbital Keplerian 
period at the stellar surface) but the variations in amplitude are less than 4%. 

Note that  the driving mechanism for these motions is not just simple viscous 
overstability which was never seen in the boundary layer region. The generation 
of superviscous and sometimes supersonic speeds indicates that  the nature of the 
causal description must play a role. In figure 3a the time variation of the density 
is displayed in a three-dimensional space time diagram. It is clear that  there are 
quasi-periodic wave-like perturbances moving from the inside outwards which 
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are generated in the vicinity of the boundary layer. The perturbations interact 
intricately with reflected waves moving inwards (Fig. 3a). 

These waves occur in a region where the central temperatures lie somewhat 
below 104K, where opacity rises rapidly with temperature. Hence, even though 
the central temperatures vary only very little, the effective temperature displays 
much stronger variations. The origin of the disturbances lies in an interaction of 
the radiative transport with the causal viscous transport. For higher ]V/Cs[, the 
interaction becomes very much stronger leading to variations in luminosity of a 
few percent in the case of model 15. Notice that models 13 and 15 have identical 
parameter a,T,  and cv/Cs, and only differ in the mass inflow rate which is ten 
times higher in model 13. The increased disc thickness for the higher M model 
leads to a larger optical depth and higher temperatures that drive the system 
out of the instability region. 
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Abs t r ac t  We simulate in one dimension the magnetic shearing instability for a 
vertical magnetic field penetrating a Keplerian accretion disc. An initial equilib- 
rium state is perturbed by adding a single eigenmode of the shearing instability 
and the subsequent evolution is followed into the nonlinear regime. Assuming 
that the perturbation is the most rapidly growing eigenmode, the linear theory 
remains applicable until the magnetic pressure perturbation is strong enough to 
induce significant deviations from the original density. If the initial perturbation 
is not the fastest growing mode, the faster growing modes will appear after some 
time. 

1 I n t r o d u c t i o n  

Balbus and Hawley (1991) realised that a Keplerian accretion disc penetrated 
by a vertical magnetic field is unstable to a shearing instability previously, de- 
scribed by Velikhov (1959) and Chandrasekhar (1960). Three-dimensional nu- 
merical simulations (e.g. Hawley et al. 1995, 1996; Matsumoto & Tajima 1995; 
Brandenburg et al. 1995, 1996; Stone et al. 1996) have later demonstrated that  
the laminar shear flow becomes turbulent in the nonlinear domain. 

Owing to the complexity of a three-dimensional simulation it is not well un- 
derstood how the flow evolves from being linearly unstable to being turbulent. A 
related problem is to identify the saturation mechanism that sets the amplitude 
of the fully developed turbulence. In this paper we will try to investigate these 
problems in an alternative way. We will reduce the amount of data by studying 
the instability of a vertical magnetic field in only one dimension, and simplify the 
dynamics by starting from a perturbation which is already an eigenmode of the 
linear stability problem. Clearly we are missing much of the essential physics by 
imposing these restrictions, but on the other hand it is possible to understand 
the remaining physical effects, and by comparing our results with more com- 
plete calculations we may understand which of the missing physical effects are 
important. 
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Since the initial analysis by Balbus & Hawley (1991) a large number of pa- 
pers extending the linear analysis have been published. The original work was 
generalised by Balbus & Hawley (1992a) who showed that the maximum growth 
rate of the magnetic shearing instability for any poloidM field configuration is 
given by Oort's A-constant. A more detailed analysis determining the axisym- 
metric eigenmodes for a stratified disc was later published by Gammie &: Balbus 
(1994). 

The original work concerned only the instability of an axisymmetric poloidal 
magnetic field, but Balbus &: Hawley (1992b) extended the analysis to toroidal 
fields and non-axisymmetric perturbations. Several groups have later continued 
the analytical stability analysis of the toroidal field (e.g. Foglizzo &: Tagger 1995, 
Ogilvie & Pringle 1996, Terquem & Papaloizou 1996, Coleman et ah 1995). An 
important difference in the stability properties of vertical and toroidal magnetic 
fields is that for the vertical magnetic field the most rapidly growing mode always 
has a finite wavelength, if there are any unstable modes at all, whereas for a 
toroidal field the most rapidly growing mode has an arbitrarily small vertical 
wavelength. 

In this paper we will introduce briefly the linear theory for instabilities of a 
vertical magnetic field in an unstratified disc in Sect. 2, and present the corre- 
sponding nonlinear simulations in Sect. 3. Sect. 4 is devoted to magnetic fields 
in a stratified disc. Finally we summarise and discuss our results in Sect. 5. 

2 T h e  l i n e a r  s t a b i l i t y  o f  a v e r t i c a l  m a g n e t i c  f i e l d  

The equations of ideal magnetohydrodynamics (MHD) can be written as 

and 

Op 
O - ~ + V . ( p u ) = 0 ,  (1) 

Ou _1 1 
0-7 + u ' V u = -  V p + - .  ( V x B )  x B + g ,  (2) 

p /zop 

8B 
a-f = v x (u x B ) ,  (3) 

where p is the density, u the velocity, p the pressure, #0 the magnetic perme- 
ability, B the magnetic field, and g the gravity. Furthermore we assume an ideal 
equation of state and that all perturbations are adiabatic. For the rest of this 
paper we will assume dimensionless units such that #0 = 1. 

As our equilibrium model we choose a Keplerian accretion disc with no strat- 
ification. We transform the equations to a system rotating at the Keplerian an- 
gular velocity, ~o, at a reference radius Ro, and linearise the shear flow in terms 
of the parameter ~oo' where x is the radial distance from R0 (cf. Brandenburg et 
al. 1995). On this disc we impose a homogeneous vertical magnetic field B. We 
then add a perturbation of the form o¢ exp[i(kzz -wt)], that is the perturbations 
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are independent of the horizontal coordinates x and y. Linearising Eqs (2) and 
(3) we then obtain 

- p  (ico~u,~ + 2tgo~uy) = i k z B ~ B ~ ,  (4) 

p [- iw(iuy + 2 (£2o - A)  5u~] = ik~(IBy, (5) 

-piw(iu~ = - ik~511  + i k z B S B ~ ,  (6) 

- i w S B x  = ik~BSux ,  (7) 

- i w S B y  = i k z B S u  u - 2ASBx ,  (8) 

and 
- i ~ S B z  = O, (9) 

where 5 H  = 5p + B • 5B is the perturbat ion of the total  pressure, and 

1 ( d(R~)~ (10) 
A=-~ ~ -d-~ ]Ro 

is Oort 's constant, which is ¼J?0 for Keplerian rotation. Note that  Eq. (9) leads 
to 511 = 519. The pressure and density perturbations are related via 

~p = v~p,  (11) 

where vs is the sound speed, and the density per turbat ion in its turn is given by 

- iw( ip  = - i p k z S u z .  (12) 
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Fig.  1. The dispersion relation for an unstratified disc. ~ is a normalised wave 
number and a is the growth rate normalised to the Keplerian frequency 
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The resulting dispersion relation can be split into two parts  

w2 2 2 (13) 
V S k z , 

for longitudinal, 'acoustic', waves, and 

w4 _ (2w~ + ~ )  w2 + w~ (w~ - 3 ~ )  = 0, (14) 

for transverse, 'magnetic'  and 'inertial ' ,  perturbations.  We have defined the 
Alfv6n frequency wA = kzVA for the Alfv6n velocity, vn  = B / v / f t .  The mag- 
netic mode is unstable for 0 < w~ < 3(2~. We now introduce the conditions 

Oux _ Ouy _ 

= 0, (15) 
Oz Oz 

and 
OBz 

B~ = B u = Oz = 0  (16) 

on the vertical boundaries. These boundary conditions are identical to the ones 
used by Brandenburg et al. (1995), and describe a stress-free surface with no 
flow going through it and with a vertical magnetic field. The unstable magnetic 

5-x  = a, (17) 

a2  -4- t~ 2 
6u u - 2------~--- a, (18) 

5B~ = - - p l / 2 a ,  (19) 

mode can be written as 

and 

tY 

~By - ix 62 -4- t~ 2 - 3 p l / 2 a ,  (20) 
a 2a 

6u~ = ~B~ = 6p = @ = 0, 

where a is an arbitrary constant, and ~ and a are given by 

kzVA 

n o '  

(21) 

and 

(22) 

= 2 _ + ~2 , (23) 

respectively (Fig 1), and w = ia[2o. The instability appears for ~2 < 3, and the 
fastest growing mode has 

~ = __15 (24) 
16 

so that  the dispersion relation reduces to 

~r 2 9 
16 (25) 
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The maximum growth rate is thus equal to Oort's A-constant. The corresponding 
eigenmode can be written as 

5u~ = 5uy  = a, (26) 

V ~ .  1/2 5B~ = - S B ~  = --~---zp a. (27) 

and 
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Fig .  2. The initial state of Model 1. The imposed vertical magnetic field is 
6.16 10 -4,  the density is 1.0 and the angular velocity is 10 -3.  The magnetic 
perturbation is shown in the upper row, and the velocity perturbation in the 
lower row (x-components to the left and y-components to the right) 

3 T h e  e v o l u t i o n  o f  a s i n g l e  m o d e  in  a n  u n s t r a t i f i e d  d i s c  

We use the numerical code of Brandenburg et al. (1995), bu t  restrict it to one di- 
mension,  the vertical, to study the evolut ion of  the eigenmodes described above. 
Our  s t andard  background  model  assumes an initial density p -- 1, a radius  of  
100, so tha t  f20 = 10 - 3 ,  and the internal energy, e = 7.5 10 -7.  The vertical 
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Table  1. Vertical eigenmodes in unstratified discs. For each model we give the number 
of grid points used, Nz, the imposed vertical magnetic field, B, the wavelength of the 
excited mode, A, and its growth race, ~r in units of the Keplerian angular frequency 

Model Nz B A = 21r/k~ a 

1 63 6.16 10 -4 4 0.75 
2 127 1.54 10 -4 1 0.75 
3 63 1.54 10 -4 4 0.37 

extent of the box is 4. The eigenmodes tha t  we s tudy are given in Tab. 1. ), is 
the wavelength of the linear eigenmode of the shearing instability. Models 1 and 
2 are the fastest growing eigenmodes for their magnet ic  field strengths.  

The initial s ta te  of Model 1 is shown in Fig. 2. The instability is growing 
at its linear growth rate  even in what  could be considered to be the nonlinear 
regime, as is i l lustrated in Fig. 3. This is a consequence of the fact tha t  the linear 
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Fig.  4. The evolved state of Model 1 at 1.5 orbital periods. Upper row: Bx and 
By. Middle row: u~ and Uy. Lower row: uz and p. Note that  initially p = 1 and 
Vs = 9.1 10 -4 

eigenmode is an exact solution of the incompressible MHD equations (Goodman 
~: Xu 1994). It is clear from Fig. 2 that  to second order the magnetic pressure 
is modulated on half the wavelength of the eigenmode. The magnetic pressure 
gradient generates a vertical velocity, Uz, and a density fluctuation. These effects 
are of no consequence for the growth of the eigenmode until the density fluc- 
tuations are comparable to the background density (Fig. 4). At this late stage 
the mass is concentrated towards the nodes of the horizontal magnetic field as 
predicted by Goodman & Xu (1994) when the magnetic pressure dominates over 
the gas pressure. 

Model 2 shows a similar pat tern to Model 1, as it is the fastest growing 
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Fig.  5. The initial state of Model 3. The imposed vertical magnetic field is 
1.5410 -4. The figure is organised in the same way as Fig. 2 

mode for that  magnetic field strength. Model 3 has the same imposed vertical 
magnetic field as Model 2, but  the eigenmode has a longer wavelength, and thus 
a lower growth rate. In general lu, I > luyl and IB=I < IB~I for a mode with a 
wavelength longer than that  of the fastest growing mode (Fig. 5), and the other  
way around for a mode with a too short wavelength. The nonlinear terms in the 
MHD equations transfer power to modes with smaller wavelengths. In Models 
1 and 2 these deviations are visible only in quantities which lack a contribution 
from the linear mode, such as Uz, but in Model 3 the deviations appear in all 
quantities as they belong to modes with larger growth rates (Fig. 6). 

4 A s i n g l e  m o d e  in  a s t r a t i f i e d  d i s c  

We assume a vertical gravitational acceleration gz = -g?~z and that  the disc is 
isothermal in the vertical direction, so that  hydrostatic equilibrium gives 

p = po e - z 2 / H 2 ,  ( 2 8 )  

where Po is the density at the midplane of the disc, and H is the scale height. For 
our standard model we choose both Po and H to be unity. In this case the vertical 
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Fig.  6. The evolved state of Model 3 at 2.0 orbital periods. The figure is organised 
in the same way as Fig. 4 

dependence is not described by exp ( i k z z ) .  It is possible to re-write Eq. (2) as a set 
of second-order ordinary differential equations in the Lagrangian displacement, 
(Gammie &Balbus 1994). Restricting ourselves as before to an imposed vertical 
field and modes with no dependence on the horizontal coordinates, we find 

B 2 d2~x dz ~ -- (w 2 + 3~02) p~, + 2iwI'2op~y, (29) 

and 

B 2 d2~Y = - 2 i w ~ o p ~ x  - w2p~u, 
d z  2 

(30) 
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F i g .  7. The  ini t ial  s ta te  of  Model  4. T h e  imposed  ver t ica l  m a g n e t i c  field is 1 10 -3  , 

the  densi ty  profile is a Gauss ian  wi th  a m a x i m u m  of 1.0, and the  angu la r  ve loc i ty  

is 10 -3  (as in the  uns t ra t i f ied  models) .  T h e  f igure is o rganised  in t he  s a m e  way 

as Fig. 2 

T a b l e  2. Vertical eigenmodes in isothermal, stratified discs. For each model we give the 
number of grid points used, Nz, the imposed vertical magnetic field, B, the number of 
nodes in u~, Nnodes, and the growth rate, a, in units of the Keplerian angular frequency 

Model Nz B Nnodes a 

4 127 1 10 -3 1 0.34 
5 127 1.5410 -4 5 0.75 
6 127 1.54 10 -4 1 0.38 
7 127 2 10 -4 5 0.64 

wi th  the  b o u n d a r y  condi t ions  

d~x _-d~y  - - 0  at  z = + 2 H .  
dz dz  

(31) 
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Fig.  8. The initial state of Model 5. The imposed vertical magnetic field is 
1.54 10 -4. The figure is organised in the same way as Fig. 2 

We c a l c u l a t e  a se t  of  e i g e n m o d e s  u s ing  a s h o o t i n g  m e t h o d ,  a n d  n o r m a l i s e  t h e m  

such t h a t  I ~  I = 1 a t  z = + 2 H .  T h e s e  e i g e n m o d e s  a r e  t h e n  o r t h o g o n a l ,  a n d  we 

can  c a l c u l a t e  ~fu a n d  ~ B  f r o m  t h e m  as 

and 

~u : --iw~ 4- 2 A f x e y ,  (32) 

d f  
~B = (33 )  

Our models are described briefly in Tab. 2. The wavelength is no longer a 
well-defined concept, so we prefer to identify the modes by the number of nodes 
in the velocity perturbation,  Nnodes. 

In Model 4 the magnetic field is so strong that  the only unstable mode is 
the one with Nnodes = 1 (Fig. 7). Furthermore the growth rate of this mode is 
significantly smaller than the maximal growth rate, 0.75/20, which can only be 
achieved by fine-tuning the magnetic field strength to make an appropriate mode 
fit precisely in the disc. An imposed magnetic field of 1.5410 -4 gives close to 
the maximum growth rate for a Nnodes = 5 mode (Fig. 8). At this field strength 
there is a large range of unstable modes. An interesting alternative is therefore 
to excite the N n o d e  s : 1 mode (Fig. 9). The  Nnodes = 3 mode is growing more 
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Fig. 9. The initial state of Model 6. The imposed vertical magnetic field is 
1.5410 -4. The figure is organised in the same way as Fig. 2 

rapidly than the originally excited mode, and can be distinguished in a snapshot 
at 2.4 orbital periods (Fig. 10). At around this time the growth rates of, in 
particular, B,  and Uy increases from 0.37 to 0.67 (Fig. 11), which is close to the 
growth rate for the N n o d e s  = 3 mode, which is 0.69. At 3.0 orbital periods the 
N n o d e  s = 3 mode is dominating, and there may be a hint of a n  N n o d e  s = 5 mode 
too (Fig. 12). We see also that the density maxima are located at the nodes of 
the horizontal magnetic field as predicted by Goodman & Xu (1994). 

It can be instructive here to decompose the evolved state in the linear eigen- 
modes. We calculate the scalar product of u ,  with the corresponding velocity of 
the eigenmode u,,i as 

f u~u~,~pdz (34) 
a~- f u~#pdz ' 

where the integrals are taken over the entire vertical extent of our box, and p, 
taken at t = 0 works as a weighting function. The time evolution of the ampli- 
tudes ai are plotted in Fig 13. Initially all modes are growing exponentially with 
their linear growth rates, but a5 changes sign at 2.7 orbital periods. Note that 
the normalisation of the eigenmodes is arbitrary, and therefore the amplitudes 
of the different modes should not be compared with each other. It is intriguing 
that a5 changes sign. at the same time as ux changes sign on the boundaries. 
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Fig.  10. The evolved state of Model 6 at 2.4 orbital periods. The figure is or- 
ganised in the same way as Fig. 4 

Model 7 is the opposite to Model 6. Here we start out with the Nnodes = 5 
mode (Fig. 14) although the fastest growing mode is the Nnodes = 3 mode. 
Comparing with the evolved mode after 3.4 orbital periods (Fig. 15) one may 
suspect that it has obtained some power in the lower odd modes. To investigate 
that we do a spectral decomposition including the first three odd modes (Fig 
16). LFrom the start all modes are growing exponentially at the expected growth 
rates, but at three orbital periods al increases its growth rate to 2/20, due to a 
nonlinear interaction between the modes. 
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row) as a function of t ime for Model 6. Time is given in orbital  periods. The 

2 (lower row) dashed lines denote B 2 (upper row) and c s 

5 D i s c u s s i o n  and s u m m a r y  

In this paper  we have been studying the nonlinear development of one-dimensional 
unstable modes of a vertical magnetic field in a Keplerian disc. The  intention was 
to understand the development of turbulence in accretion discs, and in part icular  
the saturat ion mechanism. 

Our results show that  s tar t ing from the fastest growing mode the instabili ty 
grows exponentially at the linear growth rate  until the magnetic  pressure fluctu- 
ations are large enough to dominate over the gas pressure. This is not surprising 
in view of the result of Goodman & Xu (1994) tha t  a single mode of the shearing 
instability is an exact solution of incompressible MHD. The parasit ic instability, 
that  was also found by Goodman  & Xu (1994), is not applicable here as it needs 
a non-vanishing wave number in the horizontal plane. A mode different from the 
fastest growing mode is on the other hand unstable,  as other modes with higher 
growth rates are generated by the nonlinear terms in the equations. These modes 
will eventually dominate.  

Hawley & Balbus (1992) investigated the instability of a homogeneous ver- 
tical field in the two-dimensional meridional plane. An impor tan t  difference is 
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Fig.  12. The evolved state of Model 6 at 3.0 orbital  periods. The  figure is or- 
ganised in the same way as Fig. 4 

tha t  as a per turbat ion they added random pressure fluctuations. As a result a 
large number  of different modes were excited and grew with their own growth 
rates. By making a Fourier decomposit ion in the spatial  coordinates they were 
able to determine the growth rates of each mode individually, and found tha t  
the modes initially followed the expected behaviour,  but  later  on the growth 
rates decreased, and eventually the flow settled down to a so-called two-channel 
solution. The two-channel state appeared  to be independent of the s trength of 
the vertical field, and can thus not be interpreted as the dominat ing mode of 
the shearing instability, whose wavelength would have been a function of the 
magnetic  field strength. As we do not find the two-channel solution in our simu- 
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Fig.  14. The initial state of Model 7. The imposed vertical magnetic field is 
2.10 -4. The figure is organised in the same way as Fig. 2 
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Fig. 15. The evolved state of Model 7 at 3.4 orbital periods. The figure is or- 
ganised in the same way as Fig. 4 

lations, we must conclude that it is a consequence of the two spatial dimensions.  
The two dimensions in themselves provide more freedom for dissipating magnet ic  
fields, but equally important may be that the parasitic instability of G o o d m a n  
& Xu (1994) becomes operative in two dimensions.  

Both our one-dimensional  results and the two-dimensional  results of  Hawley 
& Balbus (1992) are radically different from what  has been found in three- 
dimensional simulations (e. g. Hawley et al. 1995, Brandenburg et al. 1995), as 
only the latter reach a turbulent state. It is of significant interest to understand 
the reason for these differences, as that may give us a clue to how the shearing 
instability leads to turbulence. The one- and two-dimensional  s imulations find 
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Fig.  16. The amplitudes of the first three odd eigenmodes as a function of 
time for Model 6. The lines represent - a l  (solid line), aa (dashed line), a5 
(dashed-dotted line) 

a preferred length scale, in our case the wavelength of the most rapidly grow- 
ing mode, and in Hawley & Balbus (1992) the length scale of the two-channel 
solution. In the case of the shearing instability of a toroidal magnetic field (e.g. 
Ogilvie & Pringle 1996, Terquem & Papaloizou 1996) the growth rate increases 
with increasing vertical wave number so that  there is not a preferred length 
scale. This may explain why only three-dimensional models, which do allow the 
toroidal field to become unstable, develop a turbulent  state. 

Another important  question is the nature  of the saturation mechanism in 
the turbulent models. This work shows that  the one-dimensional instability does 
not saturate until the magnetic pressure is comparable to the gas pressure. An 
attractive possibility for the three-dimensional models is that  the field strength is 
limited by the magnetic field becoming buoyantly unstable, but  the turbulence 
seems to saturate at comparable levels independently of whether the disc is 
stratified or not (Torkelsson et al. 1996). A more likely alternative is tha t  the 
turbulence saturates when the magnetic field has become so tangled that  the rate 
of dissipation is comparable to the growth rate of the fundamental  instabilities. 
This cannot happen in a system restricted to one dimension, and thus such a 
mechanism cannot work in the simulations described in this paper, but may 
work in three dimensions, where the magnetic field saturates at much lower field 
strengths. 

In conclusion, we have studied the evolution of the shearing instability of a 
vertical magnetic field in a Keplerian disc in one dimension, the vertical. With 
these restrictions the instability does not saturate  until the gas and magnetic 
pressures are comparable, and there is no turbulent  cascade as the instability 
has a preferred mode with the maximum growth rate and a finite wave number. 
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The stability of magnetical ly  threaded accret ion 
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A b s t r a c t :  We study the non axisymmetric stability of a magnetically threaded 
accretion disks numerically in the (r, ¢) plane with full hydrodynamics. The 3-D 
disk magnetosphere is solved in potential field approximation. We demonstrate 
the existence of a global instability which causes the initial surface mass-  and 
magnetic flux density distribution to be redistributed on the rather short or- 
bital timescale, i.e. the dynamical timescale. As long as the instability works a 
significant fraction of the disk mass is accreted to the central object. After the 
instability the surface density decreases exponentially with disk radius. 

1 I n t r o d u c t i o n  

It is generaIly thought that  magnetic fields play a dominant role in the forma- 
tion of protostellar objects like T Tauri stars (see Shu et al. 1993 for a general 
introduction). Molecular clouds are stabilized against gravitational collapse not 
only by rotation and thermal pressure but also by large scale magnetic fields 
which thread the clouds. Magnetic braking, thermal cooling or diffusive mag- 
netic processes like ambipolar diffusion result in a supercritical cloud(fragment) 
due to which the total magnetic flux through the cloud and the magnetic sup- 
port decrease (McKee et al. 1993). A dynamical collapse preferentially along the 
magnetic field lines and the rotation axis (see Tomisaka 1995) yields a massive 
central object (the protostar) surrounded by a rather thin accretion disk which 
is still threaded by the fossil interstellar magnetic field, now advected from large 
distances to the central star. During the collapse the magnetic field lines are 
compressed and the magnetic field increases significantly in strength. It is this 
scenario which we have in mind when we study in the following sections the 
stability of a magnetically threaded accretion disk which revolves around a cen- 
tral star. We assume that  the magnetic field is advected from large distances to 
the central object and therefore that  the total magnetic flux through the disk is 
non-zero. This is different to magnetic fields generated by small scale dynamo 
processes (e.g. Stone et al. 1996, Brandenburg et al. 1995) where the magnetic 
field forms closed loops on one side of the accretion disk and the total  magnetic 
flux through the disk vanishes. 



The stability of magnetically threaded accretion disks 155 

2 T h e  b a s i c  m o d e l  a s s u m p t i o n s  

In this section we briefly discuss the basic assumptions which enter in our model 
equations. For a full description of the model we refer to Stehle & Spruit (1997a, 
MNRAS in preparation).  

As protoplanetary accretion disks are usually cold (i.e. Cs << re ,  where cs 
is the sound velocity and v¢ the azimuthal gas velocity) the thermal  pressure 
plays only a minor role in the time evolution and the disk can be assumed to 
be geometrically thin. We assume the disk magnetosphere outside the disk to be 
current free. Its magnetic field distribution is then given by a potential  field, and 
electric currents j exist only in the disk, i.e. in cylindrical coordinates we have 
a current sheet j (r ,  ¢, z) = j(r ,  ¢)5@). Matching the disk magnetosphere to the 
magnetic flux density distribution Bz(r ,  ¢) through the disk yields the electric 
currents in the disk. The disk mass is assumed to be negligible compared to the 
mass of the central star so that  the gravitational field is that  of the central point 
mass only. Finally we assume that  the gas is sufficiently ionized everywhere that  
the magnetic flux is frozen into the disk gas. This determines the t ime evolution 
of B~ (r, ¢). 

For each timestep we calculate the 3-D magnetosphere from the B~(r ,¢ )  
distribution in the disk. This yields the magnetic forces onto the disk, necessary 
to evolve the disk hydrodynamically in time. The numerical t ime integration is 
done with a two dimensional Eulerian grid with the van Leer (1977) scheme for 
upwind differencing (see Stone & Norman 1992, Stehle & Spruit 1997b, MNRAS 
in preparation for more details on the hydrodynamic part) .  The inner disk rim 
of our calculation is riu ---- 0.1 rout where rou t is the radius of the outer  edge of 
the disk. The integration is advanced on a grid of 156 x 128 grid cells in r and 
¢ respectively. 

3 A m o d e l  c a l c u l a t i o n  

3.1 In i t i a l  c o n d i t i o n s  

An initially axisymmetric model is chosen in which the disk surface mass density 
X(r)  decreases with radius as ~ ~ r -3/2 and B~ ..~ r -5/4.  At the disk boundaries 
B~ drops exponentially to zero (Fig. lb).  The  magnetic field strength gm provides 
up to 32% of the support  of the disk against gravitat ion gg (Fig. ld).  

We compute the initial azimuthal velocity v¢(r) from the force balance of 
centrifugal, gravitational and magnetic forces. The initial s tat ionary model is 
per turbed with low amplitude (,-0 10 -7) po in t - to -po in t  noise in Yr. We follow 
the time evolution numerically; as unit of time we use the Kepler period of the 
outer disk rim T(rout). 

3.2 T h e  t i m e  e v o l u t i o n  o f  t h e  g loba l  i n s t a b i l i t y  

We find the initial axisymmetric set up to be unstable against a non axisym- 
metric instability. The instability starts immediately after the onset of our corn- 
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Fig.  2. The t ime evolution of the relative s trength Pm of the Fourier modes of 
Bz compared to the m = 0 mode. Left: The rapid initial increase sa turates  at 
,-~ 2.5 10 -a.  Middle: During the violent instability phase the m = l  component  
is by far most  prominent.  Right: At the end of the calculation ( t i T  ~ 60) the 
magnetic waves and especially Pt are damped.  

putat ion and is well seen in the t ime evolution of the relative s t rength Pm of 
the power in the Fourier components  m = 1, 2, 3, 4 of B~ integrated over the 
whole disk compared to the m -- 0 mode (Fig. 2 left). The initial per tu rba t ion  
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increases in strength within a few orbits, i.e. on a dynamical  timescale. The  in- 
stabili ty saturates  when the power in the Fourier modes m are of the order of 

2.5 10 -3 of tha t  in the m = 0 component .  
The  instability s tar ts  with rather  high values of m ~- 5...8 (see Z( r ,  ¢) in 

Fig. 3a) and it is only later that  smaller values of m become dominant .  By the 
magnetic forces in this non axisymmetric  field pa t t e rn  mass is accreted towards 
the central star  and piles up near the inner and outer  edges of the disk. The  
instability acts much like "viscous spreading" and t ranspor t s  angular  m o m e n t u m  
outward so tha t  mass is allowed to fall inward. At t i t  ~_ 30 a prominent  rn = 
1 spiral arm develops (Fig. 2 middle) causing mass accretion on even shorter  
timescales (Figs. 3 c-e). This indicates that  the instability is more efficient in 
t ranspor t ing angular momentum outward when lower Fourier modes rn dominate  
the evolution. An explanation might be tha t  the magnet ic  forces t ransmi t ted  by 
the potential  field of the magnetosphere have their largest range at the lowest 
values of m. At the end of this phase of the instabili ty the m = 1 wave damps  
(Fig. 2 right, Fig. 3f) and the mass-dis t r ibut ion of the disk with r is completely 
restructured. This is shown in the next section. 

3.3 T h e  d i sk  m o d e l  a t  t / T = 6 2 . 4  

We stop our calculation at t /T  = 62.4 after the m = 1 a rm instabili ty has 
disappeared and the waves have already somewhat  decayed. At tha t  t ime a 
significant fraction of the mass has been brought  inward and Z ( r )  now decreases 
exponentially with disk radius (see Fig. 4, the spread in the dots at a part icular  
radius results from the spread of the values in ¢). The  inclination of the field lines 
increases with r, s tart ing normal to the disk plane at  ,-, 0.2 rout. For r < 0.2 rout 
they first bend inward before they open up again to get closed on the other side 
of the disk. The poloidal s tructure of these magnet ic  field lines is ideal to confine 
bipolar outflows or jets (Blandford 1993, Spruit, Foglizzo & Stehle 1997) which 
are observed in young stellar objects. We note tha t  at r ~- 0.2rout, where the 
magnetic  field lines are normal to the disk plane, the magnetic  forces vanish. At 
tha t  point the surface density shows a sharp jump.  Our computa t ion  suggests 
tha t  the instability is unable to accrete the mass beyond this point. 

For r > 0.4rout the inclination of the magnet ic  field lines to the disk plane 
is tess than 60 ° tha t  according to the Blandford & Payne (1982) model a disk 
wind can be launched along these magnet ic  field lines. 
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Fig .  3. The surface density distribution Z( r ,  ¢) of the disk as a function of time. 
The grey-scaling is done for each plot individually. We observe a prominent  one 
arm instability which sets in at t i t  ~ 30 and which acts like "viscous spreading".  
See the text  for further explanations. 
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Fig.  4. The distribution of Br/Bz and In Z( r )  at t/T = 62.4. It is evident tha t  
the surface density decreases exponentially with disk radius and tha t  the incli- 
nation of the magnetic field lines to the disk decreases. 

With the particular calculation above we demonstrated the existence of a global 
instability in accretion disks which are threaded by large scale magnetic fields. 
The instability works on the rather short dynamical timescale and redistributes 
angular momentum in such a way that  mass is accreted towards the central star. 
The mass accretion due to that  instability is most efficient at that  t ime where 
the m = l  component of the Fourier spectrum of Bz(r, ¢) is most prominent.  We 
observe an exponential decrease of surface mass and magnetic field distribution 
with r for our "final" model. For this distribution the waves are significantly 
damped in strength (Fig.2 right). As the mass redistribution takes place on 
the short dynamical timescale we expect that  the surface density in magneti- 
cally threaded accretion disks falls of exponentially. We also suggest that  this 
instability can operate in a semi periodic way if ongoing mass accretion from 
the surrounding molecular cloud feeds the outer part  of the accretion disk un- 
til enough mass had been piled up that  the instability can set in again. It has 
to be verified, however, if this instability can be identified with the FU Orio- 
nis outbursts,  observed in protoplanetary accretion disks (Hartmann,  Kenyon &: 
Hartigan 1993). 
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Abstract: The equilibrium of an accretion disc containing a magnetic field is 
considered using a simplified model. A perfectly conducting, non-self-gravitating 
fluid, in differential rotation about a massive central object, contains a purely 
poloidal magnetic field which bends as it passes through the disc, enforcing iso- 
rotation on magnetic surfaces. The solutions for thin discs are obtained from an 
asymptotic analysis. Two families of solutions are found, which involve differ- 
ent balances of forces in the radial and vertical directions. The stability of the 
equilibria to axisymmetric perturbations is determined by obtaining a dispersion 
relation which is local in radius but is nevertheless capable of describing global 
normal modes. In particular, the stability boundary for the magnetorotational 
instability is obtained. 

1 I n t r o d u c t i o n  

1.1 M H D  in accre t ion discs 

There are compelling reasons for believing that magnetic fields are essential 
to the physics of accretion discs. The anomalous transport of angular momen- 
tum that is required for accretion to proceed is most convincingly explained by 
magnetohydrodynamic (MHD) mechanisms. One possibility is that a large-scale 
magnetic field removes angular momentum from the disc by driving a wind that 
accelerates to a super-Alfvdnic velocity (Blandford and Payne 1982). Such ro- 
tating MHD winds are known to collimate into jets perpendicular to the disc 
(Heyvaerts and Norman 1989). Alternatively, the disc may be in a state of MHD 
turbulence as a result of the magnetorotational instability (Velikhov 1959; Chan- 
drasekhar 1960; Balbus and Hawley 1991), which is a robust, linear and essen- 
tially local instability that operates on any sufficiently weak magnetic field in an 
accretion disc. The Reynolds and Maxwell stresses associated with the resulting 
turbulence transport angular momentum radially outwards, as is required for 
accretion (Brandenburg et al. 1995, 1996; Hawley, Gammie and Balbus 1995, 
1996; Stone et al. 1996). 

In investigating the linear theory of the magnetorotational instability, some 
authors have used a local analysis, equivalent to a zeroth-order WKB approxi- 
mation (Balbus and Hawley 1991), while others have represented the disc either 
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as a stratified shearing sheet (Gammie and Balbus 1994; Foglizzo and Tagger 
1995) or as a cylinder uniform along its axis (Curry, Pudri tz  and Sutherland 1994; 
Curry and Pudri tz  1995; Ogilvie and Pringle 1996). Papaloizou and Szuszkiewicz 
(1992) demonstrated that  the axisymmetric stability of a much more general 
equilibrium can be determined using a variational principle, but  did not apply 
their result to any specific disc models. The primary aim of the present work is 
therefore to construct more realistic equilibria of MHD accretion discs and to 
determine their stability, although not necessarily using the variational principle. 

A secondary aim is to address the connection between discs and winds or jets. 
The work of Blandford and Payne (1982) demonstrated that ,  if a Keplerian disc 
contains a poloidal magnetic field which is inclined at an angle greater than 30 ° 
to the vertical at the surface of the disc, then a centrifugally driven wind results. 
In their model, however, the disc is t reated as an infinitely thin sheet without 
regard for its internal equilibrium. It remained to be shown, therefore, that  a 
steady disc equilibrium exists with a magnetic field tha t  is sufficiently inclined. 
Furthermore, as Shu (1991) has pointed out, the bending of poloidal field lines 
in the disc is associated with a radial Lorentz force, and the resulting deviation 
from Keplerian rotation could invalidate the argument that  leads to the critical 
angle of 30 °. These matters  have been addressed by Wardle and KSnigl (1993), 
who showed that  the difficulties can be resolved when the internal s t ructure of 
the disc is taken into account consistently. The asymptotic  analysis of thin discs 
described in this paper handles all these matters  in a precise and unambiguous 
way. 

Some authors have addressed the disc-wind connection using radially self- 
similar models (KSnigl 1989; Li 1995), by solving for a disc of non-zero angular 
thickness and connecting it to the wind solution of Blandford and Payne (1982). 
There remain difficulties with this approach, however. In particular, the correct 
matching conditions are uncertain, and, more significantly, the wind solution 
itself behaves unphysically at infinity. It appears that  the finite size of the disc 
must be taken into account in order to study the behaviour of winds and jets at 
large distances. 

1.2 A g e n e r a l  m o d e l  

As a simplified representation of an accretion disc, one may consider the following 
model (Papaloizou and Szuszkiewicz 1992; Ogilvie 1997a, hereafter 'Paper  I'). A 
perfectly conducting, non-self-gravitating fluid rotates differentially in the grav- 
itational potential of a central mass M, and contains a purely poloidal magnetic 
field which bends as it passes through the disc. The system is steady and axisym- 
metric, and is arranged such that  the density, pressure and angular velocity are 
all symmetrical about the equatorial plane, while the magnetic field has dipolar 
symmetry. The accretion flow and any toroidal magnetic field are neglected at 
this stage. 

This model may be considered as a special case of the general problem of 
steady, axisymmetric MHD flow studied by Mestel (1968) in the context of stellar 
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winds. In this case there are two quantities which are constant on each magnetic 
surface: the angular velocity and a Bernoulli function. The principal equation 
governing this model is a non-linear, elliptic partial differential equation in two 
dimensions (a version of the Grad-Shafranov equation). It would be possible 
in principle to solve this numerically, but very specific choices would have to be 
made for the shape of the surface of the disc and for the remaining free functions 
in the problem. Instead of constructing one particular solution in this manner, 
one can reduce the problem to the solution of ordinary differential equations, 
while retaining considerable generality (Paper I). 

One possibility is to impose self-similarity in the spherical radial coordinate, 
as is common in the study of winds and jets from discs (Blandford and Payne 
1982; KSnigl 1989; Li 1995). This is expected to yield a solution that is valid in 
an intermediate asymptotic domain far from the radial boundaries, and provides 
a useful method for studying thick discs. An alternative method is to obtain the 
asymptotic solutions in the limit of thin discs, without imposing self-similarity. 
This approach may be considered as a careful generalization of the familiar 
thin-disc approximation for hydrodynamic discs (Pringle 1981). It is a powerful 
method which is useful not only for studying thin-disc equilibria and their sta- 
bility, but also for studying winds and jets from discs, in each case clarifying the 
relevant physics. 

The remainder of this paper is concerned with thin-disc equilibria and their 
stability. In Section 2 the basic properties of the equilibria are described. It is 
intended to present only a summary of the more detailed treatment of equilibria 
in Paper I, where a discussion of self-similar solutions can also be found. In 
Section 3 the results of a stability analysis are given. A full exposition will be 
given elsewhere (Ogilvie 1997b, hereafter 'Paper II'). 

2 T h i n - d i s c  e q u i l i b r i a  

2.1 A s y m p t o t i c  analysis  

Let z = H(r) be the location of the upper surface of the disc at radius r, where 
(r, ¢, z) are the usual cylindrical polar coordinates. It is assumed that the density 
goes to zero at a finite height above the equatorial plane, so a polytropic relation 
between pressure and density should be used instead of an isothermal one. The 
small parameter e of the problem is conveniently defined as either the maximum 
value, or a characteristic value, of H(r) / r .  (One may reasonably expect that 
H(r)/r is only weakly dependent on r except near the edges of the disc.) As 
in boundary-layer theory, the rapid variation of quantities with z is resolved 
by introducing a stretched vertical coordinate ~ = e-lz, which is O(1) inside 
the disc. This is preferable to using vertically integrated equations or a strictly 
two-dimensional treatment, and is essential if a full stability analysis (to three- 
dimensional perturbations) is to be applied. The next stage is to determine 
the scalings of all physical quantities (the density, pressure, angular velocity 
and magnetic field) with e in such a way that the equations of equilibrium are 
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satisfied. Of the several possible ways to achieve this, there are two distinct 
sets of scalings that  are capable of describing accretion discs. These may be 
described as 'weakly magnetized' and 'strongly magnetized',  and their properties 
are summarized in Sections 2.2 and 2.3 below. 

In each case there are two aspects to obtaining a solution at leading order. 
First, there is a set of non-linear ordinary differential equations in ~ which de- 
termine the vertical equilibrium of the disc at each radius separately. Second, 
there is an integral relation which determines the global magnetic structure of 
the disc. This is described in Section 2.4. 

2.2 Weakly magnetized discs 

The first family of solutions may be regarded as the natural  generalization of 
the standard thin-disc approximation for hydrodynamic discs. The scalings are 

u¢ = O(1) ,  (1) 

vs = O(~) ,  (2) 

vA = O(~) ,  (3) 

- f2K[ = O(e) ,  (4) 

where these quantities are the azimuthal fluid velocity, the sound speed, the 
Alfv@n velocity and the deviation from Keplerian rotation, respectively. In a 
hydrodynamic thin disc, scalings (1) and (2) would apply, but I ~ -  ~KI would 
be O(e 2) if self-gravitation were unimportant.  The deviation from Keplerian 
rotation is now larger because of the radial Lorentz force associated with the 
bending of magnetic field lines in the disc. 

The vertical equilibrium at each radius involves a balance between the pres- 
sure gradient, the Lorentz force and the gravitational force. Since all three are 
comparable, the equations governing the equilibrium do not have analytical so- 
lutions in general. If a polytropic relation 

p = g p  r (5) 

is assumed locally in radius, then the equations, which form a third-order system, 
can be solved numerically. Apart from F, the two dimensionless parameters in 
the problem are Brs (the radial component of the magnetic field at the upper 
surface z = H) and Bz (the vertical component of the magnetic field), measured 
in units of 

#01/2 (GM) r/2(r-1) K-1/2(r-1)r-3r/2(r-1)  H r / ( r -1 ) .  (6) 

The symmetries of the equations are such that  these parameters may be taken 
to be non-negative without loss of generality. 

The results of the calculation for the case Y' = 5/3 are shown in Figure 1. The 
existence of a solution depends strongly on the angle t? at which the magnetic 
field lines are inclined to the vertical at the surface of the disc. If ~ < 30 °, then 
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Fig.  1. Parameter  space for weakly magnetized discs with F = 5/3. To the left of 
the straight dotted line, the angle of inclination ~ < 30 ° and a solution exists at 
every point. To the right of the dotted line, 8 > 30 ° and an acceptable solution 
exists only in the region filled with contour lines. These are contours of Zsonic, 
in units of H,  with contour values 1.1, 1.2, 1 .4 , . . . ,  103.4 (from right to left). 
The dashed line, equivalent to a contour value of 1, marks where the principal 
solution ceases to exist. (Other branches of physically unacceptable solutions are 
not included.) 

at least one solution is found for every value of the magnetic field strength. If 
> 30 °, then a solution is found only if the magnetic field is sufficiently strong. 

As discussed in Section 1.1, the angle of inclination also determines whether 
a predominantly centrifugally driven wind can be launched from the disc. If the 
equations governing the equilibrium are continued above the surface of the disc 
for a perfectly conducting atmosphere of negligible mass, it is found that  the 
magnetic field lines are straight on the spatial scale H ,  since the field must be 
force-free. The dynamics of mat ter  in this region is governed by the component  gl] 
of the effective gravitational acceleration parallel to the magnetic field (measured 
downwards). This is a linear function of distance along the field line, and is 
positive at the surface of the disc if an equilibrium exists at all. If ~ < 30 °, 
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then gl] increases with distance along the field line. This may be compared with 
the linear increase of the (downward) vertical gravitational acceleration above 
a hydrodynamic thin disc. If 0 > 30 °, however, then gl] decreases with distance 
and goes to zero at some height z = Zsoni c. This name is appropriate because it 
is the expected location of the slow magnetosonic point of a wind. Contours of 
zsonic, in units of H,  are shown in the appropriate region of Figure 1. 

The numerical results indicate that  it is easier to satisfy the condition 0 > 30 ° 
when the magnetic field is stronger. It should be emphasized that  the angle 
of inclination varies with radius according to the solution of the exterior field 
equation (Section 2.4), and that  vertical equilibrium must be satisfied at each 
radius separately. 

2.3 Strongly magnetized discs 

The second family of solutions is more closely related to models of solar promi- 
nences in which a sheet of matter  is supported against gravity by a magnetic 
field that  bends as it passes through the sheet (Kippenhahn and Schliiter 1957). 
The scalings are 

u¢ = O(1), (7) 

vs = o ( e l / 2 ) ,  (8) 
VA ---- O(el/2), (9) 

IS2 - J2KI -- O(1). (10) 

The sound speed and the Alfv@n velocity, although still comparable, are larger 
than in a weakly magnetized disc. The deviation from Keplerian rotation is also 
larger, because the radial Lorentz force is able to balance an O(1) fraction of the 
radial gravitational force. 

The vertical equilibrium at each radius involves a balance between the pres- 
sure gradient and the Lorentz force only. The vertical gravitational force does 
not appear at leading order because the disc is compressed by the Lorentz force 
rather than by gravity. The governing equations are therefore simpler than for 
a weakly magnetized disc and can be solved in terms of special functions if a 
polytropic relation is assumed. 

Above the surface of a strongly magnetized disc, the effective gravitational 
acceleration parallel to the magnetic field is always directed downwards close to 
the disc, although it may possibly change sign at a height z >> H,  depending on 
the shape of the field lines. A strongly magnetized disc cannot have a predomi- 
nantly centrifugally driven ('cold') wind whatever the angle of inclination. 

The two families of magnetized thin discs represent physically different lim- 
its and must be carefully distinguished. It would appear that ,  in view of their 
closer relation to hydrodynamic thin discs and the possibility of their having pre- 
dominantly centrifugally driven winds, the weakly magnetized discs are likely to 
be more important.  Previous discussions of magnetized thin discs (in particu- 
lar Heyvaerts and Priest 1989) have been based on two-dimensional treatments 
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which are equivalent to the vertically integrated equations for a strongly mag- 
netized disc. A two-dimensional t reatment  is not sufficient to describe weakly 
magnetized discs, however. One reason for this is tha t  the deviation from Kep- 
lerian rotation at leading order [O(e)] is not independent of (. 

2.4 T h e  e x t e r i o r  f ield e q u a t i o n  

In the exterior of the disc the magnetic field is force-free, and must therefore 
be current-free since it is also axisymmetric and purely poloidal. The potential  
problem in the exterior of a thin disc, which in general has a non-zero inner radius 
and a finite outer radius, is an example of a mixed boundary-value problem and 
is conveniently solved using integral-transform techniques. If Brs (r) is specified 
over the whole extent rl  < r <_ r2 of the disc, then the exterior field is completely 
determined; in particular, the flux distribution ¢ ( r )  on the disc is then known 
in the form 

¢( r )  = K ( r , r ' ) B r s ( r ' ) d r ' ,  (11) 
1 

where the kernel K(r ,  r I) can be expressed in terms of special functions. The  
vertical field in the disc follows immediately from 

1 d~b 
B z  - . ( 1 2 )  

r dr 

A more physical argument which leads to exactly the same result involves treat-  
ing the disc as a current sheet with surface current density (2 /#o )Brs ( r ) ,  and 
deducing the exterior field using the Biot-Savart  law (cf. Lubow, Papaloizou and 
Pringle 1994). So far it has been assumed that  the magnetic field is generated 
only by the electric current flowing in the disc. If the disc is finite in extent,  then 
the field lines are closed and an O-type neutral point, at which Bz = 0, must 
occur somewhere in the disc. This situation is unsatisfactory for several related 
reasons, especially for weakly magnetized discs. 

(a) In the neighbourhood of a neutral point, the angle of inclination 0 is close 
to 90 °. Figure 1 shows that  an acceptable vertical equilibrium for a weakly 
magnetized disc cannot be found for any value of the magnetic field strength. 

(b) If the exterior of the disc is t reated as a conducting atmosphere rather  
than an insulating vacuum, then isorotation requires that  pairs of points 
on the disc that  are connected by magnetic field lines around the neutral  
point should have the same angular velocity. This is incompatible with the 
requirement that  If2 - f2K] = O(e) for a weakly magnetized disc, although 
it could in principle be satisfied by a strongly magnetized disc. 

(c) A wind cannot flow to infinity if the field lines are all closed. 

These difficulties can be overcome by adding a uniform vertical field of sufficient 
strength to eliminate the neutral point from the disc. This also opens the field 
lines to infinity in a way conducive to the driving of a wind. The additional field 
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may be considered to be generated by a current at infinity; this is either the 
current in the distant interstellar medium that  gives rise to the local magnetic 
field, or it represents currents beyond the Alfv~n surface if the disc has a wind. 

3 S t a b i l i t y  t o  a x i s y m m e t r i c  p e r t u r b a t i o n s  

The principal aim of constructing equilibria is to study the magnetorotat ional  in- 
stability in more realistic situations than have been considered previously. When 
the magnetic field is purely poloidal, the instability is essentially axisymmetric 
and could therefore be investigated using the variational principle of Papaloizou 
and Szuszkiewicz (1992). However, this method is exceedingly difficult to apply 
in practice and does not in general yield a simple criterion. Since the equilib- 
ria are constructed on the basis of an asymptotic analysis for thin discs, it is 
both consistent and appropriate to develop an asymptotic theory for their nor- 
mal modes. This problem also reduces to a consideration of ordinary differential 
equations at each radius separately. The details of this analysis can be found in 
Paper 2. 

Attention may be restricted to weakly magnetized discs, not simply because 
they are likely to be more important,  but because strongly magnetized discs 
are stable to the magnetorotational instability. This is because the typical fre- 
quencies of Alfv~n waves for wavelengths comparable with H are O(e -1/2) in 
a strongly magnetized disc, whereas the angular velocity is only O(1). For a 
weakly magnetized disc, however, the angular velocity, the buoyancy frequency, 
and the typical frequencies of Alfv~n and acoustic waves for wavelengths com- 
parable with H are all O(1), so this is clearly the appropriate scaling for the 
frequency eigenvalue w of a normal mode. The form of a normal mode at leading 
order is found to be 

~(r,z) "~ Re{~(r,() exp [-iwt + ie-1/ k(r)dr] ) , (13) 

where ~ is the Lagrangian displacement of fluid elements. This takes the form of 
a WKB function in r (although no additional approximation is made in deriving 
this form) with a complicated dependence on ~. Strictly speaking, equation (13) 
represents a wave propagating in the r-direction (when w is real), whereas the 
normal mode is a standing wave composed of two waves propagating in opposite 
directions. The wave is trapped between two radii which are either boundaries of 
the disc or turning points at which k(r) vanishes. However, the local dispersion 
relation is insensitive to the sign of k and so it is sufficient to consider propagating 
waves of the form (13). 

The leading-order equations for the Lagrangian displacement form a sixth- 
order set of ordinary differential equations in ~ at each radius separately. (The 
slow variation of the amplitude of the mode with r is not determined at this 
order.) For each value of k, which is real within the wave region, this is an 
eigenvalue problem for w whose solution yields a local dispersion relation for the 
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disc. It has the property that w 2 is reM whenever k is real, so that  the onset of 
instability can occur only via a marginal mode with w 2 = 0. 

The dispersion relation has many types of branches: f modes, p modes and g 
modes (as in a static body), and also r modes (due to inertial forces, introduced 
by the angular momentum gradient) and m modes (introduced by the magnetic 
field). The modes may be further classified according to their symmetry about 
the equatorial plane and their vertical mode number. The dispersion relation 
has been studied previously by Korycansky and Pringle (1995) for polytropic 
hydrodynamic discs and by Lubow and Pringle (1993) for isothermal discs. The 
m modes, however, are potentially unstable; they are the manifestation of the 
magnetorotational instability. 

An example of the local dispersion relation is given in Figure 2. In this exam- 
ple the g modes are suppressed by taking the adiabatic exponent 7 to be equal 
to the polytropic exponent F; this ensures that there is no entropy gradient 
which would otherwise have an effect, either stabilizing or destabilizing, on the 
disc. Also, the magnetic field is purely vertical rather than bending through the 
disc. Nevertheless, the dispersion diagram is particularly complicated because of 
the interactions between different branches of modes. In the absence of interac- 
tions, the f modes and p modes, which generally have greater group velocities 
dw/dk, would cross over the r modes and m modes; however, couplings between 
the modes lead to avoided crossings in which modes of different type exchange 
character as their branches approach and then diverge from each other. Avoided 
crossings occur only between modes of equal parity, since parity is a discrete 
property which cannot be exchanged smoothly between modes. 

The case of a purely vertical magnetic field in a stratified disc has been con- 
sidered previously by Gammie and Balbus (1994), who focused on the unstable 
side of the spectrum, although not specifically for a polytropic disc. For a general 
weakly magnetized disc, the magnetic field bends as it passes through the disc. 
A qualitatively similar dispersion diagram to Figure 2 is then obtained, although 
the avoided crossings are generally wider, indicating that the couplings between 
different types of mode are stronger. 

In the example in Figure 2 the magnetic field is sufficiently weak that there 
are two unstable modes. These are the lowest m modes of odd and even sym- 
metry, m~ and m~. An examination of numerous different cases (restricted to 
7 = F) confirms the reasonable expectation that the last mode to be stabilized 
when the magnetic field strength is increased is m~, and it is stabilized last at 
k = 0. This means that the overall condition for marginal stability to axisym- 
metric perturbations is that m~ should be marginal at k = 0. The stability 
boundary in the parameter space is therefore found by solving directly for an 
equilibrium possessing a marginal mode m~ at k = 0. The result of this calcu- 
lation is shown in Figure 3. Above this marginal curve, equilibria are stable to 
the magnetorotational instability, but below it they are unstable. In the stable 
region, the equilibria are unique for given values of Bz and Brs. In the unstable 
region, multiple solutions appear at a series of bifurcations. As well as being 
non-unique, the equilibria have peculiar properties; the magnetic field may bend 
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Fig.  2. Par t  of the local dispersion diagram for a weakly magnetized disc with 
7 -- F = 5/3, B~s = 0 and Bz = 0.1. The frequency eigenvalues of f, p, r and 
m modes, in units of ~,  are plotted against the radial wavenumber, in units of 
H -1. Unstable branches, for which w is imaginary, are shown as dot ted lines. 
The most unstable mode is m~, which achieves a growth rate of 0.7412 at k = 0, 
close to the Oort parameter  A = 0.75. 

several times as it passes through the disc, and there may be inversion layers. 
However, these solutions are all in the unstable part  of the diagram; the stable 
equilibria do not have these peculiarities. 

The results indicate that  an equilibrium with a bending poloidal magnetic 
field, especially when the angle of inclination ~ > 30 °, may be stable even when 
the corresponding equilibrium with a purely vertical magnetic field of the same 
value is unstable. They show that  equilibria exist which are capable of driving 
a wind and are also stable to the magnetorotat ional  instability. The instability 
therefore does not preclude the possibility of a wind-driven accretion disc from 
which most of the angular momentum is removed by a wind rather  than being 
t ransported outwards by turbulent  stresses. In Paper  I the asymptotic  method 
for thin discs is extended to include wind-driven accretion discs, by incorporating 
several additional features. Inside the disc, a slow accretion flow is included, 
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Fig.  3. Stability boundary in the parameter  space for weakly magnetized discs 
with F = 5/3. The dotted line denotes an angle of inclination 0 = 30 °. The 
dashed line is the critical curve for the existence of the principal solution branch. 
The solid line is the marginal curve, at k = 0, for the mode m~, when "y = F. This 
is the overall stability boundary of the equilibria to axisymmetric perturbations.  
In region R, which extends indefinitely beyond the upper right of the figure, 
there exist equilibria which are capable of driving a wind and are also stable to 
the magnetorotational  instability. 

and Ohmic resistivity is required to allow a steady state in which the poloidal 
magnetic field slips outwards against its inward advection. A toroidal magnetic 
field is also needed to mediate the torque between the disc and the wind. Above 
the surface of the disc, the wind must be heated sufficiently to overcome the 
potentiM difference between the surface and the sonic point. For z >> H,  the 
flow is determined principally by the shape of the poloidal field lines until it 
reaches the Alfv@n surface at a large distance from the disc. The most impor tant  
feature of this analysis is that  the basic disc solution of Section 2.2 and the 
exterior field solution of Section 2.4 are not affected at leading order by the 
additional terms. Only in the distant region at and beyond the Alfv@n surface 
must a partial differential equation be solved for the wind. 
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The stability analysis described above, which of course applies only to the 
disc and not to any wind, is valid only for axisymmetric modes. It is expected 
that  all models are subject to global non-axisymmetric instabilities which depend 
strongly on the radial boundaries of the disc. The equilibria described here as 
'stable' here may therefore not exist as truly laminar flows but  could have weak 
turbulence or at least fluctuations. However, tha t  would be quite different from 
equilibria that  are locally unstable to the magnetorotat ional  instability, which 
are bound to degenerate into strong MHD turbulence. 
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Magneto-viscous accretion discs 

C.G. Campbell 

Department of Mathematics, University of Newcastle upon Tyne, NE1 7RU, UK 

Abs t rac t :  Magnetic models of accretion discs are presented and discussed. The 
magnetic field is generated and maintained in the disc by a dynamo mecha- 
nism. The relative magnitudes of the azimuthal viscous and magnetic forces 
depend on the diffusion mechanism considered. With buoyancy dominant, mag- 
netic stresses control the radial advection of angular momentum. With buoyancy 
and turbulent diffusion, viscous and magnetic advection of angular momentum 
become comparable. All the magnetic disc solutions have eigenstate structures, 
corresponding to differing vertical variations of the field. 

1 I n t r o d u c t i o n  

Accretion discs play a central role in stellar astrophysics. They occur around 
the compact components in close binary stars, around young stellar objects in T 
Tauri stars, and are also believed to exist in active galactic nuclei. They are usu- 
ally the main luminosity source in such systems, derived from the gravitational 
binding energy released by infalling matter. 

The fundamental problem in disc theory is to explain the angular momentum 
advection required to allow inflow of material to the accreting object. Standard 
molecular viscosity generates azimuthal forces which are far too weak to ac- 
count for this advection. An anomalous viscosity must therefore be invoked, and 
the standard disc model due to Shakura and Sunyaev (1973) uses a parame- 
terized form of turbulent viscosity. However, until recently, no instability was 
known that could generate the required turbulence. Balbus and Hawley (1991) 
showed that Keplerian discs are unstable in the presence of a weak poloidal 
magnetic field, and suggested that this could generate turbulence. Subsequent 
local numerical simulations (e.g. Brandenburg et al 1995; Hawley, Gammie and 
Balbus 1995) confirmed such turbulent generation. The work of Brandenburg et 
al (1995) indicates turbulence with a finite mean helicity, (VT" VA VT), and hence 
an a-effect. This effect converts large-scale toroidal field to poloidal field. The 
differential rotation in the disc shears radiM field to generate toroidal field, this 
being the w-effect. The large-scale field resulting from this c~w-dynamo leads to 
an azimuthal force, Free, and hence to radial advection of angular momentum. 
The turbulence also leads to a viscous force, Fv¢. 

The purpose of this paper is to investigate the relative magnitudes of Free 
and Fv¢ for self-consistent disc models. The nature of the magnetic diffusivity, r/, 
plays a central role in the type of solution. Section 2 presents the magnetic disc 
equations. Section 3 contains a disc solution in which Free dominates Fv¢, while 
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more general solutions are discussed in Section 4. The results are summar ized  
in Section 5. 

2 T h e  M a g n e t i c  D i s c  E q u a t i o n s  

An axisymmetric ,  s teady disc is considered around a non-magnet ic  accreting s tar  
of mass M and radius R. Cylindrical polar  coordinates (za, ¢, z) are used, with 
the origin at the centre of the star  and the central plane corresponding to z = 0. 
The external medium is taken to be a vacuum. 

The structure of the magnetic field must  lead to an azimuthal  force on rings 
of disc material ,  for net angular m om en t um  advection. For a vacuum exterior,  
Be vanishes on the disc surfaces and it follows from (4) tha t  a net BwB¢ stress 
is necessary for a finite magnetic torque. A quadrupolar - type  field is the most  
easily generated in such a disc (e.g. Campbel l  1997) and has the propert ies  

IB~/B¢I << 1, IB~/Bz I ~ w / h  >> 1, (1) 

where h(w) is the disc height and the first relation follows for an c~w-dynamo, 
while the second is a consequence of V • Bp = 0. 

The two small quantities IBm,/B¢I and h/vz allow the fundamental  equations 
to be reduced to ; 

(v-) v ,  = v~ = , (2) 

z v~ + -/ ~ z P +  =0, 
w ~ 2#0 ] 

0 (w212)_  1 0 ( w 2 B ~ , B ¢ ) +  w 0 B B 1 0 

with, 

OB= 
Oz = a B e '  

Oz 2 - w B ~  , 

1 0 0 
o (~pv~) + ~(pv~)  = o, 

(3) 

3 0 ~ ' ~  

(4) 

(5) 

(6) 

(7) 

3 

- ~IB¢~I h + ~csh, 
,1 = o~ + ,1~ (~opc)½ 

(8) 

(9) 

~(w), O < z < h ,  
a = O, z = O, 

- ~ ( w ) ,  - h < z < O ,  
(10) 
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where 

= ~ (11) 

Equations (2)-(4) are the w, z and C-components of the momentum equation, 
(5) and (6) are the poloidal and toroidal components of the induction equation, 
and (7) is the continuity equation. The magnetic diffusivity, ~, is due to buoyancy 
and turbulence, with ~ < 1 due to turbulent reconnection, and a simple form is 
taken for the turbulent a function, with e < 1. 

It is noted that  the viscosity coefficient v, given by (8), contains a simple 
modification due to the effect of rotation. The Keplerian time of T~ --~ 1/~K is 
shorter than the convective time ~-c ~ h/vT, where vT is the rms turbulent speed. 
The mixing length h and VT are each multiplied by the ratio ~K/rc. It follows, 
using (11), that  

TK VT (12) 
\Cs / 

and since the rotationally modified viscosity is 

v =  (TK ~ 2vTh, (13) 
\ T C /  

equation (8) follows. 

3 A M a g n e t i c a l l y - C o n t r o l l e d  D i s c  

3.1 T h e  r e d u c e d  e q u a t i o n s  

The case ofyB >> ~?T was considered in Campbell (1992). The magnetic diffusivity 
is 

glB,cl h. (14) , 1 -  i 

It can then be shown that  the azimuthal force ratio is 

Fv¢/Fm¢ .., e½~ 2 << 1, (15) 

The vertical equilibrium and azimuthal momentum equations reduce to 

2 1 0 P  z v K 
+ - 0, (16) 

w w  p Oz 

wpvw (vz2 9)  - #o Ow 
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3.2 Vertical integrals 

Combining (7) and (17) yields the angular momentum advection equation 

~---w (wpvww2J2) - lo oO--w(w2BwBc~) + l ff~(w2B~Bz ). (18) 

A vacuum exterior leads to the surface conditions 

Be(w, ±h) = p(w, ±h) = 0. (19) 

Vertical integration of (18) then gives 

dw \ 21r Y2K + - -  

where the mass inflow rate is 

/o h ) 2w 2 
B~,Bcdz = O, 

#o 
(20) 

foh BwBcdz - 

Equation (5) gives 

#°(GM)½M [ 1 - ( R I ½  ] 
47rw~ 

B~B¢ ---= --~zz ( B 2 ~ 2 a  O (23) 

A quadrupolar-type magnetic field has the surface conditions 

Be(w, h) = B~(w,  h) = 0, (24) 

the latter following from the thin disc approximation. Vertical integration of (23) 
then yields 

B 2 (w .~h ~, ,0) = BwBcdz, (25) 

and hence use of (22) gives 

27rw~o 1 - . (26) 

Vertical integration of (16) yields 

/o Pc = J2~ zpdz. (27) 

(22) 

~0 h = -47r ~pvwdz. (21) 

If Y2 turns over at the edge of a boundary layer of width 5 near the accretor, 
then BwB¢ = 0 can be applied at w = R + 5  and radial integration of (20) yields 
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The thermal problem for an optically thick disc leads to 

Pc 2 = hF+p~- 
4a 

where a is the Stefan-Boltzmann constant, F+ is the surface flux given by 

F + -  87rw 3 1 -  

and /£  is a constant in the Kramer opacity 

t~ = K p T -  ½. 

The gas equation of state is 

P = ~---pT, 
# 

where # is the mean molecular weight. 

(2s) 

(29) 

(30) 

(33) 

3.3 The  D y n a m o  

Combining (5) and (6) to eliminate B~ gives 

03 B ~ w g2" (~ 
Oz 3 + - - ~ / 2  B ~ = 0 .  (32) 

For a thin disc, the azimuthal magnetic field can be expressed in the separable 
form 

B4~ = [~¢~(w)f¢~(z/h). (33) 

Substitution in (32) leads to 

/~"(¢) + N/¢(¢)  = 0, (34) 

where ~ --- z / h  and the dyuamo number 

N -  wYl~ha& ~2 (35) 

The quadrupolar boundary conditions require 

f;'(1) = f¢(1) = f~(0) : 0. (36) 

The solution of (34) satisfying these conditions is 
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where A is a constant and the eigenvalues K satisfy 

2cos - -  + e x p  = 0 ,  

with K 3 = N. 
The ratio of the field components follows from (6) and (33) as 

Be 3F2Kh 2 f¢ 
- -  ii • 

B~ 27/ f ,  

Use of (35) then gives 

where 

/, (0) ~h B= (~, 0), B¢(~,  0) = IKI 3 f~ (0) 

re(0) expK + 2vr3exp ( - ~ )  sin -~-~K 

f¢(O) K2[expK_2v,~exp(=~_)sin~23K]" 

(38) 

(39) 

(40) 

(41) 

3.4 T h e  D i s c  S o l u t i o n  

Equations (2), (26)-(35) and (40) can be used to derive the radial structure of 
the disc. The resulting solution is; 

h(w) = 2.3 × 106~lg1¼ re(0) ~ M ~ 0  
e~ f ~  M1 ~ w 8f l~  m, (42) 

f¢(O)-~o ! .  ~ f~o ~IKI} ~ M~6M4_°lovz~ T B~(w) = 6.6 x I0-2e4° ~ 

Be(w) = -9.5 x 10 -2 IK[~ f¢(0) ~ _7 . 17 f ~  ~ e ~  ~ M}6 M2~°----~ T' 

Z 
/ , (o)  5 p(w) = 9 . 3 x  10 -6~51K[~ ~ ' ~ f ~  

E2o W a 

P(w) = 3.4 x 103~]lK--j~ f¢(0) } 7 . ,, f ~  ~,~ ~ M?M-~lO-~-~- ' Nm-~' 
"tZ~ 8 a 

T('/:u) = 2 .7  X 10 4 {['-~0 f l ~  ' --10l:;0- ~ ' 

(43) 

(44) 

(45) 

(46) 

(47) 
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f (o) lo 1 
v~(w) = -2 .3  x 102 M - l °  ... ¼ 
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m s -1 , (48) 

where M, = M/M®, M-lo = M/lO-l°Me yr -1,  w8 = w/lOS m and 

I = 1 - (49) 

3.5 Discuss ion  

The dimensionless quantity e expresses the strength of the turbulence. Self- 
consistent solutions are possible for e as small as 10 -4 which, from (12), cor- 
responds to VT "-  1 0 - 2 C s  and hence to weak turbulence. Although the radial 
structure is similar to the s tandard viscous disc, the viscous force is negligible 
in the present case. The eigenvalue dependence of the magnetic disc allows dif- 
ferent states. Typical values of Be in the central plane are -,~ 100 G, these being 
weakly dependent on K.  However, the central tempera ture  increases with JKJ. 
This property of the magnetic disc may be able to be related to the outburst  
behaviour of discs in binary stars. 

4 M a g n e t o - V i s c o u s  D i s c s  

The foregoing disc solution is valid for rlB >> rlT , leading to the magnetic stress 
dominating in the radial advection of angular momentum. The more general case 
with rlB ,-- r/T was considered by Campbell and Caunt (1997). Then r / is  given 
by (9). The radial magnetic force is still small, so the disc remains Keplerian 
up to an inner boundary layer at the stellar surface. The vertical and azimuthal 
momentum equations now become 

_ _  z v 2 + p ~ z  P + = 0 ,  (50) 
w w 2#0 ] 

v ,=~_~(w2Q)_  1 0__ (w2BwB¢)+ w 0,__._.~_.._~. + 1 0 ( p v w 3 0 1 2 )  
#owp Ow ~ovv,, (BCBz) wp Ow 

(51)  
noting O~/Oz = 0. The continuity and induction equations are unchanged. 

Combining the continuity and azimuthal momentum equations and integrat- 
ing vertically through the disc, using the surface conditions (19), yields 

d w2f2 + u,~W3~ ' + 2W2 B~BCdz = O. 
dw #0 

(52) 
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Radial integration and application of the standard boundary layer condition then 
gives 

M [zv2j2 K (GMR)½] + uEw3~2~ + 2v~2 fo h - -  - - -  BwB~dz = 0, (53) 
2~ #o 

valid for w > R+5, where & is the boundary layer width. The vertical equilibrium 
(50) yields 

Pc+ B~c 2fo~ 2#0 = J2K zpdz. (54) 

Since viscous dissipation is now significant, the surface heat flux becomes 

~__ foh (OB¢ ,~2 dz +-41 , 2 v+ #o \ Oz ) f f~(~oK) (5a) 

Use of (5), (53) and (55) gives (29) for F+. Equation (28) relating Pc to pc also 
still holds. 

The vertical dynamo problem remains essentially unchanged, except that  r 1 
is now given by (9). Equation (35), with N = K 3, yields 

~2 = (~+ + ~s)2 _ 3DK h3c) (56) 
2[Kp 

Then, noting from (9) and (11) 

~h = ecsh = e ~csh = :r}T, (57) 
f .  

it follows that  
_ 3 ~ j2zh2rlT. 

07+ + r~B) 2 2IKI~ (58) 

Using (zp) ~- hpc/2 in (54), gives 

Pc+ B~c 1 2 2 
- -  = ~ h  £2~ .  
Pc 2#opt 

Since Cs ~ = Pc~pc, this yields 

1 2 1 2 2  lh4jT~. ~ v T  + ~-~nB = 

Dimensionless diffusivities can be defined by 

~T ?TB 
2 - h2~2K, ~ = h2f2 K . 

Equations (58) and (60) then become 

3 

(m + ~)2 _ 2JKI 3 

(59) 

(60) 

(61) 

(62) 
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~:~2 + ~2~2 = 1. (63) 

It is noted that  the coefficients in these equations are constants and hence ~ and 
9 are spatially independent. Eliminating (~ + ~) and then ~ yields the quartic 
equation 

4(e 2 -4- 242)2y 4 -- 48(~e42/]KI3)93 + (9e242/2K 6 - 2e242(@ 2 -4- 242)) 92 
(64) 

+12(~e44/lKr3)9 + (P44 - 9e244/2K n) -- 0. 

After solving this for #, equation (63) gives ~. It follows from (61) that  the total  
diffusivity is 

, = (~ + ~ )~xh  2. (65) 

The foregoing equations can be solved to obtain the radial disc structure. The 
solution is similar to (42)-(49), except with coefficients containing • (]K], e, ~, 4) 
and 9(IKl,e,g, 4). Solutions are now possible with Fv¢ ,~ Free, so the viscosity 
and magnetic stress make similar contributions to the radial advection of angular 
momentum. 

5 S u m m a r y  

Magnetic fields play a dual role in accretion discs. They generate the turbu- 
lence necessary for a self-sustaining dynamo, and large-scale fields lead to radial 
advection of angular momentum. It is particularly interesting that  only weak 
turbulence (vr "-" 10 -2) is needed to generate ' the required poloidal field source 
leading to toroidal field creation and hence to BpB¢ stress. 

The similarity of the radial structure of the magnetic disc to that  of the 
viscous disc is noted. This arises because of the Keplerian rotation and the 
similar thermal problems. However, the eigenstate structure is a distinct feature 
of the magnetic disc. The possible connection between the different disc states 
and outbursts in cataclysmic variable discs needs investigation. 

References  

Balbus, S.A. and Hawley, J.F., 1991. Astrophys. J., 376, 214. 
Brandenburg, A., Nordlund, A., Stein, R.F. and Torkelsson, U., 1995. Astrophys. J., 

446, 741. 
Campbell, C.G., 1992. Geophys. Astrophys. Fluid. Dynam., 63, 197. 
Campbell, C.G., 1997. Magnetohydrodynamics in Binary Stars, Kluwer Academic Pub- 

lishers, in press. 
Campbell, C.G. and Caunt, S.E., 1997. Mon. Not. R. Astr. Soc., submitted. 
Hawley, J.F., Gammie, C.F. and Balbus, S.A., 1995. Astrophys. J., 440, 743. 
Shakura, N.I. and Sunyaev, R.A., 1973. Astron. Astrophys., 24, 337. 



Precess ing warped discs in close binary sys t ems  

J.C.B. Papaloizou l, J.D. Larwood 1, R.P. Nelson l, C. Terquem 1'2 

1 Astronomy Unit, School of Mathematical Sciences, Queen Mary and Westfield Col- 
lege, Mile End Road, London E1 4NS 

2 Laboratoire d'Astrophysique, Observatoire de Grenoble, 
Universit~ Joseph Fourier/CNRS, BP 53X, 38041 Grenoble Cedex, France 

Abstract:  We describe some recent nonlinear three dimensional hydrodynamic 
simulations of accretion discs in binary systems where the orbit is circular and 
not necessarily coplanar with the disc midplane. 
The calculations are relevant to a number of observed astrophysical phenomena, 
including the precession of jets associated with young stars, the high spectral 
index of some T Tauri stars, and the light curves of X-ray binaries such as 
Hercules X-1 which suggest the presence of precessing accretion discs. 

1 Introduction 

ProtosteUar discs appear to be common around young stars. Furthermore recent 
studies show that almost all young stars associated with low mass star forming 
regions are in multiple systems (Mathieu, 1994 and references therein). Typical 
orbital separations are around 30 astronomical units (Leinert et al. 1993) which 
is smaller than the characteristic disc size observed in these systems (Edwards 
et al. 1987). It is therefore expected that circumstellar discs will be subject to 
strong tidal effects due to the influence of binary companions. 
The tidal effect of an orbiting body on a differentially rotating disc has been well 
studied in the context of planetary rings (Goldreich and Tremaine, 1981), plan- 
etary formation, and generally interacting binary stars (see Lin and Papaloizou, 
1993 and references therein). In these studies, the disc and orbit are usually 
taken to be coplanar (see Artymowicz and Lubow, 1994). However, there are 
observational indications that discs and stellar orbits may not always be copla- 
nar ( see for example Corporon, Lagrange and Beust, 1996 and Bibo, The and 
Dawanas, 1992.) 
In addition, reprocessing of radiation from the central star by a warped non 
coplanar disc has been suggested in order to account for the high spectral index 
of some T Tauri stars (Terquem and Bertout 1993, 1996). 
A dynamical study of the tidal interactions of a non coplanar disc is of interest 
not only in the above contexts, but also in relation to the possible existence of 
precessing discs which may define the axes for observed jets which apparently 
precess (Bally and Devine, 1994). 
Various studies of the evolution of warped discs have been undertaken assuming 
that the forces producing the warping were small so that linear perturbation 
theory could be used ( Papaloizou and Pringle, 1983, Papaloizou and Lin, 1995 
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and Papaloizou and Terquem, 1995). The results suggested that  the disc would 
precess approximately as a rigid body if the sound crossing t ime was smaller 
than  the differential precession frequency. 

We describe here some recent non linear simulations of discs which are 
not coplanar with the binary orbits using a Smoothed Particle Hydrodynam-  
ics (SPH) code originally developed by Nelson and Papaloizou (1993, 1994). We 
study the conditions under which warped precesing discs may survive in close 
binary systems and the truncation of the disc size through tidal effects when the 
disc and binary orbit are not coplanar. The simulations indicate tha t  the phe- 
nomenon of tidal t runcation is only marginally affected by lack of coplanarity. 
Also our model discs were able to survive in a tidally t runcated condition while 
warped and undergoing rigid body precession provided tha t  the Mach number  
in the disc was not too large. The inclination of the disc was found to evolve on 
a long timescale likely to be the viscous timescale, as was indicated by the linear 
calculations of Papaloizou and Terquem (1995). 

2 B a s i c  e q u a t i o n s  

The equations of continuity and of motion applicable to a gaseous viscous disc 
may be writ ten 

dp 
d-~ + p V . v  = 0, (1) 

where 

d__yv = _ I _ v  P _ Vk~ + Svisc (2) 
dt p 

d 0 
= + v . g r  

dt Ot 

denotes the convective derivative, p is the density, v the velocity and P the 
pressure. The gravitational potential is ~, and Sv~sc is the viscous force per unit 
mass. 
For the work described here, we adopt the polytropic equation of state 

P = Kp'Y 

where 

2 1 
c~ = "~rtTp "~- 

gives the usual associated sound speed, cs. Here we take ~/ = 5/3, and K is 
the polytropic constant. This corresponds to adopting a fluid tha t  remains isen- 
tropic throughout  even though viscous dissipation may occur. This means tha t  
an efficient cooling mechanism is assumed. 
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3 O r b i t a l  c o n f i g u r a t i o n  

We consider a binary system in which the primary has a mass Mp and the 
secondary has a mass Ms. The binary orbit is circular with separation D. The  
orbital angular velocity is ~. We suppose that  a disc orbits about  the pr imary 
such tha t  at t ime t = 0 it has a well defined mid-plane. We adopt  a non rotat ing 
Cartesian coordinate system (x, y, z) centred on the primary star and we denote 
the unit vectors in each of the coordinate directions by i, j and k respectively. 
The  z axis is chosen to be normal to the initial disc mid-plane. We shall also use 
the associated cylindrical polar coordinates (r, ~, z). 
We take the orbit of the secondary to be in a plane which has an initial inclination 
angle $ with respect to the (x, y) plane. For a disc of negligible mass, the plane of 
the orbit is invariable and does not precess. We denote the position vector of the 
secondary star by D with D = [D[. Adopting an orientation of coordinates and 
an origin of time such that  the line of nodes coincides with, and the secondary 
is on, the x axis at t = 0, the vector D is given as a function of t ime by 

D = D cos wt i + D sin wt cos 6 j + D sin wt sin 6 k. (3) 

The total  gravitational potential k ~ t  due to the binary pair at a point with 
position vector r is given by 

~e~t - GMp GMs + GMsr .  D 
I r l  I r - D I  D z 

where G is the gravitational constant. The first dominant term is due to the pri- 
mary, while the remainder, -= ~ t ,  gives perturbing terms due to the secondary. 
Of these, the last indirect term accounts for the acceleration of the origin of the 
coordinate system. We note tha t  a disc per turbed by a secondary on an inclined 
orbit becomes tilted, precesses and so does not maintain a fixed plane. Our cal- 
culations presented below are referred to the Cartesian system defined above 
through the initial disc mid-plane. However, we shall also use a system defined 
relative to the fixed orbital plane for which the 'x axis' is as in the previous 
system and the 'z axis' is normal to the orbital plane. If the disc were a rigid 
body its angular momentum vector would precess uniformly about  this normal, 
as indicated below. 

3.1 D i s c  r e s p o n s e  

The form of the disc response to the perturbing gravitational potential  due to 
the secondary is determined by the properties of the free modes of oscillation. 
These are divided into two classes according to whether the associated density 
per turbat ion has even or odd symmetry  with respect to reflection in the un- 
per turbed disc midplane. The modes with even symmetry  are excited when the 
binary orbit  and disc are coplanar and have been well studied in the  context 
of angular momentum exchange between disc and binary leading to tidal t run- 
cation of and wave excitation in the disc ( see Lin and Papaloizou, 1993 and 



Precessing warped discs in close binary systems 185 

references therein). They  are also excited at a somewhat reduced level in the 
non coplanar case where they produce similar effects. 
Here we shall focus attention on the modes with odd symmetry  and with az- 
imuthal mode number m -- 1. These are only excited in the non coplanar case. 
They  are of interest because they are responsible for disc warping, twisting and 
precession. 

3 . 2  P o t e n t i a l  e x p a n s i o n  

When the orbital separation is much larger then the outer disc radius such tha t  
for any disc particle, r << D, and z << D, we can expand ~ x t  in powers of r/D 
and z/D. 
We are interested in bending modes which are excited by terms in the potential  
which are odd in z and which have azimuthal mode number m = 1 when a 
Fourier analysis in ~ is carried out. The lowest order terms in the expansion of 
the potential which are of the required form are given by 

~/ext 3 GDM3~TZ [(1 -- COS 5) s in6 sin (~  + 2wt) ~ - - ~  

- (1 + cos 6) sin 6 sin (~ - 2wt) 
+ sin 26 sin (~)] (4) 

In linear perturbat ion theory, we can calculate the response of the disc to each 
of the three terms in ~ x t  separately and superpose the results. The  general 
problem is then to calculate the response due to a potential  of the form 

~P~xt = const × rz sin (~ - ~ p t )  

or in complex notation 

~'xt = ~ (frze~m(v-~pt)) (5) 

Here, the azimuthal mode number, m -- 1, the pat tern frequency ~ p  of the 
perturber  is one of 0, 2w or -2w and f is the appropriate complex amplitude. 
We remark tha t  the magnitude of the tidal per turbat ion acting on the disc is 
measured by the dimensionless quanti ty GM,/(~22D3), ~2 being the angular 
velocity in the disc and for comparable primary and secondary masses this is of 
order w2/~22. 

4 Free bend ing  modes  

Bending waves with m = 1 are naturally excited by a perturbing potential  of 
the form given by (5). For a binary with large orbital radius, we may consider 
the pat tern frequency ~2p to be small compared to the rotat ion frequency in the 
disc, ~2. Thus the forcing is at low frequency. 
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Bending waves in thin discs have been studied in the context of disc galaxies 
(Hunter and Toomre, 1969), planetary rings (Shu,1984) and gaseous accretion 
discs ( Papaloizou and Lin, 1995, Papaloizou and Terquem, 1995). 
In a self-gravitating disc with no pressure and of small enough mass that the 
unperturbed disc is in a state of near Keplerian rotation, the local dispersion 
relation for bending waves with m = 1 is given by (Hunter and Toomre, 1969) 

( ~ ' ~ p  _ ,f'~)2 : ,f~2 4- 27rGElkt, (6) 

where E is the disc surface density. In the limit of small pattern speeds this 
takes the form 

~ p ~  = - ~ a ~ l k l ,  (7) 

from which it follows that the waves propagate without dispersion with speed 

~GE (cs) 
- (8) 

% -  f2 Q '  

where the Toomre Q = £2(cs)/(rrG,F,), where the angled brackets denote an apro- 
priate vertical mean of the sound speed. For stability to axisymmetric modes, we 
require Q _> 1, which implies that bending waves in a stable disc propagate with 
a speed not exceeding the maximum sound speed at a particular radial location. 
Papaloizou and Lin (1995) considered the case when pressure is included, giving 
the corresponding local dispersion relation for bending waves with m -- 1 in the 
low frequency limit 

n p f l  = -TrG,V,  Ik I - (1 - O)n(c~)21kl 2 (9 )  
4~2p 

where O < 1 is a dimensionless parameter which vanishes when self-gravity is 
unimportant. This gives a quadratic equation for ~2p with the two roots 

12p--(cs) lkl2 ( 1  i l )  +l-a . ( 1 0 )  

In this case there are fast and slow waves which in the case of a stable disc 
propagate with speeds comparable to the sound speed. When self-gravity is 
unimportant there is a single sonic like wave. The excitation by the forcing 
potential (5) , and angular momentum transport associated with these waves 
with non zero ~ p  has been considered by Papaloizou and Terquem (1995). 
The secular term in the forcing potential (4) with zero pattern speed causes the 
disc to be subject to a precessional torque. The properties of the bending waves 
determine the form of the disc response. For the disc to precess approximately 
like a rigid body, the effects of the precessional torque which acts largely in the 
outer parts of the disc, must be communicated to the inner regions where it is 
weakest, within a precession period. This roughly corresponds to the condition 
that the disc sound crossing time be less than the precession period. 
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In order to calculate the precession frequency, we consider the time independent, 
or secular term in the perturbing potential (4) as it is only this term which 
produces a non zero net torque after performing a time average. This is given by 

3 GM, 
~ x t o -  4 - ~  rzsin25sin(~). (11) 

For a conservative system, the Lagrangian displacement vector ~ will satisfy an 
equation of the form (see Lynden-Bell and Ostriker 1967) 

c ( ¢ )  = - y e ' r e 0 .  ( 1 2 )  

Here C is a linear operator, which needs to be inverted to give the response. 
When a barotropic equation of state applies, and the boundaries are free, C is 
self-adjoint with weight p. This means that for two general displacement vectors 
~(r) and ~?(r) we have 

] v p • * .  C (4) dT = p~*  . C (rl) dr (13) 

* denotes complex conjugate and the integral is taken over the disc volume where 
V. 
Because of the spherical symmetry of the unperturbed primary potential, the 
unperturbed system is invariant under applying a rigid tilt to the disc. This 
corresponds to the existence of rigid tilt mode solutions to (12) when there is no 
forcing (~xt0 = 0). For a rotation about the x axis, the rigid tilt mode is of the 
form 

= = (r  × s i n  - cos  ( 1 4 )  

where ~b is the unit vector along the ~ direction. For time averaged forcing 
potentials o¢ sin ~, the existence of the solution (14) results in an integrability 
condition for (12). When C is self-adjoint, this is 

/ v~T . V-~spdr =-- f v l .  (r×V-~s) pdr = O. (15) 

The above condition is equivalent to the requirement that the x component of 
the external torque vanishes. This will clearly not be satisfied in the problem we 
consider. 
To deal with this one may suppose that the disc angular momentum vector 
precesses about the orbital angular momentum vector with angular velocity Wp 
(Papaloizou and Terquem 1995). This in turn is equivalent to supposing our 
coordinate system rotates with angular velocity Wp about the orbital rotation 
axis. Treating the Coriolis force by perturbation theory produces an additional 
term on the right hand side of (12) equal to -2r£2wpx~o. Using the modified 
force in formulating (15) gives the integrability condition as 
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wpsinS /vr2~pdT = / y i .  (r×V~s) pdT , (16) 

with Wp = IWpl. Equation (16) gives a precession frequency for the disc that  
would apply if it were a rigid body. However, approximate rigid body precession 
is only expected to occur if the disc is able to communicate with itself, either 
through wave propagation or viscous diffusion, on a timescale less than the 
inverse precession frequency (see for example Papaloizou and Terquem 1995 and 
below). Otherwise, a thin disc configuration may be destroyed by strong warping 
and differential precession. 
We comment that the situation described above in which the external perturba- 
tion produces a precessional torque in the x direction only is a consequence of 
the assumption of a conservative response for which the density and potential 
perturbations are in phase. However, if dissipative processes are included, there 
will be a phase shift between the perturbing potential and density response. This 
will result in a net torque in the y direction which can change the angle between 
the disc and orbital angular momentum vectors (see Papaloizou and Terquem, 
1995) possibly leading to their alignment. Such a process is likely to occur on 
the long dissipative timescale. A torque in the y direction originating from a 
disc wind has been proposed by Schandl and Meyer (1994) in order to produce 
misalignment between the disc and binary orbit angular momentum vectors in 
HZ-Hercules. 

6 N u m e r i c a l  s i m u l a t i o n s  

Three dimensional simulations of warped precessing discs in close binary systems 
have been carried out by solving the set of basic equations (1) and (2) numeri- 
cally using an SPH code (Lucy 1977, Gingold and Monaghan 1977), developed 
by Nelson and Papaloizou (1994), which uses a conservative formulation of the 
method that employs variable smoothing lengths. A suite of test calculations 
illustrating the accurate energy conservation obtained with this method is de- 
scribed by Nelson and Papaloizou (1994), and additional tests and calculations 
are presented in Nelson (1994). 
Larwood et al (1996) considered circumprimary discs in close binary systems 
with mass ratio of order unity and Larwood and Papaloizou (1997) have consid- 
ered circumbinary discs in systems with a variety of mass ratios. 
In order to stabilize the calculations in the presence of shocks, the artificial vis- 
cous pressure prescription of Monaghan and Gingold (1983) has been used in the 
simulations. This induces a shear viscosity which leads to angular momentum 
transport and the standard viscous evolution of an accretion disc (Lynden-Bell 
and Pringle 1974) in which disc expansion is produced by outward transport of 
angular momentum as mass flows inwards. In the studies presented here, the 
discs undergo angular momentum loss through tidal interaction with orbiting 
secondaries. Then disc expansion arising from outward transport of angular mo- 
mentum is halted by tidal truncation. This effect, well known in the coplanar 
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case ( see for example Lin and Papaloizou 1993), also occurs here when the disc 
and binary angular momenta are not aligned. 
In the simulations reported here the shear viscosity, v operating in our disc 
models was well fitted by a constant value. To specify the magnitude of ~ we 
write v = ac2~(R)/S2(R), where a corresponds to the well known Shakura and 
Sunyaev (1973) a parameterization and R denotes the outer radius of the disc. 
However, it is applicable only at the outside edge of the disc. The discs were here 
set up with a distribution of 17500 particles such that  the surface density was in- 
dependent of radius. Then the aspect ratio H / r ,  with H being the semi-thickness 
was found to be approximately independent of radius. As a consequence of this 
the Mach number A4 = ( H / R )  -1 is also approximately constant for a particular 
simulation and can be used to parameterize it. Also the radial dependence of 
the viscosity parameter  is a o¢ r -1/2. 
We comment tha t  a characteristic value of a -- 0.03 that  we have in the simula- 
tions is about two orders of magnitude larger than that  expected to be associated 
with tidally induced inwardly propagating waves (Spruit 1987, Papaloizou and 
Terquem 1995). Accordingly, it is expected tha t  tidal t runcat ion will instead oc- 
cur through strong nonlinear dissipation near the disc's outer edge (Savonije, 
Papaloizou and Lin 1994). The large viscosity of the disc models considered here 
will damp inwardly propagating waves before they can propagate very far. 
In order to deal with the central regions of the disc, the primary's gravitational 
potential softened such that  

aMp 

where b is the softening length. 
We adopt units such that  the primary mass Mp = 1, the gravitational constant 
G = 1, and the outer disc radius R = 1. In these units the adopted softening 
parameter  b = 0.2 and the time unit is ~2(R) -1. The self-gravity of the disc 
material has been neglected in the simulations presented here. 

7 Numerica l  results 

We have considered the evolution of disc models set up according to the pro- 
cedure outlined above. The models were characterized only by the mean Mach 
number, A/[. After a relaxation period of about  two rotat ion periods at the outer 
edge of the disc, the time was reset to zero and the secondary was introduced in 
an inclined circular orbit, moving in a direct sense, crossing the x axis at t -- 0. 
In some cases the full secondary mass was included immediately corresponding 
to a sudden start. However, for strong initial tidal interactions such as those 
tha t  occur when D / R  = 3, M ~ / M p  = 1, this can result in disruption of the outer  
edge of the disc with a small number of particles being ejected from the disc. I t  
was found that  this could be avoided by using a 'slow start '  in which M~ was 
built up gradually (see Larwood et a1,1996). However, subsequent results were 
found to be indepent of the initiation procedure. 
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In the above discussion of bending modes we indicated that  the disc should be 
able to approximately precess as a rigid body if the sound crossing t ime was 
short compared to the characteristic precesion period. 
The general finding from the simulations was tha t  a disc with an initial angu- 
lar momentum vector inclined to tha t  of the binary system tended to precess 
approximately as a rigid body, with a noticeable but  small warp if A4 was not 
too large. In such cases only small changes in the inclination angle between 
the angular momentum vectors were found over the run time. This is consistent 
with the expectation from Papaloizou and Terquem (1995) tha t  the timescale for 
evolution of the inclination in such cases should be comparable to the viscous 
evolution timescale of the disc, assuming outward disc expansion is prevented 
by tidal interaction. 
We here describe simulations of three circumprimary disc models in a close 
binary system with D/R = 3 and 5 = 7r/4 initially. Models 1 ,2 and 3 had A4 
equal to 20, 25 and 30 respectively and the total  run times for these models 
initiated with a slow start  was 310, 217.7, and 397.9 units respectively. Note 
that  the viscosity is larger in the models with smaller Mach number so tha t  this 
aids disc communication in these cases also. 
The calculations presented here use a coordinate system which is based on the 
initial disc mid-plane. However, as the disc precesses, the mid-plane changes lo- 
cation with time. It is then more convenient to use a coordinate system (x, Yo, Zo) 
based on the fixed orbital plane, the Zo axis coinciding with the orbital  rotat ion 
axis. We shall refer to these as 'orbital plane coordinates'. We locate the incli- 
nation angle ~ (equal to 5 at t = 0) between the disc and binary orbit  angular 
momentum vectors through 

JD " J o  
C O S  t ~ - -  

IJDIIJoI" 

Here, J o  is the orbital angular momentum. The  disc angular momentum is 
JD ---- ~-]j J i ,  where the sum is over all disc particle angular momenta  J j .  
A precession angle ~p, measured in the orbital plane can be defined through 

(JD X J o )  " u 
cosZp = IJD×Jollul  

where u may be taken to be any fixed reference vector in the orbital plane. We 
take this to point along the Yo axis such tha t  initially/3p = 1r/2 in all cases. For 
retrograde precession of JD about  J o  the angle/~p should initially decrease as 
is found in practice. 
For a disc with constant E and radius R, the period of rigid body precession of 
a thin disc is 2~lWp where, from equation (16) we obtain 

(3GMs "~ for Zr3dr 
- t cos  

15M~R3 ~2 " 5 
32MpD3 (R)cos  . (17) 
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The  condition for sound to propagate  throughout  the disc during a precession 
t ime is approximately  tha t  

H IWpl (18) > 

For models 1-3, equation (17) gives wp/~(R)  = 0.012 corresponding to a preces- 
sion period of 512 t ime units. Our results were consistent with the condition (18) 
to within a factor of two in tha t  models 1 and 2 with A/I < 25, showed mod-  
est warps and approximate  rigid body  precession while Model 3 with ~4 = 30 
showed severe warping and a more complex precessional behaviour.  
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Fig. 1. Projection plots in orbital plane coordinates for model 1 at time t _~ 0. The 
projections are in the (x, yo) plane (top left), (x, zo) plane (top right), (yo, zo) plane 
(bottom left) and (x, Zo) plane (bottom right). 
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Fig. 2. The precession angle ~p (dashed line) and inclination angle ~ (solid line) for 
model 1. 

We now present particle projection plots for each of the Cartesian planes us- 
ing obital plane coordinates. In all such figures a fourth 'sectional plot' is also 
included in which only particles such that  -0.05 < Yo < 0.05 are plotted. 

7.1 M o d e l  1 

A projection plot for model 1 is shown in Fig. (1) near t = 0 when the disc is 
unperturbed. Note that  the disc appears as edge on and inclined at 45 degrees 
in the (yo, Zo) plane. The time dependence of the angles ~ and tip is plotted 
in Fig. (2). It may be seen that  there is little change in L during the whole 
run. On the other hand ~p decreases approximately linearly, corresponding to 
uniform precession (note that/3p is plotted as positive rather than  negative for 
the latter section of this plot). The inferred precession period is around 600 units, 
in reasonable agreement with the value of 512 units obtained from equation (17). 
Fig. (3) shows a projection plot at t = 297.8, near the end of the run when the 
disc has precessed through about 180 degrees. This amount of precession is 
demonstrated by the fact that  the disc appears almost edge on in the (yo, zo) 
plane just as it did at time t -- 0. However, its plane is inclined at about 90 
degrees to the original disc plane. At this stage our results indicate that  the disc 
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Fig. 3. Projection plots in orbital plane coordinates for model 1 at time t = 297.8. 

has at ta ined a quasi-steady configuration as viewed in a frame tha t  precesses 
uniformly about  the orbital  rotat ion axis. The  disc develops a warped s t ructure  
tha t  initially grows in magnitude but  then levels off. The  sectional plot in Fig. (3) 
indicates tha t  the disc has developed a modest  warp in this case. 

7.2 M o d e l s  2, a n d  3 

The  behaviour of model 3 with M -- 30 is considerably more complex than  t ha t  
of  model 1. This  disc develops a strong warp such tha t  the  inner and outer  par ts  
of the disc t ry  to separate.  A projection plot is shown at t = 397.9 in Fig. (4). 
The  inner par t  of the disc seems to occupy a different plane from the outer  part .  
The  outer par t  was found to precess like a rigid body  at the expected rate, and it 
tended to drag the inner section behind it. This is indicated in Fig. (5) where we 
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Fig. 4. Projection plots in orbital plane coordinates for model 3 at time t = 397.9. 

plot the angle j3p calculated using the outer disc section with r > 0.5 only and 
also the same angle calculated using only the inner section with r < 0.3. The  
angle associated with the inner segment progresses at a variable rate indicating 
coupling to the outer section. The angle e associated with the two sections is 
also plotted. This becomes significantly smaller for the inner segment consistent 
with the existence of a large amplitude warp. We note tha t  the relatively larger 
inclination associated with the outer segment enables a closer matching of the 
precession frequencies associated with the two segments and aids coupling, due 
to the presence of large pressure gradients induced by the strong warping. Each 
segment of this model remained thin throughout  the run. 

Fig. (6) shows the evolution of ~p and ~ for model 2, which has 2¢I = 25 and is 
intermediate between model 1 and model 3. There is an indication of differential 
precession initially. But the inner par t  of the disc couples to the outer  par t  in 
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correspond to the inner disc section with r < 0.3. 

such a way that the precession becomes uniform after about 150 time units. It 
appears tha the inner part is able to adjust its precession frequency to the outer 
part by changing slightly its relative inclination. In this way the dependence of 
the precession frequency on inclination is exploited to remove the differential 
precession. 

8 D i s c u s s i o n  

We have described nonlinear simulations of an accretion disc in a close binary 
system when the disc midplane is not necessarily coplanar with the plane of the  
binary orbit. For our constant viscosity SPH models we found the tidal trunca- 
tion phenomenon to be only marginally affected by non coplanarity. We found 
that  modestly warped and thin discs undergoing near rigid body precession may 
survive in close binary systems. However, extremely thin discs may be severely 
disrupted by differential precession depending on the magnitude of the charac- 
teristic Mach number, A4. The crossover between obtaining a warped, but co- 
herent disc structure, and disc disruption occurs for a value of the Mach number 
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AA ,~ 30. We also found that  the inclination evolved on a long timescale, likely 
to be the viscous timescale, as indicated by the linear calculations of Papaloizou 
and Terquem (1995). 
A class of models formulated to explain the generation of jets in young stellar 
objects assumes that  a wind flows outwards from the disc surface. This is then 
accelerated and collimated by the action of a magnetic field (see KSnigl and 
Ruden, 1993 and references therein). It is reasonable to assume tha t  a precess- 
ing disc may lead to the excitation of a precessing jet. The  precession period 
obtained from our calculations with a mass ratio of unity is about  500 units. 
When scaled to a disc of radius 50 AU, surrounding a star of 1Mo, the unit of 
t ime is ~ (R)  -1 _~ 56 yr, leading to a precession period of 3.104yr. 
Bally and Devine (1994) suggest tha t  the jet  which seems to be excited by the 
young stellar object HH34* in the L1641 molecular cloud in Orion precesses with 
a period of approximately 104 yr. This period is consistent with the source being 
a binary with parameters similar to those we have used in our simulations with 
a separation on the order of a few hundred astronomical units. 
Some of the results presented here demonstrate how a warped disc can present 
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a large surface area for intercepting the primary star's radiation. The effect that 
the consequent reprocessing of the stellar radiation field can have on the emit- 
ted spectral energy distribution has been investigated by Terquem and Bertout 
(1993, 1996). They find that it may account for the high spectral index of some 
T Tauri stars or even for the spectral energy distribution of some class 0/I 
sources. The Model 3 simulation indicates that the required strongly warped 
disc could be physically realisable. 
Finally, there is evidence from the light curves of X-ray binaries such as Hercules 
X-1 and SS433, that their associated accretion discs may be precessing in the 
tidal field of the binary companion ( Schandl and Meyer, 1994). Larwood et al 
(1996) have demonstrated that the disc precession periods seen in simulations are 
in reasonable agreement with those that are inferred observationally ( Petterson, 
1975, Gerend and Boynton, 1976, Margon, 1984). 
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JDL is supported by a PPARC studentship. 
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Super-Eddington luminosity in the bursting 
pulsar GRO J1744-28. GRANAT/WATCH 
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A b s t r a c t :  We present the results of GRANAT/WATCH observations of the 
BATSE bursting pulsar GRO J1744-28 in January  - March 1996, during an in- 
tense outburst  of this transient. The observations started in mid-January, exactly 
at the peak of the source light curve. High, --, 3.7 Crab, photon flux measured 
in these first observations in the energy band 8 - 20 keV indicates tha t  the 
bolometric persistent X-ray luminosity of GRO J1744-28 was at tha t  moment 
reaching 1039 erg/s,  a value that  exceeds the Eddington luminosity for a neutron 
star by a factor of ,-~ 5. This estimate is made assuming that  the source is at 
the distance of the Galactic Center (8.5 kpc). 70 bursts have been detected from 
GRO J1744-28 by WATCH, during which the luminosity of the source increased 
7 to 22 times relative to the persistent level, reaching over 104°(D/8.5 kpc) 2 
erg/s, thus exceeding the neutron star Eddington luminosity by two orders .of  
magnitude. All of the bursts have similar profiles characterized by F WH M --~ 4 
sec. The frequency of bursts also remained constant through the observations, 
41 + 5 day -1 (after correction for the observations' windowing). The WATCH 
flux measurements are completely unaffected by any dead-time or pile-up effects, 
therefore the luminosity estimates we have obtained are quite reliable. We be- 
lieve that  the thin-wall column geometry of the accretion flow near the neutron 
star magnetic poles outlined by Basko & Sunyaev (1976) makes it possible for 
the GRO J1744-28 luminosity to overcome the Eddington limitation. 

1 Introduct ion 

GRO J1744-28 is a unique X-ray transient source, which shows both pulsations 
and bursts. Its first bursts coming at intervals of ~ 3 min were detected by 
the CGRO/BATSE instrument on 2 December 1995 (Fishman et al., 1996a). 
A few weeks after that  discovery a new hard X-ray pulsar with a period of 
467 ins, located in the direction of the Galactic Center, was detected by BATSE 
(Paciesas et al., 1996; Finger et al., 1996a). It was shortly shown that  the burster  
and the transient pulsar GRO J1744-28 were the same source (Kouveliotou et 
al., 1996a). The object is a neutron star in a binary system with an orbital 
period of 11.8 days and an X-ray mass function of 1.31 x 10-4M. (Finger et al., 
1996b). The GRO J1744-28 very close celestial position to the Galactic Center, 
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l = +0.°1, b = +0.°3 (Kouveliotou et al., 1996b), strongly suggests tha t  the 
source is approximately  as far from us as the Galactic Center, i.e. ,~ 8.5 kpc 
away. This possibility is further justified both  by X-ray measurements  of the 
absorbing column along the line of sight to GRO J1744-28, which give values 
for NH around 5 x 1022 cm -2 (Dotani et al., 1996), typical for the objects in 
the Galactic Center region, and by the non-detection of any safe counterpar t  in 
optical and infra-red. 

On 13 January  GRO J1744-28 for the first t ime appeared  in the field of 
view of one of the WATCH instruments aboard  the GRANAT satellite. The 
photon flux, ,-~ 4 Crab, measured from the source on 14-15 January  at 8 20 
keV indicated that  its luminosity was --~ 4 x 103s erg/s  only in this restricted 
energy band (Sazonov & Sunyaev, 1996). We continued to observe the source 
with WATCH repeatedly throughout  most  of its outburs t  in January  - March. 

2 Observations and Resul ts  

The observations of GRO J1744-28 presented here were carried out with the 
WATCH all-sky monitor  in the period 13 J a n u a r y t o  12 March, 1996, when the 
GRANAT observatory was monitoring the sky in scanning mode. In this regime 
the spacecraft  spins with a period of ~ 20 min, and the spinning axis roughly 
follows the ecliptical motion of the Sun in the course of a year. The modulat ion 
assembly of the WATCH instrument is halted for the scanning observations, 
in contrast  to the normal pointed observations when it is kept rotat ing with a 
frequency of about  1 sec -1 by means of a motor.  Therefore the modulat ion of 
the fluxes of the field of view X-ray sources is created by the rotat ion of the 
satellite itself, thus allowing one to determine the intensities and locations of 
the sources. We have analyzed the da ta  taken in the ins t rument ' s  lowest energy 
band 8 - 20 keV. Throughout  the whole cycle of observations, the Crab Nebula, 
the s tandard candle in X-ray astronomy, was in the ins t rument ' s  field of view, 
enabling continuous calibrating of the GRO J1744-28 flux. 

We specially note tha t  during the first months  of 1996 it was very difficult 
to implement precise measurements  of the luminosity of GRO J1744-28, espe- 
cially during its bursts, with high-throughput  pointed telescopes, because photon 
fluxes from the source were extremely high and various "dead-t ime" effects in- 
evitably interfered in the observations. In the case of WATCH such problems do 
not exist at all, because the contribution of GRO J1744-28 to the count flux on 
the detector is for example of the order of the usual WATCH background flux. 

2.1 F r a c t i o n  o f  t h e  G R O  J 1 7 4 4 - 2 8  L u m i n o s i t y  in t h e  W A T C H  
E n e r g y  R a n g e  

From X T E  measurements  (Giles et al., 1996) it is known tha t  the GRO J1744- 
28 energy spectrum both  in quiescence and during the bursts  can be fitted by a 
power law with a slope of ,-, 1.2 and a cutoff above ~ 20 keV with an e-folding 
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energy of ~ 15 keV. This means tha t  GRO J1744-28 radiates in the WATCH 
low energy band (8 - 20 keV) ,-, 35 % of its total  X-ray luminosity. We will make  
use of this value in calculations of the source bolometric luminosity based on 
WATCH flux measurements.  
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F ig .  1. GRO J1744-28 light curve measured by G R A N A T / W A T C H  in J anua ry  
- March 1996. Each point corresponds to one day of observations. 

Fig. 1 shows the evolution of the GRO J1744-28 persistent X-ray flux during 
the period January  13 to March 12. One can see an almost  linear decline of the 
intensity at ~ 25% per month over all the period described, the flux max imum 
of ~ 3.7 ± 0.3 Crab occurring on January  15. We note tha t  during the very first 
WATCH observation on 13 January  GRO J1744-28 was very close to the edge 
of the field of view, therefore we do not consider the measured on tha t  day flux 
1.6±0.3 (the first point in Fig. 1) reliable. Already in the subsequent observation,  
on 14-15 January,  GRO J1744-28 had moved to the inner region of the field of 
view, which is well calibrated, and in all the following observations the source 
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flux could be determined safely. Earlier BATSE observations indicate tha t  the 
flux rise lasting for approximately  one month  did complete by the middle of 
January  (Fishman et al., 1996b). 

The  right vertical scale of Fig. 1 measures the source bolometrie  (2 - 100 
keV) luminosity est imated from the WATCH flux values applying for the 8 - 20 
keV fraction of the total  source energy (see above). We infer tha t  the persistent 
luminosity of GRO J1744-28 peaked at ~ 9 x 103s erg/s  assuming an isotropic 
radiation, if the source is at the distance of the Galactic Center, which exceeds 
the Eddington luminosity for a spherically accreting neutron star  of mass 
1.4M o by a factor of 5. 

We ought to mention that  there are several relatively bright X-ray sources 
in the vicinity of the Galactic Center, which should influence our calculation of 
the GRO J1744-28 flux, however, the cumulative photon flux from these sources 
is usually below 200 mCrab  (see e.g. Pavlinsky et al., 1994). Also, at the end of 
February close to the Galactic Center and only 1 ° away from GRO J1744-28 an 
X-ray Nova, GRS 1739-238, outburst ,  which was discovered and localized by the 
G R A N A T / S I G M A  (Paul et al., 1996) and M I R - K V A N T / T T M  (Borozdin et al., 
1996) telescopes. It  is not possible to separate  the contributions of GRO J1744-28 
and GRS 1739-238 to the flux measured with WATCH, but  GRS 1739-283 seems 
to have not ever exceeded the level of 300 m C r a b  at 8 - 20 keV according to the 
observations by the GRANAT and M I R / K V A N T  observatories. Therefore,  we 
conclude tha t  the light curve shown in Fig. 1 is only slightly contaminated  by 
the GRO J1744-28 nearby sources. 

2.3 B u r s t s  

D a t a  r e d u c t i o n  p r o c e d u r e  As we have already mentioned, the GRO J1744- 
28 observations took place when the GRANAT satellite was spinning. Hence, 
the count rate  on the WATCH detectors recorded with a t ime resolution of 
either 2.1 sec or 4.2 sec was persistently highly variable on the t ime scale of tens 
of seconds due to the modulat ion of the photon fluxes from the bright X-ray 
sources in the field of view by the ins t rument ' s  grid collimator. The  problem 
was to extract  the burst  signal from the complex raw count rate  history. This 
problem was successfully solved, and Fig. 2 shows the scheme of da ta  reduction 
tha t  was used for producing burst  light curves tha t  give the photon flux incident 
on the collimator. 

A burst  was considered detected if an increase in the count rate  of more than  
8 s tandard deviations over the background level had been registered at one of the 
following t ime scales: 2 see, 4 see etc. We then had to single out GRO J1744-28 
bursts from the whole sample of burst  events detected, including those of solar 
or magnetospheric origin. This selection was based on three conditions: 1) the 
spectrum of the burst  must be much softer than the typical spectra  of cosmic 
gamma-ray  bursts, 2) the burst  must last more than  a few but  less than  ~ 100 
seconds, and 3) the burst  must occur at a rotat ion phase when GRO J1744-28 is 
in the field of view. The first two conditions are based on information available 
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Fig.  2. Stages of the reconstruction of the light curve of a burst: a) Time history 
of the raw count rate on the detector (solid line). It includes the contribution 
of the background and persistent sources (dashed line), b) Count rate history 
upon the subtraction of the persistent component, c) Evolution of the rotat ion 
modulation function calculated for GRO J1744-28. d) The final light curve of 
the burst obtained by dividing the burst count rate history (b) by the RMF (c). 

a-priory from other X-ray instruments. The fact tha t  all but  a few events selected 
by these two properties pass successfully the third geometrical test implies tha t  
more than 90 % of the bursts in our final list are indeed originated by GRO 
J1744-28. We also note that  the bursts that  have not passed the geometrical test 
are somewhat shorter than the GRO J1744-28 bursts. 

B u r s t  f r e q u e n c y  Our list of GRO J1744-28 bursts includes 70 events, which 
were detected by WATCH with a mean frequency of 9 events per day. Taking 
into account the fact that  the source was in the field of view during roughly 
30% of each satellite rotation and the more complicated effect that  the effective 
observational time is smaller for weaker bursts than for stronger ones, we have 
found that  GRO J1744-28 on average emitted 41 + / - 5 events per day. Our 
observations reveal no significant difference between the burst  frequency in the 
first half of the period January - March and that  in the second half. 
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B u r s t  p rof i l es  The profile of individual bursts remained strikingly stable over 
the whole period of observations. A histogram of the distribution of burst du- 
rations, defined here as full width at quarter-maximum, is shown in Fig. 3. The 
mean burst duration is ~ 7 sec, and the scatter of individual measures around 
this mean can be almost totally a t t r ibuted to the measurement errors. We have 
averaged the profiles of the bursts, aligned on the burst peak to obtain a mean 
burst light curve, which is shown in Fig. 4. Its FWHM is ~ 4 sec, and it is 
asymmetric, the rise time being shorter than the decay time. 
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B u r s t  p e a k  f luxes ,  f luences  a n d  l u m i n o s i t i e s  The time history of the burst 
fiuence (left vertical scale) and correspondingly the burst total  energy (right 
vertical scale) is shown in Fig. 5. Along with jumps between individual measures, 
a decline of the fluence with a characteristic slope similar to that  of the persistent 
light curve (Fig. 1) is clearly seen. Thus, the strength of the bursts was roughly 
proportional to the source persistent flux. Given that  the spectrum of GRO 
J1744-28 during bursts is not markedly different from its persistent spectrum 
we find that  the total energy emitted by the source in X-rays during a burst for 
some of the events amounts to ,-~ 1041 erg. The ratio of the peak burst flux to 
the persistent near burst flux ranges between 7 and 22 for the bursts observed. 
The burst peak bolometric luminosity averaged over the 10 strongest bursts is 
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Fig.  5. GRO J1744-28 bursts '  fluences and total energms as a function of date 
during the period January - March 1996. 

(1.1 =t= 0.1) x 104°(D/8 .5  kpc) 2 erg/s,  where D is the source distance, a value 
that  is some 60 times as high as the neutron star Eddington luminosity. Note 
that  the best time resolution available in our observations was 2.1 sec, which is 
compared with the burst profile top width (see e.g. Giles et al., 1996), therefore 
we consider tha t  the source luminosity at the very maximum of its most powerful 
bursts was actually some 1.5 times the value quoted above. 

3 D i s c u s s i o n  

3 . 1  T h e  L u m i n o s i t y  v s .  P e r i o d  C h a n g e  

One of the most important  results of the WATCH observations is the detection 
of the highly super-Eddington persistent luminosity in GRO J1744-28. An inde- 
pendent estimate of the source luminosity is provided by measurements of the 
pulsar period change. The standard theory of accretion by rotating magnetic 
neutron stars yields the following general relation between the pulsar luminosity 
L and the period change ra te /5 :  



15 - 6  × lO-4 el/2nR6/T M-3/T I45 l n2 2/7T6/7 = t" it30 b3s s y r -1 ,  (1) 

where R is the neutron star  radius measured in units of 106 cm, M is the mass 
of the neutron star  in units of solar masses, I is the neutron star  moment  of 
inertia in units of 1045 g c m  2, P is the pulsar period in units of sec, # is the 
dipole magnetic moment  in units of Gauss cm 3, L is the luminosity in units of 
103s erg/s;  e and n are model-dependent  coefficients describing the radius of the 
magnetosphere  and the net torque on the neutron star  due to the accretion flow. 
For example in the model of Ghosh & Lamb (1979) these parameters  are equal 
to ,-~ 0.5 and 1.4 (for slow rotator)  respectively. According to observations by 
BATSE (Finger et al., 1996c) and X T E  (public da ta  archive) during the outburs t  
of GRO J1744-28 the period change followed a L 6/7 t rend over at least an order 
of magni tude change in luminosity, indicating tha t  the pulsar was a slow ro ta tor  
(otherwise n would have been changing with luminosity). However the observed 
X-ray luminosity, ,-~ 9 x 103s erg/s ,  according to formula (1) implies a period 
change about  an order of magni tude higher than the observed 15 = - 8  x 10 -5 s 
yr -1 at the max imum of the light curve, if we take R --~ 1, M ,-~ 1.4, I ~ 1 and 
# -~ 1, values that  are believed to be typical for neutron stars. This apparent  
discrepancy between the observed GRO J1744-28 luminosity and period change 
rate,  earlier noticed by Daumerie et al. (1996) (we became aware of this paper  
when our independent analysis was almost finished), in our opinion may be due 
to at least five different causes: 

1) The source is considerably closer than the Galactic Center. As was argued 
above this situation is very unlikely. 

2) The parameters  of the neutron star  (R, M,  I )  are very unusual. This  may 
provide a tangible modification factor due to the rather  strong dependence of P 
on these parameters .  

3) The disc-magnetosphere transit ion zone has a smaller radius than  assumed 
(e < 0.5). This factor is very unlikely to yield more than  a factor of ,,~ 1.5 
correction. 

4) The radiat ion is beamed towards the observer. The  beaming factor is 
indeed expected to be about  1.5 even for the trivial case tha t  the radiat ion is 
emit ted isotropically by a small spot on the surface of the neutron star,  because 
we are apparent ly observing the binary system almost face-on (Daumerie et al., 
1996). Possible anisotropy effects due to the presence of the strong magnet ic  
field may somewhat  increase the beaming factor. 

5) The magnetic field is highly non-dipolar (see Daumerie  et al., 1996). This 
would yield a strong (~  1012 Gauss) magnetic field on the surface of the neutron 
star  required to explain strong regular X-ray pulsations observed in the flux 
of GRO J1744-28 and a st;eep decline of the field outwards from the neutron 
star  and consequently a smaller radius of the magnetosphere.  I t  seems tha t  this 
si tuation has been hardly studied so far, and one of the questions such a model 
should give an answer to is: how shall the accretion flow and the pulsation profile 
look like in such a case? 
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Although none of the above factors is likely to reconcile the observed lumi- 
nosity and the period change alone, we believe that  a combination of at least 
some of them may do so. 

3.2 T h e  M e c h a n i s m  for  t h e  S u p e r - E d d i n g t o n  L u m i n o s i t y  

It is well known that  the radiation of luminosities in excess of the Eddington value 
LEd ~ 1.3 × 103SM erg s -1 is impossible in the case of spherically symmetric 
accretion onto a compact star, because at this critical luminosity the pressure 
of the outgoing radiative flux equals the gravitational pressure of the accreting 
matter,  inhibiting any further increase of the accretion rate. However, as was 
first shown by Basko & Sunyaev (1976), one may well expect to observe such 
high luminosities from the rotating pulsars possessing strong magnetic fields 
(~  1012 Gauss on the surface of the neutron star). At high accretion rates the 
accreting mat ter  is likely to liberate its gravitational energy inside high accretion 
columns standing above the neutron star magnetic poles. The radiation is then 
radiated by the side walls of these columns, and may escape the system without 
interacting with the accreting flow. The maximum luminosity achievable in this 
model is given by: 

L** ,~ 8 × 103s____l/d M erg s -1. (2) 
40 Mo 

Therefore if the cross-section of the accretion channel has a form of a thin 
annular arc, as suggested by Basko and Sunyaev, i.e. its length l is much larger 
than its width d, than the observed GRO J1744-28 luminosity can be accounted 
for. Whether  the considered mechanism is responsible for the production of the 
X-ray bursts as well is still to be understood. 

Acknowledgement: This work has been supported in part  by RFFI  grant No. 
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Abs t r ac t :  The stationary hydrodynamic equations for transonic viscous accre- 
tion discs in Kerr geometry are derived and solved for a polytropic equation of 
state. The viscous angular momentum transport and the boundary conditions 
on the horizon of a central black hole are consistently treated. A refined expres- 
sion for the scale-height of the disc is obtained from the vertical Euler equation 
for general accretion flows with vanishing vertical velocity. Different solution 
topologies are identified, characterized by a sonic transition close to or far from 
the marginally stable orbit. Global polytropic solutions for the disc structure 
are calculated by a new numerical method, covering each topology and a wide 
range of physical conditions. These solutions generally possess a sub-Keplerian 
angular momentum distribution and have maximum temperatures in the range 
1011 - 1 0 1 2  K. Accretion discs around rotating black holes are hotter and de- 
posit less angular momentum on the central object than accretion discs around 
Schwarzschild black holes. 

1 I n t r o d u c t i o n  

Optically thin advection dominated accretion flows (ADAFs) yield encouraging 
fits to the observed hard X-ray/7-ray spectral components of black hole X-ray 
binary and underluminous active galactic nuclei sources (e.g. models for soft X- 
ray transients (SXTs) A0620-00, V404 Cyg and Nova Muscae 1991 by Narayan, 
McClintock & Yi (1996) and the model for Sgr A* by Narayan, Yi & Mahade- 
van (1995)). These early models contained various simplifications. Narayan & Yi 
(1994, 1995ab) assumed a self-similar disc structure to calculate local thermal 
equilibrium solutions, whereas Abramowicz et al. (1995) calculated global solu- 
tions within the pseudo-Newtonian potential approximation for a Schwarzschild 
black hole (Paczyfiski & Wiita 1980). These simplifications are justified as long 
as the properties of ADAFs at intermediate radii are concerned, but they do 
not allow to properly treat the boundaries of the disc. In particular the presence 
of an event horizon in any black hole accreting system, which is the key fea- 
ture for the existance of an ADAF, requires a relativistic treatment at the inner 
edge of the disc. Fhrthermore, the bounday conditions at the horizon imply that 
any accretion flow onto a black hole be transonic, a feature which cannot be 
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accounted for in selfsimilar solutions. The equations governing viscous transonic 
accretion discs in Kerr geometry have been given by Lasota (1994). Global so- 
lutions have been calculated for a polytropic equation of state by Peitz (1994) 
and for optically thin flows cooled by non-relativistic bremsstrahlung emission 
by Abramowicz et al. (1996). 

Here we report  on a refined stat ionary model (Peitz & Appl 1997) for viscous 
transonic disc flows around rotat ing black holes• 

2 F o r m u l a t i o n  

The disc is t reated as a stationary axialsymetric ( l + l ) d  problem, Le. the radial 
and vertical structure equations are assumed to decouple. The four-velocity of 
the fluid is of the form u = (ut,u¢,u~,O). The half-thickness h is assumed to 
satisfy h/r ~ 1. 

The radial disc structure is calculated for vertically integrated thermody- 
namic variables P ~- 2hp and ~U _~ 2hp, using the Kerr metric in cylindrical co- 
ordinates {t, ¢, r, z} expanded to zeroth order in z /r  (Novikov &: Thorne  19973)• 
A polytropic relation between P and Z is assumed, P = KI?  r .  Neglecting con- 
tributions due to viscosity and heat flux, the radial Navier-Stokes equation can 
be cast into the form 

du ~ N" 
- (1) 

dr 

Accretion discs around black holes are necessarily transonic. The flow encounters 
a critical point at the sonic radius rs, where 7) = 0. Regularity at rs requires 

X(7)  = 0) = 0 ,  (2) 

which provides an internal boundary condition• The radial disc s t ructure is com- 
pleted by the equation of angular momentum transport ,  which has the s tructure 

M ( # l  - Lo) = 2hrt~¢. (3) 

Here # is the chemical potential, l = u¢ the specific (per unit mass) angular 
momentum and M the (rest mass) accretion rate. Neglecting bulk viscosity, the 
viscous torque t is proportional to the shear a of the flow, t = - 2 f l a .  At the 
horizon, the coefficient of kinetic viscosity, u = U/P0, vanishes for causality rea- 
sons, 

 (rh) = 0 ,  (4) 

independent of the specific physical processes responsible for viscosity. Thus the 
fluid penetrates the horizon on ideal trajectories,  which have been shown (An- 
derson & Lemos 1988) to yield finite shear component a~ everywhere. Equat ion 
(4) then represents a no-torque condition t~(rh) ----- 0, i.e. viscous stresses vanish 
at the horizon and the angular momentum Lo accreted by the black hole is equal 
to the angular momentum of the fluid at the horizon, L0 = L(rh).  In our model 
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condition (4) is guaranteed by an appropriate parametrizat ion with a as a vis- 
cosity parameter.  We apply the full expression for a~, expressed as a function 
of variables u r, 1 and dur/dr ,  dl /dr.  Equations (1), (3) then yield a coupled 
system of two differential equations in u ~ and l, which we integrate between rh 
and rout = 100rg (rg = G M / c  2 being the gravitational radius), respecting the 
regularity condition (2). 

The half-thickness of the flow is calculated assuming vertical hydrostat ic  
equilibrium, u z = 0. For that  purpose the vertical Euler equation is expanded 
to first order in z / r  along the lines of Riffert & Herold (1995). 

3 G l o b a l  t r a n s o n i c  s o l u t i o n s  

The regularity condition (2) enforces sub-Keplerian profiles at the sonic point. 
Two distinct types of transonic solutions are identified (compare Abramowicz 
& Zurek 1981; Chakrabart i  1990). In type I solutions the sonic point is located 
in the vicinity of the marginal stable orbit rms (rms = 6rg for a Schwarzschild 
black hole and rms  = 1.94rg for a rapidly rotat ing black hole with spin parameter  
a = 0.95). In type II solutions the sonic point is located further away from the 
horizon of the black hole. Whether  a particular solution is type I or type II 
depends on the properties at the sonic point rs, e.g. on the specific energy E(rs)  
and angular momentum A(rs) with E = - # u t  and )~ = - u ¢ / u t  respectively. In 
non-viscous flows E,  A are conserved and the solution type is known from the 
boundary conditions. 

The situation is similar for viscous solutions. Type I solutions are generally 
found for moderate viscosity parameters  ~ and higher 'modified accretion rates '  
.A)[ = (FK)N(M/2zc) .  Figure 1 shows type I solutions around a non-rotat ing 
black hole, which differ only in a. They show globally sub-Keplerian angular 
momentum profiles. Variation of a allows to match any reasonable angular mo- 
mentum A ( r o u t ) .  There exist solutions which approach a Keplerian angular mo- 
mentum distribution )~k globally or even exceed Ak locally. Figure 2 shows two 
examples of such trans-Keplerian solutions, again for a non-rotat ing black hole. 
The distribution of adiabatic sound speed, Cad, and thus the tempera ture  distri- 
bution possess a maximum outside rs in any solution of type I .  

Type II solutions are found for higher a and lower M .  In such flows the 
angular momentum L0 deposited onto the black hole is generally lower. Figure 3 
shows a sequence of type II solutions around a non-rotat ing black hole for fixed 
value of 'modified accretion rate '  JQ. Type II solutions generally do not allow to 
match any reasonable angular momentum at rout by variation of a only. Type  
II solutions have generally lower temperature  than type I ,  with a maximum at 
the horizon. 

4 S u m m a r y  

We obtain prograde disc solutions for any Kerr  parameter  a between a = 0 
and a ~ 0.99. Except from quantitat ive differences, solutions show the same 
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Fig.  1. Sequence of type I viscous disc solutions around a non-rotat ing black 
hole. Solutions are for a = 0, JQ = 0.032 and L0 = 3.5, with a decreasing 
(from top to bottom) as a = 0.045, 0.04, 0.03, 0.01. Dashed curves represent 
Keplerian distributions. The sonic point is marked by . .  Adopted from Peitz &: 
Appl (1997). 

qualitative behavior for any a. Accretion discs around rotating black holes are 
hot ter  and deposit less angular momentum on the central object than accretion 
discs around Schwarzschild black holes. Since the event horizon of a rotat ing 
black hole is smaller than the horizon of the corresponding (equal mass M) non- 
rotating black hole, an accretion disc around a rotating hole reaches deeper into 
the gravitational potential well. Thus the virial tempera ture  of the gas at the 
inner edge is higher in discs around rotating black holes. Indeed, it is a general 
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Fig .  2. Sequence of type I viscous disc solutions around a non-rota t ing black 
hole. Solutions are for a = 0, ]Q = 0.032 and L0 = 5.0, with a decreasing (from 
top to bo t tom in the A-diagram) as a = 0.008, 0.006. Dashed curves represent 
Keplerian distributions. The sonic point is marked by - .  Adopted f rom Peitz & 
Appl (1997). 

feature of optically thin ADAFs tha t  the ions are nearly virial (Narayan & Yi 
1994, 1995ab). As a concequence the morphology of the disc is quasi-spherical, 
h/r _~ 1. Since these general features of hot optically thin ADAFs are qualita- 
tively and quanti tat ively reproduced by our global solutions, we conclude t ha t  a 
polytropic equation of state represents a close approximat ion to the propert ies  
of optically thin ADAFs. 
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Fig. 3. Sequence of type II viscous disc solutions around a non-rotating black 
hole. Solutions are for a = 0 and A4 = 0.011. The upper two solutions have 
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A b s t r a c t :  After briefly recalling some important  observational results concern- 
ing the UV and X-ray spectrum of AGN, we discuss the radiation mechanisms 
which are involved and describe different models proposed to account for them. 
We schematize these models in a simple way, and compute the emitted spectra, 
insisting on their main characteristics and on their differences. 

1 I n t r o d u c t i o n  a n d  h i s t o r i c s  

Since the discovery of quasars and of the whole generic class of AGN our ideas 
about their radiation mechanisms have strongly evolved. At the beginning, and 
mainly because the first quasars were radio loud objects, the spectrum from 
radio to X-ray was at tr ibuted to the synchrotron (or the synchro-Compton) 
process. Rapidly it was proposed that  active nuclei are fueled by accretion onto 
a massive black hole (el. Rees,  1984), so the seventies were devoted to build 
models accounting for synchrotron radiation (or cyclotron in some cases) in this 
framework. 

A breakthrough occurred with the discovery, first in 3C 273, then in other 
quasars, of the "blue bump",  which was at t r ibuted to the thermal emission of 
an accretion disk (Shields, 1978, Malkan & Sargent, 1982). Thanks to IUE, the 
blue bump was then also detected in local AGN, and was observed to vary 
rapidly. Meanwhile observations made with Einstein and EXOSAT lead to the 
discovery of the soft X-ray excess (Wilkes & Etvis, 1987). EXOSAT allowed also 
to discover the very short time variability of the X-ray flux in Seyfert galaxies and 
in a few quasars. It became then evident that  a large fraction of the luminosity 
of AGN is emitted in the UV and soft X-ray  range, has a thermal origin, and 
is produced in a small region close to the black hole, while the infrared is most 
probably dominated by thermal dust emission produced much further out, at 
least in radio quiet quasars (Sanders & al, 1989). This paper will concentrate 
on the part of the spectrum emitted in the very central regions, namely UV and 
X-rays. 

Another important  insight onto the emission mechanism came with the obser- 
vations made by GINGA which lead to the detection of a "reflection" component  
in the X-ray spectrum od AGN (Pounds & al, 1990). Finally a last surprise (and 
contrary to results obtained almost two decades ago in the archetypal object 
NGC 4151) was hold in store for us by the GRANAT and GRO missions: at 
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high energies the X-ray spectral distribution of radio quiet AGN has a break 
much below 1 MeV. This signed the death sentence of non thermal  models for 
the X-ray emission and validated thermal Compton models which were already 
envisioned before. 

The dominance of thermal luminosity is certainly also valid in a majori ty 
of radio loud AGN. Besides the presence of radio emission (which does not 
contribute to an important  fraction of the luminosity), there are however small 
differences in the spectrum of radio loud and radio quiet AGN. Radio loud 
objects radiate more energy in the X-ray  range than radio quiet AGN (typically 
by a factor 3), so it is possible that  a non thermal mechanism such as the 
synchro-Compton contributes to the X-ray  emission. Finally we do not consider 
at all in this paper the class of "radio-gamma loud" AGN, characterized by an 
intense gamma ray emission, which are most probably radio loud AGN seen in 
the direction of a relativistic jet. They constitute a minority of the radio loud 
class, which itself represents only 10% of all AGN. 

In the following section we briefly recall some observational facts on which the 
most recent models are based. Deductions concerning the emission mechanisms 
are summarized in Section 3. Section 4 describes a few models integrating these 
results, and the characteristics of the predicted spectrum for each model are 
shown and discussed in Section 5. 

2 O b s e r v a t i o n a l  f a c t s  t h a t  a n y  m o d e l  s h o u l d  e x p l a i n  

We recall here some important  results, which are based on a considerable number 
of papers, that  we cannot refer to. A more extensive review can be found for 
instance in Collin-Souffrin ~5 al, 1996. 

2.1 The optical-UV range 

The main feature in the optical-UV range is the "Big Blue Bump" (so called 
to distinguish it from the "Small Bump",  which is a t t r ibuted to a mixture of 
Balmer continuum and FeII blends). There is much confusion about  this feature. 
Sometimes it corresponds only to the rise of the continuum in the optical-UV 
range (i.e. in a logvF,  versus log~ diagram the slope of the continuum becomes 
positive), and sometimes it takes into account the soft X-ray excess (cf. later), 
and is therefore a much bigger feature linking the UV to the X-ray continuum. 
This is for instance the conclusion of Walter & al, 1994, after the study of 8 
AGN observed simultaneously in the UV and in the soft X-ray  ranges. However 
a thorough discussion by Collin-Souffrin & al, 1996, based on several samples of 
AGN shows that  the UV continuum steepens below 2000/~, precluding a smooth 
junction with the soft X-ray continuum. In the following, and for an easy com- 
parison with predicted spectra, we shall adopt an energy spectral index equal to 
unity at 2000/~. 

A second important  issue concerning the UV continuum is the absence of 
any Lyman discontinuity. A weak absorption edge is observed at the emission 
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redshift in high-z quasars (the only objects observable in this range) but  this 
discontinuity may be produced by the Broad Line Region or by an intervening 
intergalactic cloud not linked with the quasar. This raises a severe problem. In- 
deed all models for the UV emission of AGN predict a discontinuity in absorption 
or in emission, depending on the structure of the surface layers of the emission 
region. Its complete absence requires either fine tuning or a mechanism which 
suppresses it. 

The variability of the spectral distribution and of the flux is also a strong con- 
straint for models. The problem is reviewed by M-H. Ulrich in these proceedings. 
The following results should be recalled. 

- The variability time scale (defined as the e-folding time for flux variations) 
scales with the luminosity, although the exact dependence is not well known. In 
Seyfert galaxies with a bolometric luminosity of the order of 104~ ergs s -1 the 
variation time scale is typically of the order of a few days, while it is several 
months in high luminosity quasars. The deduced maximum dimension of the 
emission region is about 103 RG, RG being the gravitational radius (note that  
this dimension implies a causal link between different parts of the emission region 
provided by a phenomenon propagating with the speed of light; if the velocity 
is less, the deduced dimension is also smaller). 

- Although a correlation has been observed between UV and soft X-ray fluxes, 
it does not seem to be present in "high states" of the X-ray flux, indicating 
probably a larger size for the UV emission region. 

- The continuum "hardens when it brightens". This t rend is observed not 
only in the optical-UV but also up to the EUV range in one object (Marshall 
& al, 1996). It proves the existence of a tight relation between the UV and the 
EUV continuum. 

- Finally an important  constraint is set in well monitored Seyfert nuclei by 
the absence of a measurable time lag between the optical and UV light curves. 

2.2 T h e  sof t  X - r a y  r a n g e :  t h e  "sof t  X - r a y  e x c e s s "  

Below 1 KeV the continuum displays an excess when compared to the extrap- 
olation of the continuum in the 1-10 KeV range, where the energy distribution 
is close to a power law of slope 0.7. The variability time scale is smaller than in 
the UV range, and corresponds to a dimension smaller than 102 RG (the same 
restriction holds than for the UV variation time scale concerning the velocity 
of propagation of the perturbation).  Several spectral features are present: an 
absorption edge close to 1 KeV and two absorptions identified with resonance 
lines of OVII and OVIII (in one object these lines as well as several others are 
present in emission). 

2 . 3  T h e  h a r d  X - r a y  r a n g e  

In the hard X-ray range, the spectrum consists of an underlying power law with 
an energy spectral index ~ -0 .9  and superimposed features, mostly a broad 
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emission line at 6.4 KeV identified with a K a  line of weakly ionized iron, an 
absorption edge around 8 KeV, at t r ibuted to the same ions, and frequently traces 
of a "hump" above 10 keV. The variation t ime scale in this range is comparable 
to the soft X-ray  time scale and the variations seem to be correlated. Recent 
observations with ASCA show that  the line varies very rapidly, implying that  it 
is emitted in a very small radius close to the black hole. The typical equivalent 
width of the line is a few hundreds eV. The profile of the line is characterized 
by a very extended red wing (cf. Fabian's paper in these proceedings). 

Above 40 KeV the spectrum is characterized by a cut-off with an e-folding 
energy of 100 to 200 KeV. It does not display any emission feature around 500 
KeV which could be at tr ibuted to the electron-positron annihilation line. 

A last important  result is that  the UV/soft  X-ray  luminosity is larger than 
the hard X-ray  luminosity, or at least of the same order. An easy way to figure 
out the UV to X-ray luminosity is the spectral index a u v - x  which is the slope 
of an hypothetical energy power law extending from 2500/~ up to 2 KeV. This 
index varies -1.2 in local Seyfert 1 nuclei and in radio loud quasars, to -1.5 in 
radio quiet quasars. 

3 E m i s s i o n  m e c h a n i s m s  

3.1 U V  a n d  sof t  X - r a y  e m i s s i o n  

The distinction between the two assumptions concerning the Big Blue Bump is 
not without consequence. If the EUV flux is simply the interpolation between 
the broad UV and soft X-ray bands, it implies that  the EUV contains a major  
fraction of the bolometric luminosity, and that  the same mechanism is giving 
rise to the whole spectrum from UV to soft X-rays, which is not trivial. The  last 
point is particularly well illustrated in the poster contribution of Staubert  ~ al: 
in their fits of the soft X-ray spectrum by accretion disk models, the computed 
UV continuum is much flatter than the observed one. 

Whatever the assumption, there is not a big choice for the emission mecha- 
nism: the shape of the continuum implies a thermal  mechanism with the emission 
regions spanning a temperature  from 105 to 10 ~ K (by thermal emission we mean 
that  the bulk of the gas participates to the emission, and not only a small fraction 
of particles). This can be achieved in two diffe.rent cases: 

1. an optically thick medium, radiating locally like a black body (or a modified 
black body); 

2. a medium optically thin down to a frequency well below the peak of the 
Planck curve, so the emission is dominated by optically thin free-free emission 
(here the optical thickness does not include the diffusion coefficient). 

In the first case, one finds: 

RIO "~ 3 ~ T52 M81/2 ~Edd.] (1) 
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where Luv is the luminosity of the Big Blue Bump (eventually including the 
soft X-ray excess), nEdd the Eddington luminosity, F2 the solid angle covered 
by the emission region (assuming a spherical emitting shell), T0 the effective 
temperature in units of 105K, R10 the radius in units of 10Rc, and Ms the 
black hole mass in 10 s M®. 

One deduces from Sections 2.2 and 2.3 and from this equation that the vari- 
ations are associated with a phenomenon propagating with a velocity close to 
that of light, therefore most probably by electromagnetic transport. For instance 
in the standard accretion disk model the causal link between the inner regions 
of the disk (producing the UV continuum) and the outer regions (producing the 
optical continuum) should be provided at the speed of light to account for the 
absence of time lag between the optical and UV fluxes. In other words the disk 
is radiatively and not viscously heated. 

In the second case, the emission is dominated by thin free-free emission and 
it can be easily shown that: 

Lbo-~Lfr ~0 .3  10-27~  \L----~dd ] ~ Lbol ~-1 n 2 f R ~ o  ~5T1/2 (2) 

where n is the density, f is the volumic filling factor, L~ and Lbol are respectively 
the free-free and the bolometric luminosities. On the other hand, we know that  
the medium is optically thin down a frequency of at most 101SHz. Using the 
Rayleigh-Jeans expression of the free-free opacity, the previous equation, and 
the fact that Lf f /Lbo l  should be of the order of unity, n 2 f  can be eliminated and 
one finds the following relation: 

> l C  - , (3) 

which shows that the dimension of the UV emission region is larger than in 
the previous case. So again in these optically thin models the optical and UV 
emission regions are most probably radiatively heated (cf. Collin-Souffrin &: al, 
1996). 

3.2 Hard X-ray emission 

Owing to the absence of the electron-positron annihilation line and to the ex- 
istence of the cut-off at about 100 KeV, it is now widely admitted that the 
emission mechanism is thermal, with Oe = k T e / m c  2 of the order of 0.1. Three 
thermal mechanisms can compete in this hot medium: free-free, cyclotron, and 
inverse Compton emission. 

It can be shown that the time scale for inverse Compton cooling is smaller 
than the time scale for free-free cooling when the "compacity" l defined as : 

LEr T Luv R_ 1 
I - R rnc 3 "~ 103 - -  (4) LEdd 10 
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is larger than 0.03 6~e 1/2 (a T is the Thomson cross section). 
Using the dimension of the emission region inferred from the variability, one 

deduces tha t  the condition is fulfilled, so inverse Compton  cooling dominates  over 
free-free cooling. It  dominates also over cyclotron cooling unless the magnet ic  
pressure is of the order of the density of radiation, which implies a very high 
value of the magnetic field. 

We have seen tha t  the hard X- ray  spect rum is actually made of several 
components: a power law with a spectral  index equal to 0.9, and two emission 
features, the 6.4 KeV line and the hump. These features are a t t r ibu ted  respec- 
tively to continuum fluorescence and to Compton  reflection of the power law 
spect rum on a "cold" medium (i.e. with a t empera tu re  smaller than  a few 10 ~ 
K) covering at least 27r of the source. The power law spect rum is often called the 
"primary", although it can itself be the result of a reprocessing mechanism (as 
it is the case in models 1 and 4 discussed below). In the accretion disk model for 
the UV emission, the cold medium is identified with the disk. In the "optically 
thin" case for the UV emission the existence of the hump requires a Thomson  
optical thickness of the order of unity. 

In the past  the 6.4 KeV line was sometimes ascribed to reflection on the 
molecular torus invoked in the "Unified Scheme" of AGN. The discovery of its 
very rapid variations in Seyfert 1 nuclei proves tha t  it is most  p robab ly  linked 
with the UV emission region and not with the torus which is located much 
further away. This means tha t  the edge observed near 7 KeV is the signature 
of the absorption process leading to the fluorescence mechanism, and is also 
produced at least par t ly  in very central regions. As we shall see below, the 
same explanation does not hold for the absorption edges observed near 1 KeV, 
which are therefore a t t r ibuted to a warm dilute medium surrounding the pr imary  
source. The status of this "warm absorber" is still not clear, a l though it is often 
believed to be spatially associated with the Broad Line Region, at about  104Re 
from the center. The warm absorber  is therefore out of the scope of the present 
discussion. 

A "consistent" phenomenological model comes thus out, made  of two different 
media. One medium is "cold" and emits UV radiat ion mainly by reprocessing 
the hard X-rays.  The other is hot and is cooled by inverse Compton  process on 
soft photon seeds. These soft photons are likely provided by the UV emission 
region, but they can also be produced by other mechanisms, such as thermal  
cyclotron process in the hot gas itself. 

4 T h e  m o d e l s  

We describe here a few models which are phenomenological more than  physical 
ones, since they do not include a physical description of the accretion process. 
All these models share a common proper ty  (this is a result of our previous 
discussion): the UV emission region is i l luminated by the X - r a y  continuum. 
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Fig. 1. Schemes of the 4 models described in the text. 

This radiation is absorbed in a Thomson depth of a few, which is therefore 
photoionized. If thermal and ionization equilibrium is reached in this region 
(and this is the case, owing to its high density which implies very small time 
scales for the atomic processes), its ionization state and temperature depend 
on the "ionization parameter". We choose for the definition of this parameter 
(Krolik, McKee & Tarter, 1981): 

Lx 
~ x  - 47rR2nck  T (5) 

where T and n are again respectively the temperature and the density of the 
UV emission region, whose distance from the X-ray source is R. One finds that 
to get T of the order of 105 K, ~ should be of the order of unity. It leads to the 
following relation: 

> L--~dd MslTs-lcm -3. (6) n17R120 

This means that the smaller the distance, the higher the density, and vice 
versa. The relation is actually an inequality because in a thick medium the deep 
layers contributing to the bulk of the emission have a smaller temperature than 
the illuminated surface where the equality applies. 

Note that another ionization parameter will be also used in the following: 
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Lx 
{ x  - n R  2 - 5T5~-x. (7) 

Eqs. 5 and 7 show that the temperature of a photoionized medium depends 
also on En, i.e. on the illuminating flux. In particular if the medium is optically 
thick, the fraction of the irradiating flux which is not reflected is reprocessed as 
a quasi black body spectrum whose temperature is given by Eq. 3 (as the albedo 
is small). 

Finally one should recall the emission properties of an irradiated medium: 
1. If the medium is Thomson thick, it produces two different spectra. The illumi- 
nated side produces a reflection (inward) spectrum, and the other side produces 
an emiss ion (outward) spectrum. These spectra are different: the "reflection 
spectrum" depends mainly on the ionization parameter, and the "emission spec- 
trum" depends mainly on the flux. 
2. If the medium is optically Thomson thin, it does not produce a reflection 
spectrum, but only an "emission spectrum" which depends on the ionization 
parameter. 

4.1 Mode l s  involving an acc re t ion  disk for the  UV emiss ion 

An important characteristic of these models is that their geometry allows an 
external X-ray source to be seen directly. The observed spectrum is thus the 
sum of 3 components: the disk emission (dominating in the UV and EUV), and 
the primary and reflection spectra, dominating in the X-ray range. 

1. T h e  d i sk-corona  mode l .  A model coupling the UV and X-ray spectra 
and satisfying several of the above specifications was proposed a few years ago 
by Haardt & Maraschi, 1991, and Haardt & Maraschi, 1993. It consists in an 
optically thick cold disk sandwiched by an optically thin hot corona where a 
large fraction of the dissipation is assumed to take place. The corona is cooled 
by inverse Compton on the soft UV photons coming from the disk and it emits 
X-rays. The disk is heated by X-ray photons from the corona, and reprocesses 
this radiation as thermal UV. The model is schematized on Fig. 1. 

The model is "self regulated" and can therefore account for a universal spec- 
trum. The ratio between the inverse Compton luminosity and the soft luminosity 
is indeed fixed and implies a Comptonization factor y of the order of unity. The 
model predicts then the correct spectral index of the hard X-ray spectrum ax,  
given by (cf Rybicki & Lightman, 1979): 

- - I n r T  
o , x  - ( 8 )  

-- ln 'rT + l n y  

where rT is the Thomson thickness of the corona. We see that ax  is close to unity 
almost independently of 7T. If one assumes that gravitational energy is dissipated 
locally in the corona, the model predicts also a value of Te which corresponds 
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to the correct high energy cut-off, and finally it predicts that the UV flux be 
roughly equal to the X-ray flux (the UV/X-ray flux ratio can be increased by 
assuming an inhomogeneous corona (of Haardt, Maraschi & Ghisellini, 1994). 

The physics of the model has been studied in several papers (Nakamura & 
Osaki, 1993, Kusunose & Mineshige, 1994, Zycki, Collin-Souffrin & Czerny, 1994, 
Svenson & Zdiarski, 1995). Since the disk has no internal heat generation, it is 
almost isothermal and has a weak radiation pressure. It is therefore supported 
only by gas pressure and is very dense. According to the way angular momentum 
is transported in the disk and in the corona, several descriptions of the disk- 
corona structure can be given. For instance following Sincell & Krolik, 1996, one 
finds for a vertically averaged disk (neglecting boundary conditions and assuming 
a non rotating black hole): 

H 1011T~/2 ~R D3/2 . . . .  s1~10 c m  (9)  

L u v - x  ~ -1~-3  
n ,,~ 1 0 2 1 T 5 3 / 2 M s  1 _ _  ~ ~10 cm-3 (10) 

LEdd 

( L u v - x )  1/4 
T5 ~ LEdd M s l / 4 R I : / 4  K (11) 

where a is the viscosity parameter and H is the thickness of the disk. These 
values are very different from those of a standard disk (cf. below). 

Actually the fraction of the disk where X-ray photons are absorbed has a 
lower average density, since it corresponds only to an irradiated "skin", located 
about 3 scale heights above the midplane of the disk (Sincell & Krolik, 1996). 
A typical density for this skin is 10 is cm -3. These authors have computed the 
UV continuum emitted by the X-ray heated skin, integrating the emission on 
the radius, neglecting heavy element cooling, assuming hydrostatic equilibrium, 
and using a two stream Eddington approximation for the transfer of radiation. 

2. The  s t a n d a r d  i r r ad ia t ed  disk model .  Ross & Fabian, 1993, Matt, Fabian 
Ross, 1993a, Zycki & al, 1994, studied the emission of "standard" irradiated 

accretion disks. The inner regions of these disks are radiation pressure sup- 
ported and dominated by Thomson scattering opacity (Shakura & Sunayev, 
1973). Their structure is given by the following equations: 

14 Luv 
H ,-~ 10 L--~dd cm (12) 

n ,,~ 101° f LUV ) - 2  h / f - l ~ - I  i~ 3/2 
\L---~dd] ""8 ~ "~,0 cm-~" (13) 

Contrary to the previous one, this model assumes the presence of an a priori 
given primary X-ray continuum. It is schematized on Fig. 1. 

The computations of the emitted spectrum were made with different methods 
and different schematizations of the model. They all assume that the disk has 



Comparison of different models for the UV-X emission of AGN 225 

a constant density in the vertical direction. It is irradiated on the top side by 
a power law X-ray  continuum and on the bot tom by an underlying black body 
(or by a Wien spectrum for Ross & Fabian, 1993) to approximate the effect of 
viscous heating. In Zycki & al, 1994, the computat ion is performed for a slab 
of constant density (n = 1014 cm -3)  and different irradiation fluxes, and the 
transfer is t reated with a Monte Carlo method taking into account Compton 
diffusions. In Matt,  Fabian & Ross, 1993a, the emission is integrated on the 
whole disk, irradiated by a point source located at a given height above the disk, 
and the transfer is treated with a one stream approximation and the Kompaneets  
diffusion equation. 

Special care was given to the computat ion of the iron line intensity and 
profile by Matt,  Fabian & Ross, 1993b, and Matt ,  Fabian & Ross, 1996, within 
the framework of this model. Since it is the subject of Fabian's review in the 
same proceedings, we shall not devote a long discussion to this - however crucial 
- problem. One finds that  it is indeed difficult to reconcile the large observed 
equivalent width of the line, which requires a strongly ionized medium, with the 
centroid of the line profile, which implies a low ionization state. This was called 
the "emission reflection paradox" by Collin-Souffrin & al, 1996. Integration on 
a large disk can help to solve the problem, since lines of FeXXIV to FeXXVI 
are emitted by the innermost regions, and are therefore Compton scat tered and 
strongly Doppler broadened (in particular in the case of a rotat ing black hole). 
They are thus more difficult to detect than lines of iron in lower ionization states, 
emitted further away. However, if the very broad red wings observed in a few 
objects (which may be a universal feature) is due to a gravitational effect, it 
means that  the bulk of the line emission takes place very close to the black hole, 
where the disk is found to be strongly ionized in this model. 

4.2 M o d e l s  no t  i nvo lv ing  an  a c c r e t i o n  d isk  for  t h e  U V  e m i s s i o n  

In these models UV radiation is provided by free-free and free-bound processes 
in a medium which is optically thin in the UV range and covers the X-ray  
source. Therefore a characteristic of the models is to provide t ransmit ted X-ray 
photons besides direct and reflected X-ray photons, as the geometry is no more 
disklike. In the following computations this t ransmit ted spectrum is included in 
the outward emission. 

This type of models requires a large covering factor, of the order of unity, to 
produce enough UV luminosity (cf Eq. 3). The  problem is then that  the X-ray 
source would be covered and heavily absorbed in the soft and even hard X-ray 
range in a majori ty of objects, contrary to what is observed. This can be avoided 
in two ways: either the UV reprocessing material is intimately mixed with the X- 
ray photons, or the UV reprocessing material covers almost completely the X-ray 
source, but  X-ray  reflection photons are provided in sufficient amount  and are 
seen through holes in the medium. Two models satisfy these two requirements. 
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T h e  " d e n s e  b l o b "  m o d e l .  This model was first proposed by Guilbert  & Rees, 
1988, and Ferland & Rees, 1988, and thereafter discussed by Celotti, Fabian, 
Rees, 1992, and Kuncic, Celotti & Rees, 1996. It is made of very dense blobs 
located ins ide  a power-law X-ray  source (which is a priori given and is not 
produced by a hot plasma). The blobs are very dense (typically n = 10 is cm -3) 
and each blob has a small thickness (typical column density of the order of 1021 
cm-2) ,  but there are several clouds on one line of sight. So each cloud "sees" a 
primary radiation already reprocessed by the other clouds on its line of sight. 
The  model is schematized on Fig. 1. 

There are two consequences of this geometry. 
1. The fraction of primary radiation seen by an external observer is small (it 
is equal to the ratio of the mean distance between the blobs to the size of the 
emission region). 
2. For a given ionization parameter,  the equilibrium tempera ture  of the blobs 
is higher - and the blobs are more homogeneous - than for a unique cloud with 
a thickness equal to the sum of all clouds on a line of sight. In particular,  if 
the power law spectrum extends down to small frequencies, induced Compton 
heating is important,  and it affects a larger fraction of the blobs than in a "one 
blob" model. 

The computations of the spectrum (cf. Kuncic, Celotti & Rees, 1996) have 
been made with the photoionization code CLOUDY (which treats  the transfer 
in the one stream approximation) for one blob, and iterated in order to take 
into account the fact that  the blobs are irradiated by a mixture of pr imary and 
reprocessed radiation. 

T h e  " d i l u t e  c l o u d "  m o d e l .  This model was proposed by Collin-Souffrin & 
al, 1996. It consists in a spherical shell made of dilute clouds illuminated by a 
central X-ray source. The size of the X-ray  source is finite and larger than the 
size of one cloud. The total  column density of the clouds is large, typically 1026 
cm -2 (whether there is one or several clouds on the same line of sight does not 
make any difference in this model except if there are strong velocity gradients, 
cf below). The system of clouds is therefore Thomson thick, although optically 
thin for free-free process in the optical-UV range. The coverage factor of the 
central source by the clouds is close to unity. It is proposed that  the X- ray  
source is a very hot gas (almost virialized) cooled by inverse Compton process 
on the UV photons emitted by the clouds: the model is then quite similar to the 
disk-corona from the point of view of radiation processes. However it presents 
some peculiarities. 
1. The fraction of primary radiation seen by an external  observer is small, unless 
the line of sight is free of clouds, but  this has smaller probabili ty to occur; 
moreover if the clouds are small, no line of sight will be completely free of 
clouds, and the situation will be that  of a "partial absorber".  
2. Since the cloud shell is almost completely closed, a light ray undergoes many 
reflections on the inner face of the shell before emerging outwards. This phe- 
nomenon has several consequences: 
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- first it increases the radiation density inside the shell, with respect to its 
value given by the primary source only. The medium is hot ter  than in the absence 
of reflections. This is similar to what happens in the "dense blob model"; 

- second it changes the quality of the illuminating radiation, which is par- 
tially reprocessed (this is also similar to the "dense blob" model, except tha t  
it is a reflection and not an emission process); this can help to solve the above 
mentioned "emission/reflection paradox"; 

- third it increases the fraction of reflection in the resulting spectrum so it is 
larger than 1-/2/4~; 

- finally it increases the number of Compton diffusions undergone by a pho- 
ton; this leads to a larger amount of Compton diffusion for X- ray  lines, which 
are therefore broadened and redshifted; it could explain the observed shape of 
FeK lines (cf. Section 2). 

Computations have been performed using a code specially designed for pho- 
toionized, dense, thick and hot media. Its main characteristic is to t rea t  lines 
with complete transfer in the same way as the continuum (avoiding therefore 
the use of the local escape probability formalism which is not adapted to these 
media). It solves the transfer in the Eddington two stream approximation (for 
a short description of the code, cf Collin-Souffrin & al, 1996; a more extensive 
description is in preparation Dumont & Collin-Souffrin, 1997). 

5 T h e  r e s u l t i n g  s p e c t r a  

5.1 T h e  t r a n s f e r  p r o b l e m  

In order to best compare the different models we have run a set of computations 
using our code. Before discussing the results, let us explain why it is important  
to t reat  correctly the line transfer. 

Lines are generally important  in these problems for two reasons: 
- they can be intense and then be used as diagnostics for the models, 
- at temperatures of the order of 105K, they carry a large fraction of the energy, 
so they strongly influence the thermal balance. 

All previous photoionization models of AGN treat  line transfer with the es- 
cape probability formalism, which uses the probability tha t  a line photon emit ted 
at a given point can escape from the cloud, assuming that  the rest of the cloud 
is homogeneous and has the same properties as the emitting layer. Even if it 
is achieved the escape probability can be computed exactly only in the case of 
complete frequency redistribution, absence of line interlocking, and negligible 
opacity of the underlying continuum. Therefore more or less sophisticated esti- 
mates of this probability are used to account for partial  redistribution, line or 
continuum interlocking, but none is valid for a continuum optical thickness of 
the order of or larger than unity, and when the properties of the medium vary 
considerably from one point to another. Here the continuum underlying many 
lines is optically thick. Several recipes to correct the escape probabilities for con- 
t inuum absorption have been given in the literature, but  they cannot account 
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correctly for the fact tha t  a line photon emit ted by a given ion at a given point 
is absorbed in ionizing another  a tom far from its emission place. 

Actually models involving thermal  and ionization equilibrium, non LTE, 
Compton diffusions, for a thick and dense medium, are extremely difficult to 
handle. The problem is indeed similar to building non LTE a tmosphere  models, 
with the additional difficulties of inelastic diffusions and of an external  illumina- 
tion by non thermal  photons creating a large range of ionization states.  Moreover, 
as the medium is very dense and /or  thick, some transitions and frequency ranges 
are very close to LTE, while some others are very far. In our opinion no code, 
including ours, is presently satisfactory (for the moment  our code does not take 
into account the spherical geometry nor the subordinate  lines of heavy elements, 
and it t reats  correctly the Compton diffusions in the energy balance but  not in 
the transfer). 

5.2 S c h e m a t i z a t i o n  o f  t h e  m o d e l s  

Our intention is not to perform detailed computat ions  taking into account all 
subtleties of the models, which by nature would be strongly model dependent,  
but  ra ther  to t ry  to find out the main characteristics of the resulting spectra,  
and in part icular  to define some tests which could be used to distinguish between 
the models. 

We schematize the models by plan-parallel slabs with constant  density illu- 
minated by an isotropic pr imary  power law spect rum with an energy index equal 
to unity, a low energy cut-off at 0.1 eV and a high energy cut-off at 100 KeV: 
from the point of view of the UV-soft X emission, it is quite similar to illumi- 
nation by a comptonized spectrum, like in the disk-corona model. In the case of 
disk models, we add an underlying blackbody as it was done in the computat ions  
mentioned previously. For the disk-corona, the t empera tu re  of the black body 
is only 104K, as there is very little viscous dissipation in the disk, while in the 
s tandard irradiated disk case, it is 105K, corresponding to a flux comparable  
to that  of the external source. However this representat ion is not satisfactory, 
and it would be bet ter  to compute a real disk model taking into account both  
viscous dissipation and external irradiation. Note tha t  in the disk model what  
is called the "reflection spectrum" includes here also the reprocessed underlying 
blackbody. 

Model 2bis has been added for a direct comparison with model 4, which has 
similar physical conditions. 

The spectra  are computed with a velocity dispersion due only to thermal  
motions,  i.e. we assume a small turbulent  velocity within a slab, and tha t  one 
slab does not reabsorb the radiation of another  one or there are no large scale 
velocities. This is clearly a bad approximat ion for the dense blob model, and 
it could also not be adapted  to the dilute cloud model, if the clouds are small 
entities and there are many clouds on a given line of sight. On the contrary 
it is well adapted  to the disk model, where radiation transfer  is most ly  in the 
vertical direction where velocity gradients are small. Large velocity gradients 
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could increase the intensities of strong lines, allowing them to escape from deeper 
regions. 

Tab. 1 gives the parameters - i.e. the density, the thickness and the ionization 
parameter - of the runs. 

n ° run density thickness ~ underlying comments hv(eV) ion W(eV) 
(cm ~3) cm (power law) black body 

1 I(} 18 108 10 -I I04K mimics the disk-corona 654 OVIII 60 

2 1014 1012 103 105K mimics the standard irradiated disk 6700 FeXXV 50 

2bis 1012 1014 103 I05K mimics the standard irradiated disk 6700 FeXXV 67 

3 1018 103 10 "1 mimics the dense blob model 574 OVII 498 

4 1012 1014 103 mimics the dilute cloud model 6700 FeXXV 176 * 
6700 FeXXV 67 ** 

* resulting spectrum equal to (in+out)/2 
**resulting spectrum equal to (0. I in+O.9out)+O. I primary 

Table 1. Parameters of the models and corresponding equivalent widths. 

5.3 R e s u l t s  

Figs. 2, 3 and 4, display the resulting spectra for models 1 to 4, convolved 
with a gaussian corresponding to a resolution of 30. This is to account for the 
dispersion of velocity due to radial, rotational,  or turbulent  motions. Actually 
a smaller resolution of the order of 5 to 10 would be more adapted to a region 
close to the black hole, but a large value helps to bet ter  understand the origin 
of the spectral features (whether they are due to free-bound transitions or lines, 
whether they are in absorption or in emission). The figures show also a typical 
AGN broad band spectrum. 

The resulting spectrum for model 1 is simply the sum of the incident and 
reflection spectra. In the EUV range the spectrum is dominated by reflection 
(which in this case is reprocessing more than reflection). The spectrum is actually 
close to a black body, owing to the very high thickness and density of the medium. 
In the soft X-ray range it displays strong lines, such as the OVIII line (cf. Table 
1). In the hard X-ray range it is smooth and dominated by primary radiation. 
Sincell & Krolik, 1996, found that  for the range of LUV-X/LEdd ratio spanned 
by their computations (from 0.003 to 3) the Lyman edge appears in emission and 
its amplitude increases with the mass and with the disk inclination. Contrary  
to them we do not find a strong Lyman discontinuity, perhaps owing to the 
different structure of the irradiated slab (they assume hydrostatic equilibrium, 
which implies that  the deeper layers are much denser than the surface layers). 
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Fig. 2. The resulting spectra for models 1, 2 and 2bis. The straight line rep- 
resents the incident continuum. The big squares correspond to a typical broad 
band AGN spectrum. 

In any case this is not a severe problem, since an advantage of the disk-corona 
model is that the edge should be erased by Compton scattering in the corona 
(which is not taken into account). 

Comparison with the AGN spectrum shows that this model is viable as far 
as the overall shape of the continuum is concerned, if the reflection spectrum 
could be shifted towards smaller wavelengths, which implies a smaller external 
flux. A detailed computation of the emission taking into account the vertical and 
the radial structure (which unfortunately would be quite arbitrary), as well as 
solving the self consistent problem of the coronal emission, would be worthwhile 
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Fig. 3. Model 3. In the upper figure the dotted line corresponds to the emission 
spectrum and the solid line to the reflection spectrum. The lower figure shows 
the resulting spectrum. 

in the future. 
The resulting spectrum for models 2 and 2bis is also the sum of the incident 

and reflection spectra. Although the external flux is two orders of magnitude 
larger in model 2 than in model 2bis, the resulting spectrum is quite similar as it 
is dominated by the incident spectrum. To fit the observations the contribution 
of the disk emission should be much larger, which amounts to say tha t  the 
ionization parameter  should be much smaller. 

For model 3 (the dense blob model), the resultant spectrum is assumed equal 
to half the sum of the emission and reflection spectrum (the emission spectrum 
includes transmission). We do not take into account the primary spectrum, ac- 
cording to our previous discussion. Note that  a consistent computat ion would 
require to iterate on the spectrum incident on a cloud like Kuncic, Celotti & 
Rees, 1996. 

Due to its high density this model is optically thick for free-free process up 
to a frequency larger than 1012 Hz. Moreover since the tempera ture  is high the 
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Fig.  4. Model 4. In the upper figure the dotted line corresponds to the emission 
spectrum and the solid line to the reflection spectrum. The two lower figures 
show resulting spectra. 

maximum of the flux occurs around 1016 Hz. So the spectrum in the optical- 
UV range is close to a Rayleigh-Jeans law, and therefore very different from 
the observed one (energy spectral index -1, cf. Section 2). If we would have 
iterated on the reprocessed spectrum the temperature would have even be higher. 
Moreover, the X-ray "hump" is not reproduced, as the medium is Thomson thin. 
Note the very intense lines which should be easily observed. This model could 
perhaps account for objects with intense soft X-ray lines in emission. 

There are several possible combinations of the inward, outward, and primary 
spectra for model 4. The emission (outward) spectrum is completely cut above 
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54eV owing to the large thickness of the cold outer layers of the clouds. So the 
X-ray  spectrum is only made of reflection, and possibly of a small fraction of 
primary spectrum. It is steeper than in the case of the irradiated disk with the 
same physical parameters (model 2bis). Fig. 4 shows two examples of resulting 
spectra: the first corresponds to a small coverage factor, so one sees as much 
inward as outward radiation, and the primary source is not seen, and the second 
corresponds to a large coverage factor (f2/47r = 0.9), but  the primary source is 
part ly seen. The second case is closer to reality as the coverage factor should be 
large. One sees that  the overall shape of the resulting spectrum fits roughly the 
observations, except that  the Lyman edge (and in the first case the iron edge) 
is too strong. This is one of the problems we expect to solve in the near future 
by taking into account the effect mentioned previously of multiple reflections in 
the spherical geometry (Collin-Souffrin & al, 1996). 

It is interesting to note that  in the two "dense" models 1 and 3 the hard 
X-ray spectrum is dominated by the primary, and therefore does not display any 
feature. On the other hand the other "dilute" models 2, 2bis and 4, presents 
an Fe line in emission, but it is always the FeXXV line (actually a combination 
of several lines) at 6.7KeV, and not the "cold" iron line at 6.4KeV which is 
observed. We can also notice that  the equivalent width of the line is smaller 
than observed, except for model 4. These are difficult problems which should be 
addressed in the future. 

Finally in none of the models the OVII and OVIII edges are seen in absorp- 
tion, so it is indeed necessary to invoke the presence of the "warm absorber" to 
account for these features. 

6 C o n c l u s i o n  

We have tried to mimic in an oversimplified way different models proposed to 
account for the UV-X spectrum of AGN. Our aim was to show the potentiali ty 
of this kind of computation: the overall shape of the continuum, as well as the 
intensity of the spectral features (lines, and absorption or emission edges), could 
in principle help to discriminate between different models. Although the models 
correspond all to small dimensions (~ 10 to 100Ro for the UV emission region, 
,- 10Rc for the X-ray emission region) they sould be associated to different 
variation patterns of the lines and of the continuum (in particular according to 
the number of reflections undergone by the photons). At the present t ime it is 
not possible to discriminate between them, but  one could expect tha t  it will be 
feasible in the future with the new generation of X-ray  experiments. In the case 
of organized motions, line profiles should also help to choose between the models. 
However we want to stress that  all this work is still in infancy, as no existing 
code is able to t reat  correctly the whole complexity of these models. Moreover 
the physical constraints are still too loose to hope that  a detailed modeling could 
be really conclusive at this stage. 

Acknowledgement: This work has been supported by funds of the CNRS. 
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Broad X-ray emiss ion lines from accret ion disks 

A.C. Fabian 

Institute of Astronomy, Madingley Road, Cambridge, CB3 OHA 

A b s t r a c t :  The profile and variability of the broad iron lines seen in the X- 
ray spectra of Active Galactic Nuclei are briefly reviewed. Such lines imply the 
existence of dense, thin, accretion disks with abrupt  density changes at their 
surfaces extending down to within a few gravitational radii of the central black 
hole. 

1 Introduct ion 

Most of the X-ray emission from radio-quiet active galactic nuclei (AGN) emerges 
from within a few gravitational radii of the central massive black hole. Although 
this is required on energetic arguments from the accretion process, we can now be 
fairly specific about it on observational grounds from measurements of a broad, 
skewed, iron emission line in the X-ray band. The observations also indicate tha t  
an accretion disk is involved and reveal some of the properties of tha t  disk. 

The shape of the X-ray continuum from AGN is not very informative in terms 
of its origin. It appears to be a power-law of approximately unit energy index up 
to a few hundred keV, above which it cuts off. Variability on times scales down 
to 1000 s or in some cases 100 s does indicate a compact source but  does not in 
itself argue for say an accretion disk. 

A breakthrough occurred with GINGA spectra of AGN which revealed small 
deviations from the power-law in the form of an iron emission line around 6.4 keV 
and a continuum bump around 20-30 keV (Pounds et al 1990; Matsuoka et al 
1990). Both the emission line and the continuum bump are due to X-ray 'reflec- 
tion' by relatively cold mat ter  (the reflection component is the backscattered and 
fluorescent emission; for details see George &: Fabian 1991; Matt ,  Perola & Piro 
1991); their strength is consistent with the cold mat ter  subtending about  2rr sr at 
the source of the continuum. Overall, a picture emerges in which the X-ray con- 
tinuum is due to flares (probably magnetic) above and below an optically-thick 
accretion disk. 

The iron emission line is a very important  ingredient. It occurs because the 
combination of elemental abundance and fluorescent yield are mazimized for iron 
(see Fig. 1). It essentially provides us with a clock (or at least a known frequency) 
in orbit at a few gravitational radii. Frequency shifts due to the Doppler effect, 
and to transverse and gravitational redshifts then cause the line to be distorted 
in shape, developing a characteristic skewed profile (Fabian et al 1989). 
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Fig.  1. A Monte Carlo simulation of reflection from a slab of gas, kindly provided 
by C. Reynolds. 

2 Observations of the iron line profile 

The proportional counters on GINGA did not clearly resolve the iron lines from 
AGN. Only when the CCDs on ASCA were available could this be achieved. The 
first look at the spectrum of the Seyfert 1 galaxy MCG-6-30-15 showed that  
the line is broad (Fabian et al 1994), as demonstrated by several other similar 
objects (Mushotzky et al 1995). The quality of the spectra from such one-day 
observations was not however sufficent to lead to an unambiguous s tatement  on 
the line profile, It required a 4.5 day observation, also of MCG-6-30-15, to rectify 
that (Tanaka et al 1995). 

That observation showed clearly for the first time the skewed line profile 
(Fig. 2) expected from an emission source on a disk at about 20 gravitational 
radii (i.e. ~ 20GM/c2). The line has a sharp edge to its blue wing (blue and 
red here mean high and low energies) at about 6.5 keV and a gradual red wing 
extending down to below 5 keV. The sharp blue wing means that most of the 
matter is moving at no more than about 30 deg from the line of sight. The 
gradual red wing means that most of the matter has high velocities and is deep 
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Fig.  2. The broad iron line from MCG-6-30-15 (Tanaka et al 1995). The observed 
energy of the line, if at rest in that  galaxy, is 6.35 keV. 

in a gravitational well, consistent with the emitting region being the inner parts 
of an accretion disk about  a massive black hole (Fabian et al 1995), 

Many other AGN have now been examined with ASCA and show skewed, 
broad iron lines (see Reynolds 1997 and Nandra et al 1997 and references 
therein). It appears to be a common phenomenon in Seyfert 1 galaxies. Few 
quasars appear to show a strong iron line and some powerful ones definitely 
seem to have little or no reflection (Nandra et al 1995; Cappi et al 1996). Some 
radio-loud objects do have broad iron lines, in particular the powerful, jet ted,  
FRII galaxy 3C109 shows one (Allen et al 1997) indicating that  a disk is present 
at 100 gravitational radii or closer. 

A detailed examination of the long observation of MCG-6-30-15 by Iwasawa 
et al (1996) has revealed that  some changes in the line profile took place. Most 
of the time the line appeared similar to that  shown in Fig. 1 but during the 
brightest phase it just appeared to have only a blue horn, and during the faintest 
phase only a red wing. This last result requires that the disk extends within 6 
gravitational radii which in turn requires that  the black hole is spinning (i.e. 
is a Kerr black hole). This is because the orbiting disk can extend in to only 
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6 gravitat ional  radii for a non-spinning (Schwarzschild) black hole but  frame- 
dragging causes it to extend inward for a spinning hole. The  result is tentat ive 
for the moment  because the continuum is difficult to define accurately when 
the source is faint and it is to be hoped tha t  it will be confirmed by further  
observations. It  requires that  the continuum source moves about  on the surface 
of the disk. 

3 Implications for accretion disks 

The broad X-ray iron line from AGN now allows us to s tudy the innermost  
regions about  black holes and accretion disks. 

• The line shape shows that  ma t t e r  is both  approaching and receding in an 
inclined plane or flattened mass of gas which is best thought  of as the accretion 
disk. The emission generally peaks at  about  20 gravi tat ional  radii. This  suggests 
a stable dense disk of matter .  

• The variable X-ray continuum is emit ted above a relatively cold region 
subtending about  -~ 2~r sr which is also consistent with a disk. Much of the 
power is in this component  (although about  one half is reprocessed by the cold 
gas) indicating tha t  there is good energy t ranspor t  from the disk to the flare 
region (or corona). It  may be tha t  this stabilizes the disk (i.e. causes the disk to 
be dominated by gas rather  than radiat ion pressure).  Magnetic fields presumably  
are the medium by which the energy is transferred. 

• The disk extends down to at most  6 gravitat ional  radii and probably  much 
closer, implying tha t  a Kerr metric is relevant. (There are also many  relativistic 
effects impor tant  for the observed phenomena  such as variability). 

• The 6.4 keV line dominates the iron emission. This means tha t  the iron 
in the surface of the disk (i.e. the outer Thomson depth) is at most  part ial ly 
ionized so tha t  the ions have full K and L shells. (If more ionized then the line 
energy increases and the line can be resonanly scat tered and destroyed by the 
Auger effect - this may be the case for the Galactic Black Hole; Ross et al 1996.) 
In turn, this implies that  the disk has a sharp surface, going from high density 
to low density in much less than a Thomson depth. 

Acknowledgement: ACF thanks the Royal Society for support .  
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A b s t r a c t :  
Most large elliptical galaxies should now possess massive black holes left over 

from an earlier quasar phase. Bondi accretion from the interstellar medium might 
then be expected to produce quasar-like luminosities from the nuclei of even qui- 
escent elliptical galaxies. Such luminosities though are not observed. Motivated 
by this problem, Fabian & Rees have recently suggested that  the final stages of 
accretion in these objects occurs in an advection-dominated mode with a cor- 
respondingly small radiative efficiency. Despite possessing a long-known active 
nucleus and dynamical evidence for a black hole, the low radiative and kinetic lu- 
minosities of the core of M87 provide the best illustration of this problem. Here, 
we examine an advection-dominated model for the nucleus of M87 and show tha t  
accretion at the Bondi rate is compatible with the best known estimates for the 
core flux from radio through to X-ray wavelengths. The success of this model 
prompts us to propose that  FR-I radio galaxies and quiescent elliptical galaxies 
accrete in an advection dominated mode whereas FR-II type radio-loud nuclei 
possess radiatively efficient thin accretion disks. 

1 I n t r o d u c t i o n  

There is strong evidence that  most nearby, large elliptical galaxies should host 
a massive black hole left over from an earlier quasar phase (Fabian & Canizares 
1988; Fabian & Rees 1995). Quasar counts and integrated luminosities suggest 
masses above l0 s - 109 M®. Giant elliptical galaxies also contain an extensive 
hot halo which provides a minimum fuelling level for accretion. This leads to a 
problem. Fabian & Canizares (1988) have determined a limit to the accretion rate  
for a sample of bright elliptical galaxies produced using the classical Bondi (1952) 
formula. They  concluded that  if the radiative efficiency of accretion is ~ 10 per 
cent, then all such nuclei would appear much more luminous than  observed. The  
nearby giant elliptical galaxy M87 (NGC 4486) might be considered a counter  
example because it has long been known to host an active nucleus tha t  powers 
a jet  and the giant radio lobes of Virgo A. Furthermore,  H S T  observations have 
now provided a direct dynamical determination of the nuclear black hole mass of 
M ~ 3 × 109 M o (Ford et al. 1995; Harms et al. 1995). In fact, M87 illustrates the 
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problem of quiescent black holes in giant ellipticals and, we suggest, i l luminates 
the solution. Quali tat ive evidence for the relative quiescence of M87 comes from 
a comparison to the quasar  3C273, which presumably  contains a black hole of 
comparable  mass. While both  have core, jet  and lobe emission, the luminosity 
of M87 in all wavebands falls 5 orders of magni tude below tha t  of 3C273 (see 
below). The contrast  between M87 and 3C273 cannot be completely ascribed to 
a smaller mass accretion rate in the former, as can be seen by an es t imate  of the 
Bondi accretion rate in M87. Imaging X-ray observations provide information 
on the hot interstellar medium (ISM). A deprojection analysis of da ta  from 
the ROSAT High Resolution Imager  (HRI) shows tha t  the ISM has a central 
density n ~ 0.5cm -3 and sound speed Cs = 5 0 0 k m s  -1 (C. B. Peres, private 
communication).  The resulting Bondi accretion rate  onto the central black hole 
is M ~ 0.15M® yr - I  . Following s tandard  practice, we define a dimensionless 
mass accretion rate by 

M 
rn = (1) 

MEdd ' 

where M is the mass accretion rate and MEdd is the Eddington accretion rate  
assuming a radiative efficiency of r] = 0.1. For M87, the Eddington limit is 
LEdd ~ 4 X 1047ergs -1 corresponding to MEdd = 6 5 M o y r  -1 . The Bondi ac- 
cretion rate corresponds to m ,-~ 2 x 10 -3 and so, assuming a radiat ive efficiency 
r / =  0.1, would produce a radiative luminosity of L ~ 8 x 1044 e rgs  -1 . Observa- 
tionally, the nucleus is orders of magni tude less active. The observed radiat ive 
power does not exceed Lobs "-~ 1042 ergs -1 (Biretta, Stern & Harris 1991; also 
see Section 2 of this letter) and the t ime-averaged kinetic luminosity of the jet  
cannot  exceed much more than  L~ ,~ 1043 ergs  -1 (Reynolds et al. 1996). 

The recent interest in advect ion-dominated accretion disks (Narayan & Yi 
1995; Abramowicz et al. 1995; Narayan,  Yi & Mahadevan 1995) p rompted  Fabian 
& Rees (1995) to suggest tha t  such disks exist around the nuclear black holes 
in quiescent giant elliptical galaxies. In this mode of accretion, the accretion 
flow is very tenuous and so a poor radiator.  (The possibility of similarly tenu- 
ous ' ion-supported tori '  had been discussed in the context  of radio galaxies by 
Rees et al. 1982 and for the Galactic centre by Rees 1982). Much of the energy 
of the accretion flow cannot be radiated and is carried through the event hori- 
zon. Fabian & Rees (see also Mahadevan 1996) realised tha t  the resulting low 
radiative efficiency provides a possible solution to the elliptical galaxy problem 
described above. They identify the weak parsec-scale radio cores seen in most  
elliptical galaxies (Sadler et al. 1989; Wrobel & Heeschen 1991; Slee et al. 1994) 
with synchrotron emission from the p lasma of the advect ion-dominated disks 
(ADD). 

Here we present a detailed examinat ion of the possibility tha t  the massive 
black hole in M87 accretes via an ADD. In particular,  we compute  the spec t rum 
of the ADD and show tha t  it is consistent with the observations for physically 
reasonable mass accretion rates. In Section 2 we compile da ta  from the l i terature 
on the full-band spect rum of the core of M87 and present some additional da ta  
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on the  X- ray  flux f rom the  core. Ca re  is t aken  to  l imi t  the  effect of c o n t a m i n a t i n g  
emiss ion from the  j e t  a n d / o r  t he  galaxy.  Desp i t e  this ,  the  s p e c t r u m  we o b t a i n  
mus t  st i l l  be  cons idered  as a set of u p p e r  l imi ts  on the  s p e c t r u m  of  the  acc re t ion  
flow wi th  the  n o n - t h e r m a l  emiss ion f rom the  j e t  r e p r e se n t i ng  the  m a i n  c o n t a m -  
inant .  We make  a d i rec t  compa r i son  to  the  quasa r  3C 273. Sec t ion  3 desc r ibes  
some de ta i l s  of our  A D D  mode l  s p e c t r u m  ca lcu la t ion .  Sec t ion  4 c o m p a r e s  th is  
mode l  s p e c t r u m  wi th  the  d a t a  and  finds t h a t  acc re t ion  ra t e s  c o m p a r a b l e  wi th  
the  Bond i  r a t e  do no t  ove rp roduce  r a d i a t i o n  and  a re  thus  accep tab l e .  Sec t ion  5 
discusses  some fu r the r  a s t rophys i ca l  imp l i ca t ions  of  th is  resul t .  

2 T h e  s p e c t r u m  of  the  core  e m i s s i o n  

2.1 T h e  M 8 7  d a t a  

T a b l e  1. Summary of the core da ta  

Frequency Resolution uF~ reference notes 
u (Hz) (milliarcsecs) (10 -14 ergs -1 cm -2) 

1.7 x 109 5 1.65 Reid et al. (1989) VLBI 
5.0 x 109 0.7 1.0 Pauliny-Toth et al. (1981) VLBI 
2.2 × 101° 0.15 4.8 Spencer & Junor (1986) VLBI 
1.0 x 1011 0.1 8.7 Bg~th et al. (1992) VLBI 
7 x 1014 50 200 Harms et al. (1994) HST 

2.4 x 1017 4 x 103 85 Biret ta  et al. (1991) Einstein HRI 
2.4 x 1017 4 x 103 160 this work ROSAT HRI 
4.8 x 1017 2 × 105 < 700 this work ASCA 

In order to examine the nature of the accretion flow in M87, we have attempted 
to compile the best observational limits on the full band spectrum of the core 
emission. Our aim is to obtain good observational limits on the core flux over 
a wide range of frequencies rather than to compile a comprehensive list of all 
previous observations. For radio through optical, we use the highest spatial res- 
olution data available from the literature in order to minimize the contribution 
to the flux from the synchrotron emitting jet and the galaxy. However, contribu- 

tions from the jet and the underlying galaxy are unavoidable and so the derived 
spectrum should be considered an upper limit to that of the accretion flow at 
the core of M87. These data are summarized in Table I. 

We have examined the ROSAT HRIand ASCA data sets in order to constrain 
further the nuclear X-ray flux of M87. The ROSAT data were retrieved from 
the public archive situated at the GODDARD SPACE FLIGHT CENTER and result 
from a 14200s exposure performed on 1992-June-7. Figure 1 shows the ROSAT 
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Fig .  1. The core regions of M87/Virgo as imaged in a 14ks exposure with the 
ROSATHRI. Two distinct sources are seen embedded in general diffuse emission. 
The easternmost  source corresponds to the core of M87 whereas the western 
source coincides with the brightest knot within the jet  (knot-A). The diffuse 
emission is from the hot interstellar medium. 

HRI image of the central regions of M87. Emission from tile core and knot-A 
(~  10 arcsecs west of the core) are clearly separated from each other as they 
were in the Einstein HRI  image (Biretta, Stern & Harris 1991). The  ROSAT 
HRI count rate is 0.093 cts s -1 (determined using the XIMAGE software package). 
Assuming the spectrum to be a power-law with a canonical photon index/~ = 1.7 
(Mushotzky, Done & Pounds 1993) modified by the effects of Galactic absorpt ion 
(with column density NH = 2.5 x 102o cm -2 ; Stark et al. 1992), this count rate  
implies a flux density at l k e V  of F ( l k e V )  = 0.67#Jy. This result is fairly 
insensitive to choosing a different power-law index. 

ASCA observed M87 during the PV phase: 12600s of good da ta  were ob- 
tained in 1993 June. We performed a variety of fits to the spec t rum in the central 
regions, incorporating multiple thermal  components,  possible excess low-energy 
absorption, and possible cooling-flow emission. In no case does the addition of a 
power law component  give a noticeable improvement  in the fit. Our limit (at 90 
per cent confidence) is listed in Table 1. 

High resolution VLBI observations probably provide the strongest  constraints  
on the core emission (since they can separate  the core emission from knots of 
jet enfission even within the innermost parsec of the source). High resolution 
optical (HST) and X-ray (ROSAT HRI) measurements  are likely to be fl'ee of 
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galactic contamination but may still possess a significant contribution from the 
inner jet. Sub-ram and far-IR studies provide uninteresting limits on the core 
flux: the comparat ively poor spatial resolution leads to severe contaminat ion 
from galactic emission (predominant ly thermal  emission by dust).  

2.2 T h e  3C 273 d a t a  

For comparison with M87, the open squares on Fig. 2 show da ta  for the radio- 
loud quasar  3C 273. These da ta  are from the compilation of Lichti et al. (1995) 
and are simultaneous or near-simultaneous. Much of this emission is likely to 
originate from the jet and be relativistically beamed. However, the fact tha t  we 
see a big blue bump and opt ica l /UV emission lines from 3C 273 implies that  a 
significant par t  of the opt ica l /UV emission is unbeamed and likely to originate 
from the accretion flow. 

3 T h e  a d v e c t i o n - d o m i n a t e d  m o d e l  

It  is well known that  sub-Eddington accretion can proceed via a thin accretion 
disk (see review by Pringle 1981 and references therein). Such disks are char- 
acterised by being radiatively efficient so that  the energy generated by viscous 
dissipation is radiated locally. As a consequence, such disks are cold in the sense 
tha t  the gas tempera ture  is significantly below the virial temperature .  However, 
for sufficiently low mass accretion rates (m < ~crit  ~" 0.3OZ2, where c~ is the 
s tandard disk viscosity parameter)  there is another  stable mode of accretion 
(see Narayan & Yi 1995 and references therein). In this second mode, the ac- 
cretion flow is very tenuous and, hence, a poor radiator.  The energy generated 
by viscous dissipation can no longer be locally radiated - a large fraction of this 
energy is advected inwards in the accretion flow as thermal  energy and, eventu- 
ally, passes through the event horizon. These are known as advect ion-dominated 
disks (ADDs). 

For convenience, we rescale the radial co-ordinate and define 7" by 

R 
r -  Rsch'  (2) 

where R is the radial coordinate and RSch is the Schwarzschild radius of the 
hole. I t  is an impor tant  feature of ADDs that ,  in the region r < 1000, the ions 
and electrons do not possess the same tempera ture .  The  ions a t ta in  essentially 
the virial temperature .  They couple weakly via Coulomb interactions to the 
electrons which, due to various cooling mechanisms, possess a significantly lower 
temperature .  

By assuming that  the system is undergoing advect ion-dominated accretion, 
we can predict the radio to X-ray spect rum of the accretion flow. Since the gas is 
optically-thin, the emission in different regions of the spect rum is determined by 
synchro-cyclotron, bremsstrahlung and inverse Compton  processes. The  amount  
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of emission from these different processes and the shape of the spec t rum can be 
determined as a function of the model variables: the viscosity parameter ,  c~, the 
ratio of magnetic to total  pressure, /7, the mass of the central black hole, M,  
and the accretion rate, rh. We take a = 0.3 and ~ = 0.5 (i.e. magnet ic  pressure 
in equipartition with gas pressure). The electron t empera tu re  at a given point 
in the ADD, Te, can then be determined self-consistently for a given m and 
M by balancing the heating of the electrons by the ions against  the various 
radiative cooling mechanisms. Within r < 1000, it is found tha t  Te ~ 2 x 
109 K. To determine the observed spectrum, we must  integrate the emission 
over the volume and take account of self-absorption effects. We have taken the 
inner radius of the disk to correspond with the innermost  stable orbit  around a 
Schwarzschild black hole, rim = 3, and the outer radius to be rou  t = 10 a. The 
spectrum is rather  insensitive to the choice of rout since most  of the radiat ion 
originates within rou t .  Details of the model, which is based on tha t  of Narayan  
& Yi (1995), can be found in Di Matteo & Fabian (1996). 

In Fig. 2 we show the spectrum of the advect ion-dominated disk for M = 
3 x 10 9 M Q  and m = 10 -3"5,  10 - 3 0  and 10 -25.  The  peak in the radio band is 
due to synchro-cyclotron emission by the thermal  electrons in the magnet ic  field 
of the plasma. The X-ray peak is due to thermal  bremsst rahlung emission. The  
power-law emission extending through the optical band is due to Comptonizat ion  
of the synchro-cyclotron emission: more detailed calculations show this emission 
to be comprised of individual peaks corresponding to different orders of Compton  
scattering. The positions at which the synchrotron and bremsst rahlung peaks 
occur and their relative heights depend on the parameters  of the model. The  
synchrotron radiation is self-absorbed and gives a black body spectrum,  up to 
a critical frequency, Uc. Above the peak frequency the spec t rum reproduces the 
exponential decay in the emission expected from thermal  p lasma (Mahadevan 
& Narayan 1996). The bremsstrahlung peak occurs at the thermal  frequency 
, ~ k B T c / h .  

4 T h e  c o m p a r i s o n  

Figure 2 demonstrates  the comparison between the core da ta  and the advection 
dominated disk model described above. The accretion ra te  for all three models 
shown is comparable (within an order of magnitude) to the Bondi rate. Each 
of these models represents a physically plausible accretion rate. The two lower 
model curves (rh = 10 - a a ,  10 -3° )  are completely acceptable in the sense tha t  
they do not exceed any observational bounds. Furthermore,  it can be seen tha t  
a substantial  portion of the VLBI core flux may  originate from an advection 
dominated disk. In part icular  two of the VLBI da ta  points seem to reproduce 
almost exactly the slope of self-absorbed cyclo-synchrotron spectrum. We note 
that  radio observations of early-type galaxy cores typically show rising or flat 
spectra  with very similar slope (~  0.3) (Slee et al. 1994), which is well accounted 
for by the spectrum of an ADD (Fig. 2 and Mahadevan 1996). 
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Fig.  2. Spectra of M87 calculated with an advection-dominated flow extending 
fl'om r,~i,~ = 3 to r,,~ax = 1000. The parameters are m = 3x 109, c~ = 0.3, ~ = 0.5. 
Three models are shown: (i) rh = 10-a 5-dashed line, (ii) rh = 10-a-solid line, 
(iii) rh = 10-2 5-dot-dashed line. The circles and squares represent various mea- 
surements of the spectrum of M87 and 3C 273, respectively, taken from different 
the references explained in the text. For M87, a distance of 16Mpc is assumed, 
whereas for 3C 273 we have taken a Hubble constant of 50kms  -1 Mpe -1 and 
a deceleration parameter of q0 = 0.0. In our model, the spectrum of M87 would 
lie only 2 decades below that  of 3C273 if it had a standard, rather than advec- 
tion-dominated, disk. 

The core as seen in the 100GHz VLBI data, the HST data  and the R O S A T  

HRI X-ray data requires some additional component. The synchrotron jet would 
be a candidate for this additional component (provided the jet becomes self- 
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absorbed at frequencies u ~ 100 GHz or less). 
Figure 2 shows the contrast  between M87 and 3C 273.3C 273 is observed to 

be at least 5 orders of magnitude more luminous than M87 at all wavelengths. 
The big blue bump in the spect rum of this quasar  is often interpreted to be 
thermal  emission from a s tandard thin-disk. Assuming a thin-disk efficiency of 

= 0.1, the inferred accretion rate is M ,,, 50 M o. Thus,  it is possible tha t  the 
mass accretion rates in M87 and 3C 273 differ by only 2 orders of magni tude 
despite the fact tha t  the luminosities differ by 5-6 orders of magnitude.  

5 S u m m a r y  a n d  d i s c u s s i o n  

We conclude tha t  accretion from the hot gas halo at rates comparable  with the 
Bondi rate is compatible with the low-luminosity of this core provided the final 
stages of accretion (where most of the gravi tat ional  energy is released) involve 
an advection dominated disk. This is in complete accord with the suggestion of 
Fabian & Rees (1995). An impor tant  test  of this model will be the micro-arcsec 
radio imaging such as is promised by the VLBI Space Observatory  P rog ram 
(VSOP). This will provide the capabili ty to image the core of M87 on scales com- 
parable to the Schwarzschild radius of the black hole. Any advect ion-dominated 
disk should be directly revealed as a synchrotron self-absorbed s t ructure  with a 
position angle tha t  is perpendicular  to the jet  axis. 

The consistency of this model with the da ta  allows us to explore some as- 
trophysical implications of ADDs in giant elliptical galaxies. Rees et al. (1982) 
have argued tha t  electromagnetic extract ion from black holes surrounded by ion- 
supported tori (which share many of the basic physical propert ies  of ADDs) can 
power relativistic jets in radio galaxies. The  jets can be collimated in the in- 
ner regions of the ion-supported toms.  If we apply the Blandford-Znajek (1977) 
mechanism to M87, we predict that  the amount  of energy extracted from a Kerr  
black hole is of the order of 

L E M ~  1 0 4 3 ( a )  2 2 2 m B 2 M  ~ ergs  -1 (3) 

where a < m is the usual angular m om en t um  of the black hole (in dimensionless 
units), M = 109M9 M O is the mass of the black hole (M9 ~ 3) and B = 102B2 G 
is the magnetic  field in the vicinity of the hole. From our model (assuming 
equipartit ion),  we determine B to be 

This determinat ion of LEM is completely consistent with the kinetic luminosity 
of M87 jet  (LK ~-, 1043 ergs  -1 ) obtained by Reynolds et al. (1996). 

ADDs may be relevant to the creation of a unified model  for radio-loud AGN. 
We are suggesting tha t  M87, a classic FR-I  radio source, possesses an ADD. How- 
ever, ASCA observations of broad iron K a  fluorescence lines in the two FR- I I  
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sources 3C 390.3 (Eracleous, Halpern & Livio 1996) and 3C 109 (Allen et al. 
1996) strongly point to the presence of s tandard  cold (thin) accretion disks in 
these objects. This leads to the speculation tha t  the F R - I / F R - I I  dichotomy is 
physically the dichotomy between advect ion-dominated and s tandard  disks: i.e. 
FR-I  sources possess ADDs whereas FR-I I  sources possess ' s t andard '  thin accre- 
tion disks. In this sense, the accretion disks in FR-I I  sources and Seyfert nuclei 
would be intrinsically similar (Seyfert nuclei also display broad iron emission 
lines tha t  are believed to originate from the central regions of a thin accretion 
disk.) We note that  a very similar unification scheme (in the context  of ion- 
supported tori versus thin accretion disks) has been discussed by Begelman, 
Blandford & Rees (1984) and Begelman (1985; 1986). The only difference is the 
increased observational evidence. 
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ROSAT o b s e r v a t i o n s  o f  w a r m  a b s o r b e r s  in A G N  

S. Komossa, H. Fink 

Max-Planck-Institut fiir extraterrestrische Physik, 85740 Garching, Germany 

Abstract: 
We study the properties of warm absorbers in several active galaxies (AGN) 

and present new candidates, using ROSAT X-ray observations. Several aspects of 
the characteristics of warm absorbers are discussed: (i) constraints on the density 
and location of the ionized material are provided; (ii) the impact of the presence 
of the warm gas on other observable spectral regions is investigated, particularly 
with respect to the possibility of a warm-absorber origin of one of the known 
high-ionization emission-line region in AGN; (iii) the possibility of dust mixed 
with the warm material is critically assessed; and (iv) the thermal  stability of 
the ionized gas is examined. Based on the properties of known warm absorbers, 
we then address the question of where else ionized absorbers might play a role in 
determining the traits of a class of objects or individual peculiar objects. In this 
context, the possibility to produce the steep soft X-ray spectra of narrow-line 
Seyfert-1 galaxies by warm absorption is explored, as compared to the alternative 
of an accretion-produced soft excess. The potentiali ty of explaining the strong 
spectral variability in RX J0134-42 and the drastic flux variability in NGC 5905 
via warm absorption is scrutinized. 

1 I n t r o d u c t i o n  a n d  m o t i v a t i o n  

Absorption edges have been found in the X-ray spectra of several Seyfert galaxies 
and are interpreted as the signature of ionized gas along the line of sight to 
the active nucleus. This material, the so-called 'warm absorber ' ,  provides an 
important  new diagnostic of the AGN central region, and hi therto revealed its 
existence mainly in the soft X-ray spectral region. The nature, physical state, and 
location of this ionized material, and its relation to other nuclear components,  
ist still rather unclear. E.g., an outflowing accretion disk wind, or a high-density 
component of the inner broad line region (BLR) have been suggested. 

The presence of an ionized absorber was first discovered in Einstein obser- 
vations of the quasar MR 2251-178 (Halpern 1984). With the availability of 
high quality soft X-ray spectra from ROSAT and ASCA, several more warm 
absorbers were found: they are seen in about  50% of the well studied Seyfert 
galaxies (e.g. Nandra  ~z Pounds 1992, Turner et al. 1993, Mihara et M. 1994, 
Weaver et al. 1994, Cappi et al. 1996) as well as in some quasars (e.g. Fiore et 
al. 1993, Ulrich-Demoulin & Molendi 1996, Schartel et al. 1997). More than one 
warm absorber imprints its presence on the soft X-ray spectrum of MCG-6-30-15 
(Fabian 1996, Otani et al. 1996) and NGC 3516 (Kriss et al. 1996). Evidence 
for an influence of the ionized material on non-X-ray parts of the spectrum is 
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still rare: Mathur and collaborators (e.g. Mathur et al. 1994) combined UV and 
X-ray observations of some AGN to show the X-ray and UV absorber to be the 
same component. Emission from NeVIII),774, tha t  may originate from a warm 
absorber, was discovered in several high-redshift quasars (Hamann et al. 1995). 

The warm material is thought to be photoionized by emission from the central 
continuum source in the active nucleus. Its degree of ionization is higher than 
that  of the bulk of the BLR and the gas temperature  is typically of order 105 K. 
The properties of hot photoionized gas were studied e.g. in Krolik & Kallman 
(1984), Netzer (1993), Krolik & Kriss (1995), and Reynolds & Fabian (1995). 

Here we analyze the X-ray spectra of several Seyfert galaxies, using R O S A T  
PSPC observations that  nicely trace the spectral region in which the warm ab- 
sorption features are located. In a first part,  the properties of the 'safely' iden- 
tiffed warm absorbers in the Seyfert galaxies NGC 4051, NGC 3227, and Mrk 
1298 are derived, as far as X-ray spectral fits allow. These absorbers span a 
wide range in ionization parameter.  Their  properties are then further discussed 
in light of the known multi-wavelength characteristics of the individual Seyfert 
galaxies. E.g., the optical spectra show several features tha t  may be directly 
(high-ionization emission lines, strong reddening), or indirectly (FeII complexes) 
linked to the presence of the warm absorber. In a second part ,  we will assess 
whether some properties of other classes of objects or individuals can be under- 
stood in terms of warm absorption. In particular, the existence of objects with 
deeper absorption complexes that  recover only beyond the R O S A T  energy range 
is expected (unless an as yet unknown fine-tuning mechanism is at work, that  
regulates the optical depths in the important  metal ions). In this line, it is ex- 
amined whether the presence of a warm absorber is a possible cause of the X-ray 
spectral steepness in narrow-line Seyfert 1 (NLSyl)  galaxies. Furthermore,  we 
scrutinize whether the strong spectral variability in RX J0134-42, and the dras- 
tic flux variability in NGC 5905 can be traced back to the influence of a warm 
absorber. 

2 M o d e l s  

The warm material was modeled using the photoionization code Cloudy (Ferland 
1993). We assume the absorber (i) to be photoionized by continuum emission of 
the central pointlike nucleus, (ii) to be homogeneous, (iii) to have solar abun- 
dances (Grevesse & Anders 1989), and (iv) in those models tha t  include dust 
mixed with the warm gas, the dust properties are like those of the Galactic in- 
terstellar medium, and the abundances are depleted correspondingly (Ferland 
1993). 

The ionization state of the warm absorber can be characterized by the hy- 
drogen column density Nw of the ionized material and the ionization parameter  
U, defined as 

U = Q/(4~rr2nHc) (1) 

where Q is the number rate of incident photons above the Lyman limit, r is 
the distance between central source and warm absorber, nH is the hydrogen 
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density (fixed to 10 9.5 cm -3 unless noted otherwise) and c the speed of light. 
Both quantities, Nw and U, are determined from the X-ray spectral  fits. 

The spectral  energy distribution (SED) chosen for the modeling corresponds 
to the observed multi-wavelength continuum in case of NGC 4051 and two of the 
NLSyls ,  a mean Seyfert continuum with energy index C~uv-× = -1.4 else. The  
influence of the non-X-ray parts  of the continuum shape will be commented  on in 
Sect. 3.1, which will show the assumption of a mean Seyfert SED to be justified. 
However, the EUV par t  of the SED contributes to the numerical value of U. For 
bet ter  comparison of the ionization states of the discussed warm absorbers,  we 
also give the quanti ty ~" for each object,  which is U normalized to the mean 
Seyfert continuum with a u v - ~ =  1.4. 

The X-ray da ta  reduction was performed in a s tandard  manner ,  using the 
EXSAS software package (Zimmermann et al. 1994). 

3 N G C  4 0 5 1  

NGC 4051 is a low-luminosity Seyfert galaxy with a redshift of z=0.0023, clas- 
sified as Seyfert 1.8 or NLSyl .  It  is well known for its rapid X-ray variability 
and has been observed by all major  X-ray missions. Evidence for the presence of 
a warm absorber  was discovered by Pounds et al. (1994) in the R O S A T  survey 
observation. We have analyzed all archival observations of NGC 4051 (part  of 
those were independently presented by McHardy et al., 1995) and PI  da ta  taken 
in Nov. 1993. Emphazis  is put on the lat ter  observation, and the results refer 
to these da ta  if not s tated otherwise (for details on the Nov. 93 observation see 
Komossa  & Fink 1997; for the earlier ones Komossa  & Fink 1996). 

3.1 S p e c t r a l  a n a l y s i s  

A single powerlaw gives a poor fit to the X-ray spect rum of NGC 4051 (X2red = 
3.8) and the resulting slope is ra ther  steep (photon index Fx = -2.9). A warm 
absorber model describes the spec t rum well, with an ionization pa ramete r  of 
logU = 0.4 (log~- = 0.8), a large warm column density of logNw = 22.67, and 
an intrinsic powerlaw spectrum with index F× = -2.3. The unabsorbed (0.1-2.4 
keV) luminosity is Lx = 9.5 × 1041 erg/s  (for a distance of 14 Mpc). The addition 
of the absorber-intrinsic emission and far-side reflection to the X-ray spect rum,  
calculated for a covering factor of the warm material  of 0.5, only negligibly 
changes the results (log Nw = 22.70) due to the weakness of these components .  

We note, that  the intrinsic, i.e. unabsorbed,  powerlaw with index Fx = - 
2.3 is steeper than the Seyfert-1 typical value with Fx = -1.9 and it is also in 
its steepest observed s tate  in NGC 4051. We have verified tha t  no addit ional 
soft excess causes an apparent  deviation from the canonical index, al though the 
presence of such a component,  with kTbb ~-- 0.1 keV, is found in the high-state 
data.  

The observed multi-wavelength SED for NGC 4051 was used for the above 
analysis, with auv -x=-0 .7 .  In some further model sequences, the influence of the 
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continuum shape on the results was tested, by (i) the addition of an EUV black 
body component with variable temperature  and normalization (chosen such that  
there is no contribution of that  component to the observed UV or X-ray par t  
of the spectrum), and (ii) the inclusion of a strong IR spectral component  as 
observed by IRAS (although at least part  of it is most probably due to emission 
by cold dust from the surrounding galaxy; e.g. Ward et al. 1987). We find: (i) 
an additional black body component in the EUV has negligible influence on the 
X-ray absorption structure; (ii) an additional IR component strongly increases 
the free-free heating of the gas and the electron tempera ture  rises. The best-fit 
ionization parameter  changes to log U = 0.2. 
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Fig.  1. Left: The upper panel shows the observed X-ray spectrum of NGC 4051 
(crosses) and the best-fit warm absorber model (solid line). The next  panel 
displays the fit residuals for this model. For comparison, the residuals resulting 
from a single powerlaw description of the data  are shown in the lower panel (note 
the different scale in the ordinate). Right: The same for NGC 3227. 
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3.2 Temporal  analysis 

We detect strong variability: The largest amplitude is a factor of ~ 30 in count 
rate during the 2 year period of observations. In the Nov. 1993 observation, NGC 
4051 is variable by about  a factor of 6 within a day. The  amplitude of variability 
is essentially the same in the low energy (E _< 0.5 keV; dominated by the cold- 
absorbed powerlaw) and high energy (dominated by ionized-absorption) region 
of the ROSAT band (Fig. 2). To check for variability of the absorption edges in 
more detail, we have performed spectral fits to individual subsets of the total  
observation (referred to as 'orbits'  hereafter). The best-fit ionization parameter  
turns out to be essentially constant over the whole observation despite strong 
changes in intrinsic luminosity. This constrains the, a priori unknown, density 
and hence location of the warm absorber (see below). 
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Fig.  2. Count rate CR in the soft ROSAT energy band versus count rate in 
the hard band, each normalized to the mean count rate in the corresponding 
band. Left: NGC 4051, right: NGC 3227. The dotted line represents a linear 
correlation. 

3.3 P r o p e r t i e s  o f  t h e  w a r m  a b s o r b e r  

D e n s i t y  A limit on the density n can be drawn from the spectral (non-)variability, 
i.e. the constancy of U during a factor of > 4 change in intrinsic luminosity. The 
reaction timescale trec of the ionized material is conservatively est imated from 
the lack of any reaction of the warm material during the long low-state in orbit 
7, resulting in a recombination timescale trec ~ 2000 S. The upper limit on the 
density is given by 

1 ni 1 T x 
Tte ,~  t r e c  n i + l  A(~-~)  (2) 

where ni/ni+l is the ion abundance ratio of the dominant coolant and the last 
term is the corresponding recombination rate coefficient a -1 (Shull &: Van i + l , i  
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Steenberg 1982). We find n ~ 3 x 107cm -3, dismissing a high-density BLR 
component as possible identification of the warm absorber tha t  dominates the 
Nov. 93 spectrum. The corresponding thickness of the ionized material  is D 
2 x 101~ cm. 

L o c a t i o n  The location of the warm material is poorly constrained from X-ray 
spectral fits alone. Using Q = 1.6 x 1052 s -z and the upper limit on the density, 
yields a distance of the absorber from the central power source of r ~ 3 x 10 ~6 cm. 
Conclusive results for the distance of the BLR in NGC 4051 from reverberat ion 
mapping, that  would allow a judgement of the position of the warm absorber 
relative to the BLR, do not yet exist: Rosenblatt  et al. (1992) find the continuum 
to be variable with high amplitude, but  no significant change in the H/3 flux. 

W a r m - a b s o r b e r  in t r in s i c  l ine e m i s s i o n  a n d  c o v e r i n g  f a c t o r  For 100% 
covering of the warm material, the absorber-intrinsic H/3 emission is only about  
1/220 of the observed LH~. The strongest optical emission line predicted to arise 
from the ionized material is [FeXIV]A5303. Its scaled intensity is [FeXIV]wa/H/3obs 

0.01. This compares to the observed upper limit of [FeXIV]/H/3 ~ 0.1 (Pe- 
terson et al. 1985) and it is consistent with a covering of the warm material  of 
less or equal 100%. Due to the low emissivity of the warm gas in NGC 4051, no 
strong UV - EUV emission lines are produced (e.g. HeIIA1640wa/H/3obs ~ 0.06, 
NeVIIIA774wa/H/3obs < 0.2). Consequently, no known emission-line component  
in NGC 4051 can be fully identified with the warm absorber. We have verified 
that  this result holds independently of the exact value of density chosen, as well 
as (IR or EUV) continuum shape. 

U V  a b s o r p t i o n  l ines  Due to the low column densities in the relevant ions, 
the predicted UV absorption lines are rather weak. The expected equivalent 
widths for the UV lines CIVA1549, NVA1240 and Lya  are log Wp,/A ~- -4 .0 ,  log 
W ~ / A  ~_ -4 .7 ,  and log W x / A  ~- -3 .0 ,  respectively (for a velocity parameter  b = 
60 km/s;  Spitzer 1978). 

I n f l u e n c e  o f  d u s t  Dust might be expected to survive in the warm absorber, 
depending on its distance from the central energy source and the gas-dust in- 
teractions. A dusty environment was originally suggested as an explanation for 
the small broad emission-line widths in NLSyl  galaxies. Warm material with 
internal dust was proposed to exist in the quasar IRAS 13349+2438 (Brandt  et 
al. 1996). The evaporation distance rev of dust due to heating by the radiation 
field is provided by rev ~ Lv/-L-~46 pc (e.g. Netzer 1990). For NGC 4051 we derive 
rev ~ 0.02 pc, 

Mixing dust of Galactic ISM properties (including both, graphite and as- 
tronomical silicate; Ferland 1993) with the warm gas in NGC 4051 and self- 
consistently re-calculating the models leads to maximum dust temperatures  of 
2200 K (graphite) and 3100 K (silicate), above the evaporation temperatures  (for 
a density of nH ---- 5 × 107 cm -3 and U, Nw of the former best-fit model). For 
nH g 106 cm -3, dust can survive throughout  the absorber. However, it changes 
the equilibrium conditions and ionization structure of the gas. For relatively 
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high ionization parameters ,  dust very effectively competes  with the gas in the 
absorption of photons (e.g. Netzer & Laor 1993). 

Firstly, re-running a large number of models, we find no successful fit of the 
X-ray spectrum. This can be traced back to the relatively higher impor tance  
of edges from more lowly ionized species, and part icularly a very strong carbon 
edge (Fig. 3). There are various possibilities to change the propert ies  of dust 
mixed with the warm material .  The  one which weakens observable features, like 
the 2175 A absorption and the 10# IR  silicon feature, and is UV gray, consists 
of a modified grain size distribution, with a dominance of larger grains (Laor 
& Draine 1993). However, again, such models do not fit the observed X-ray 
spectrum, even if silicate only is assumed to avoid a strong carbon feature and 
its abundance is depleted by 1/10. 

The absence of dust in the warm material  would imply either (i) the history 
of the warm gas is such that  dust was never able to form, like in an inner-disc 
driven outflow (e.g. Murray et al. 1995, Wi t t  et al. 1996) or (ii) if dust originally 
existed in the absorber,  the conditions in the gas have to be such tha t  dust is 
destroyed. In the lat ter  case, one obtains an impor tant  constraint  on the density 
(location) of the warm gas, which then has to be high enough (near enough) 
to ensure dust destruction. For the present case (and Galactic-ISM-like dust) 
only a narrow range in density around nH ~ 5 × 10 ~ cm -3 is allowed. For lower 
densities, dust can survive in at least par t  of the absorber  and higher densities 
have already been excluded on the basis of variability arguments.  

3.4 E v i d e n c e  for  a n  ' E U V  b u m p '  

The warm absorber fit shown in Fig. 1 shows some residual s t ructure  between 0.1 
and 0.3 keV that  can be explained by an additional very soft excess component .  
Of course, the parameters  of such a component  are not well constrained from X- 
ray spectral  fits. One with kTbb = 13 eV and an integrated absorpt ion-corrected 
flux (between the Lyman  limit and 2.4 keV) of F = 7 x 10 -11 e rg / cm2/ s  fits the 
data. I t  contributes about  the same amount  to the ionizing luminosity as the 
powerlaw continuum used for the modeling and has the propert ies of the EUV 
spectral component  for which evidence is as follows: 

A lower limit on the number rate Q of ionizing photons in the unobserved 
EUV-par t  of the SED can be est imated by a powerlaw interpolation between the 
flux at 0.1 keV (from X-ray spectral fits) and the Lyman-l imit  (by ext rapola t ing  
the observed UV spectrum),  which was used for the present modeling. This gives 
Q = 1 . 6 ×  1052 s -1. 

Q can also be deduced from the observed H/3 luminosity. Both quantit ies are 
related via Q = (2.1 -3 .8 )×1012  LH3 (Osterbrock 1989). The  mean observed 
LHZ = 7.8 ×10 ~9 erg/s  (Rosenblatt  et al. 1992) yields Q = (1.6 - 2.5) × 1052 
s -1. It  is interesting to note tha t  this is of the same order as the lower limit 
determined from the assumption of a single powerlaw EUV-SED, suggesting the 
existence of an additional EUV component  in NGC 4051. 
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Fig.  3. Change in the X-ray absorption spectrum when dust is added to the warm 
absorber. The thin straight line marks the intrinsic continuum, the fat line shows 
the best-fit warm-absorbed spectrum of NGC 4051. The dotted line corresponds 
to the same model, except for depleted metal abundances. The thin solid lines 
represent models including dust (and depleted abundances); the depletion factor 
of dust, relative to the standard Galactic-ISM mixture is marked. 

A third approach to Q is via the ionization-parameter sensitive emission- 
line ratio [OII]A3727/[OIII]A5007 (e.g. Schulz & Komossa 1993), and using this 
method we find Q _~ (1.7 - 3.4) x 1055 s -1. 

An additional EUV component may also explain the observational trend 
that  broad emission lines and observed continuum seem to vary independently 
in NGC 4051 (e.g. Peterson et al. 1985, Rosenblatt  et al. 1992), as expected if 
the observed optical-UV continuum variability is not fully representative of the 
EUV regime. 

4 N G C  3 2 2 7  

NGC 3227 is a Seyfert 1.5 galaxy at a redshift of z=0.003. Although studied in 
many spectral regions, most at tention has focussed on the optical wavelength 
range. NGC 3227 has been the target of several high spectral and spatial reso- 
lution studies and BLR mapping campaigns. P tak  et al. (1994) found evidence 
for a warm absorber in an A S C A  observation. 

4.1 Spectral analysis 

For a single powerlaw description of the soft X-ray spectrum we obtain a very 
fiat spectrum (Fx -~ -1.2), and strong systematic residuals remain. A powerlaw 
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with the canonical index of F×=- l .9 ,  modified by warm absorption,  describes the 
da ta  well. The al ternative description, a soft excess on top of a powerlaw, results 
in an unrealistically flat slope with Fx ~ -1.1, in contradiction to higher-energy 
observations (F× ~_ -1.9, George et al. 1990; Fx -~ -1.6, P t a k  et al. 1994). 

4.2 T e m p o r a l  a n a l y s i s  

We find the source to vary by a factor of 3.5 in count rate  during the 11 days of the 
pointed observation. The shortest  resolved doubling timescale is 380 minutes. An 
analysis of the survey da ta  reveals strong variability between survey observation 
and pointing (which are separated by ~ 3y) with a m a x i m u m  factor of ~ 15 
change in count rate. Unfortunately, the low number  of photons accumulated 
during the survey does not allow a detailed spectral  analysis. 

Dividing the da ta  in a hard and soft band, according to a photon energy of 
larger or less than  0.9 keV, we find correlated variability between both  bands 
(Fig. 2), implying tha t  no drastic spectral  changes have taken place. The  soft 
band includes most  of the warm absorption features (which extend throughout  
this whole band; cfi Fig. 4) as well as the influence of the cold absorbing column, 
which consequently cannot  be disentangled from tha t  of the ionized material .  
Spectral  fits to individual 'orbi ts '  of the total  observation show the ionization 
parameter  U to be constant throughout  the whole observation, independent  of 
luminosity. (In this study, the cold and warm column densities were fixed to the 
values determined for the total  observation.) 

4.3 P r o p e r t i e s  o f  t h e  w a r m  a b s o r b e r  

A dusty a b s o r b e r ?  We find an ionization pa ramete r  of logU ~ - 1 . 0  and a 
warm column density of logNw ~ 21.5. The cold column, NH = 0.55 × 1021 
cm -2 (corresponding to a reddening of Av=0m.3, if accompanied by dust),  is 
larger than the Galactic value (NH aal _~ 0.22 × 1021 cm-2) ,  but not as large 
as indicated by line reddening. The narrow Ha~H/3 ratio measured by, e.g., 
Cohen (1983) implies an extinction of Av -~ 1.2. At another  time, Mundell et al. 
(1995a) repor t  a much higher value, Av -~ 4.5. The  intrinsic Bahner line ratios 
are expected to be close to the recombinat ion value under NLR conditions. A 
change in the Ha/H~3 ratio has then to be a t t r ibuted  to extinction by dust. 
However, dust intrinsic to the narrow line clouds is not expected to vary by 
factors of several within years, suggesting tha t  the extinction is caused by an 
external absorber  along the line of sight. If  this dust is accompanied by an 
amount  of gas as typically found in the Galactic interstellar medium, a large 
cold absorbing column of NH ~ 8.3 x 1021 cm -2 is expected to show up in 
the soft X-ray spectrum. (We note tha t  the present X-ray observation and the 
optical observations by Mundell et al. (1995a) are not simultaneous, but  they 
are only separated by 6½ months.)  Such a large neutral  column is not seen in 
soft X-rays. Dust  mixed with the warm gas could supply the reddening without  
implying a corresponding cold column. 
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Fitting a sequence of (Galactic-ISM-like) dusty absorbers provides an excel- 
lent description of the soft X-ray spectrum, with log U ~ -0.25 and log Nw 
21.8. The cold column is still slightly larger than the Galactic value, consistent 
with Mundell et al. (1995b), who find evidence for HI absorption towards the 
continuum-nucleus of NGC 3227. 

Another possibility to explain the comparatively low cold column observed 
in X-rays is that we see scattered light originating from an extended component 
outside the nucleus. However, in that case the X-ray emission should not be 
that rapidly variable (e.g. Ptak et al. 1994; our Sect. 4.1). An alternative that 
cannot be excluded, due to the non-simultaneity of the observations, is that  the 
material responsible for the reddening may have appeared only after the X-ray 
observation. In this scenario, it may not be associated with the warm absorber 
at all, but consist of thick blobs of dusty cold material crossing the line of sight. 
Since this is a possibility, we will include the dust-free warm absorber description 
of the data in the following discussion. 
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Fig. 4. Left: Warm-absorbed X-ray spectrum of NGC 3227 (solid line: dust-free, 
dashed: dusty model) between 0.1 and 10 keV, corrected for cold absorption. The 
straight line corresponds to the unabsorbed powerlaw. The dotted lines show the 
change in the absorption structure for a factor of 2 (upper curve) and a factor 
of ½ change in luminosity, and consequently in U. The two curves were shifted 
to match the normalization of the best-fit model, to allow a better comparison. 
The horizontal line at the bottom brackets the R O S A T  sensitivity range, the 
vertical bars indicate the bin sizes in energy that where used in the spectral 
fitting. The arrow marks the position of the OVII edge. Right: Warm-absorbed 
X-ray spectrum of Mrk 1298. 
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D e n s i t y  a n d  L o c a t i o n  (i) For the dust-free best fit ( logU -~ -1 .0 ) ,  the 
density-scaled distance of the warm absorber is r -~ 1016cm ×(n9.5) -0 '5 ,  which 
compares to the typical BLR radius of r ~- 17 ld = 4 x 1016 cm, as determined 
from reverberation mapping (Salamanca et al. 1994, Winge et al. 1995). (ii) For 
the dusty warm absorber, the gas density has to be less than about  107 cm -3 ,  
i.e. r _> 9 x 1016 cm x(nT) - °5 ,  to ensure dust survival. Constant ionization 
parameter  throughout  the observed low-state in flux (Sect. 4.2) further implies 
n ~ 2 x 106 cm-3; or even n ~ 2.5 x 104 cm -3, based on the assumption of 
constant U during the total observation (less certain, due to t ime gaps in the 
data),  and still using tre c as an estimate. The ionized material has to be located 
at least between BLR and NLR, or even in the outer parts of the NLR, to extinct 
a non-negligible part  of the NLR. 

T h e r m a l  s t a b i l i t y  The thermal stability of the warm material is addressed 
in Fig. 5. Between the low-temperature (T --- 104 K) and high-temperature 
(T ~ 10 T-s K) branch of the equilibrium curve, there is an intermediate region 
of multi-vMued behavior of T in dependence of U/T, i.e. pressure (e.g., Guilbert  
et al. 1983; their Fig. 1). It is this regime, where the warm absorber is expected 
to be located, with its temperature  typically found to lie around T ,-~ 10 ~ K. 
The detailed shape of the equilibrium curve in this regime depends strongly 
on the shape of the ionizing continuum, and properties of the gas, e.g. metal 
abundances. An analysis by Reynolds & Fabian (1995) placed the warm absorber 
in MCG-6-30-15 in a small stable regime within this intermediate region (its 
position is marked by an arrow in Fig. 5). The ionized material in NGC 3227 is 
characterized by a comparatively low ionization parameter.  Its location in the T 
versus U/T diagram is shown for the models that  provide a successful description 
of the X-ray spectrum. The shape of the equilibrium curve is clearly modified 
for the model including dust and correspondingly depleted metal abundances. 

The locations of the warm absorbers in other objects of the present s tudy 
are also plotted. They are found to lie all around the intermediate stable region. 
Interesting behavior is shown by the warm material in two observations of NGC 
4051. A detailed asessment of the thermal stability of ionized absorbers is still 
difficult due to the strong influence of several parameters  on the shape of the 
equilibrium curves. 

L ine  e m i s s i o n  From a sample of objects chosen to asses whether one of the 
known emission-line regions in active galaxies can be identified with the warm 
absorber, NGC 3227 represents the low-ionization end of the known warm ab- 
sorbers. It also exhibits broad wings in Ha  that  do not follow continuum vari- 
ations (Salamanca et al. 1994), indicative of a higher than usual ionized com- 
ponent, that  may be identified with the warm absorber. (i) Dust-free warm ab- 
sorber: The absorber-intrinsic luminosity in H~ is only about  1/30 of the broad 
observed H~ emission (Rosenblatt et al. 1994; de-reddened with Av--0.9). The 
scaled optical lines are weak, e.g., [FeX]wa/H/3obs ~ 0.03. The strongest line in 
the ultraviolet is CIV)~1549, with CIVwa/H~obs ~ 6. A comparison of the ex- 
pected line strengths with a typical BLR spectrum is shown in Fig. 6. (ii) In 
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Fig. 5. Equilibrium gas temperature T versus U/T and locations of warm ab- 
sorbers. The equilibrium curves are shown for different ionizing continua and 
gas properties, and the positions of the warm absorbers discussed in the present 
study are marked. The solid lines correspondto SEDs with (i) Fx = -1.6 (left) 
and (ii) Fx = -1.9 (right), and auv-x = -1.4; long-dashed: the same continuum as 
(ii), but gas of depleted metal abundances and with dust; short-dashed: ionizing 
continua employed for the NLSyl galaxies RX J1239 (left, auv-x = -0.75) and 
RXJ1225 (auv-x = -1.9); dotted: observed SED of NGC 4051 with F. = -2.3. 
The symbols mark the positions that we derive for the warm absorbers from 
X-ray spectral fits; triangles: NGC 3227 (for the dusty and dust-free absorber 
model); square: Mrk 1298; lozenges: NGC 4051, Nov. 1991 observation (lower 
symbol) and Nov. 1993 observation; arrow pointed to solid line: MCG-6-30-15 
(Reynolds & Fabian 1995); circles: RX 51239 (left) and RX 31225. 

case of dust mixed with the ionized material, the overall emissivity is reduced 
and no strong emission lines are predicted. 

U V  absorption lines A comparison of UV absorption lines and X-ray absorp- 
tion properties of active galaxies was performed by Ulrich (1988). Her analysis of 
an IUE spectrum of NGC 3227 in the range 2000 - 3200/~ revealed the presence 
of MgIIA2798 absorption with an equivalent width of log W~/)~ ~- -2.8. The X- 
ray warm absorber in NGC 3227 is of comparatively low ionization parameter. 
Nevertheless, the column density in MgII is very low, with log W~/,k ~_ -5.7 (and 
considerably lower for the dusty model). Predictions of UV absorption lines that 
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arise from the ionized material  are made for the more highly ionized species, e.g. 
log W~/A _~ -2.9 ( -  3.0) for CIVA1549, and log WA/A -~ -3.0 (-3.1) for NVA1240 
(for b = 60 km/s) .  The values in brackets refer to the warm absorber  model tha t  
includes dust. 

5 M r k  1 2 9 8  

Mrk 1298 (PG 1126-041) is a luminous Seyfert 1 galaxy at  a redshiff of z =  0.06. 
The optical spect rum exhibits strong FeII emission. The presence of a warm 
absorber  in the X-ray spectrum was found by Wang et al. (1996). 

5.1 Spectral analysis 

Again, the deviations of the X-ray spec t rum from a single powerlaw fit are strong 
(X2red=4.3) with a rather  steep slope of index Fx --- -2.6. Among various spectral  
models compared with the data  (including those consisting of a soft excess on top 
of a powerlaw), only the warm absorber  model provides a successful description. 
Due to the rather  low number of detected photons,  the underlying powerlaw 
index is not well constrained and was fixed to the canonical value of F x = - l . 9 .  

5.2 P r o p e r t i e s  o f  t h e  w a r m  absorber 

We find an ionization parameter  of log U -~ - 0 . 3  and a warm column density of 
log Nw -~ 22.2. The absorber-intrinsic line emission turns out to be negligible, 
with L ~  = 1/740 robs except for OVIA1035wa/H/3ob8 = 0.4. Wang et al. (1996) ~H~, 
mention the existence of strong UV absorpt ion lines in an IUE spectrum. Here 
we find indeed rather  large column densities in C 3+ and N 4+, corresponding to 
an equivalent width for, e.g., CIV of log W~/A _~ - 2 . 9  (for b = 60 kin/s) .  

Table  1. Properties of the warm absorbers in the three Seyfert galaxies. For comparison 
results from a single powerlaw fit are shown. 

name date of obs. warm absorber single powerlaw 
N(H ') Fx log U log Nw 2 N O) 2 ~}~red /~x Xred 

NGC 4051 Nov. 1991 0.13 (2) -2.2 0.2 22.5 1.1 0.18 -2.8 2.8 

Nov. 1993 0.13 -2.3 0.4 22.7 1.1 0.17 -2.9 3.8 

NGC 3227 May 1993 0.55 -1.9 -1.0 21.5 0.8 0.38 -1.2 1.7 

0.55 -1.9 -0.3 21.8 0.7 (3) 

Mrk 1298 June 1992 0.44 (2) -1.9 -0.3 22.2 0.9 0.44 (2) -2.6 4.3 

(1) in 1021 cm -2 (2) Galactic value (~) model including dust 
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6 Narrow Line Seyfert 1 Galaxies 

Several extremely X-ray soft Seyferts have been found recently that  belong to the 
class of NLSyl galaxies (e.g. Puchnarewicz et al. 1992), which are characterized 
by narrow Balmer lines, and often strong FeII emission (e.g. Goodrich 1989). 
One interpretation of the X-ray spectral steepness is the dominance of the hot 
tail of emission from an accretion disk (e.g. Boller et al. 1996). Another one, 
which will be explored below, is the presence of a warm absorber. 

In fact, a natural consequence of the observation of absorption edges in the X- 
ray spectra of Seyfert galaxies, is to also expect objects with deeper absorption, 
with mainly the 'down-turning' part of the absorption-complex being visible in 
the ROSAT sensitivity region. Good such candidates are ultrasoft AGN, and 
some are studied in the following. 

6.1 R X J 1 2 3 9 . 3 % 2 4 3 1  and R X J 1 2 2 5 . 7 + 2 0 5 5  

The 2 NLSyl galaxies were discovered in ROSAT survey observations and ex- 
hibit very steep X-ray spectra (formally Fx ~--3.7 and -4.3; Greiner et al. 1996) 
and there is slight evidence for a spectral upturn within the ROSAT band. A 
description of the X-ray spectra in terms of warm absorption is found to be suc- 
cessful, albeit not unique due to the poor photon statistics of the survey data. 
We find log U ~ 0.8 (log U ~ 0.4) and log Nw ~ 23.2 for RX J1225, and log U 
-0.1 (log [7 ~ 0.2) and logNw ~ 22.8 for RXJ1239. 

The absorber-intrinsic HE emission is rather large and corresponds to about 
1/10 and 1/7 of the observed LHZ for RX J1225 and RX J1239, respectively. 
Scaling the predicted [FeXIV]A5303 emission of the warm material in order not 
to conflict with the observed upper limit (g  0.15) constrains the covering factor 
of the gas to g 1/6 in RX J1239 and is consistent with 1 in RX J1225. Given the 
high discovery rate of supersoft AGN among X-ray selected ones (e.g. Greiner 
et al. 1996), the covering factors indeed have to be high to account for this fact. 
For both objects, several strong ultraviolet emission lines are predicted, e.g. 
HeIIA1640wa/Hflobs ~- 1.3, FeXXIA1345wa/H~obs -~ 1.1 in RX J1225. The corre- 
sponding emission-line spectrum is illustrated in Fig. 6 assuming the maximal 
covering consistent with the data. 

6.2 R X  J0119 .6 -2821  

RXJ0119 (1E 0117.2-2837) was discovered as an X-ray source by Einstein and 
is at a redshift of z=0.347 (Stocke et al. 1991). It is serendipituously located in 
one of the ROSAT PSPC pointings. 

The X-ray spectrum is very steep. When described by a single powerlaw 
continuum with Galactic cold column, the photon index is Fx "~ -3 .6  (-4.3, if 
NH is a free parameter). The overall quality of the fit is good (~(:2re d ~ 1), but 
there are slight systematic residuals around the location of absorption edges. 
Again, a successful alternative description is a warm-absorbed flat powerlaw of 
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Fig .  6. Emission line spectra in the range 600 - 2900 .~ predicted to arise from 
the warm material in individual objects compared to a mean BLR spectrum, to 
give an impression on the strengths of these lines and allow a judgement  of the 
detectability. The y-axis gives the intensity of the absorber-intrinsic emission 
lines relative to the observed broad H~ emission for the individual objects.  

canonical index. We find a very large column density Nw in this case, and the 
contribution of emission and reflection is no longer negligible; there is also some 
contribution to Fe Kc~. For the pure absorption model ,  the best-fit values for 
ionization parameter and warm column density are log U -~ 0.8, log Nw --- 23.6 
(NH is consistent with the Galactic value), with X2red ~--- 0.74. Including the 
contribution of emission and reflection for 50% covering of the warm material  
gives log Nw -~ 23.8 (X2red = 0.65). 

Several strong EUV emission lines arise from the warm material.  Some of 
these are: FeXXIA2304/H~ = 10, HeIIM640/H/~ = 16, F e X X I M 3 5 4 / H ~  = 37, 
FeXVIIIA975/H~ = 16, NeVIIL~774/H~ = 9, and, just outside the IUE sensi- 
tivity range for the given z, FeXXIIA846/H~ = 113. No absorption from CIV 
and NV is expected to show up. Both elements are more highly ionized. 

6 .3  R X  J 0 1 3 4 . 3 - 4 2 5 8  

This object exhibits an ultrasoft spectrum in the ROSAT survey data (Dec. 
1990; formally Fx -~ -4 .4 ) .  Interestingly, the spectrum has changed to flat in a 
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Fig.  7. Left: Powerlaw fit to the X-ray spectrum of RX J0119 (upper panel) and 
residuals, compared to the residuals for the warm absorber fit (lower panel; note 
the different scale in the ordinate). Right: Accretion disk fit to the 'outburst' 
observation of NGC 5905 (upper panel) and residuals, compared to residuals for 
the warm absorber fit (lower panel). 

subsequent pointing (Dec. 1992; Fx -~ -2 .2 ) .  This kind of spectral variability is 
naturally predicted within the framework of warm absorbers, making the object 
a very good candidate. 

We find that a warm-absorbed, intrinsically flat powerlaw can indeed describe 
the survey observation. Due to the low number of available photons, a range of 
possible combinations of U and Nw explains the data with comparable success. 
A large column density Nw (of the order 1023 cm -2)  is needed to account for the 
ultrasoft observed spectrum. The most suggestive scenario within the framework 
of warm absorbers is a change in the ionization state of ionized material along 
the line of sight, caused by varying irradiation by a central ionizing source. In the 
simplest case, lower intrinsic luminosity would be expected, in order to cause the 
deeper observed absorption in 1990. However, the source is somewhat brighter in 
the survey observation (Fig. 8). Some variability seems to be usual, though, and 
the count rate changes by about a factor of 2 during the pointed observation. If 
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one whishes to keep this scenario, one has to assume that  the ionization state 
of the absorber still reflects a preceding (unobserved) low-state in intrinsic flux. 
Alternatively, gas heated by the central continuum source may have crossed the 
line of sight, producing the steep survey spectrum, and has (nearly) disappeared 
in the 1992 observation. 

It is interesting to note, that  the optical spectrum of RX J0134 rises to the 
blue (Grupe 1996), and a soft excess on top of a powerlaw continuum may 
represent an alternative explanation of the data. 

i 
i , r ' $ , r ' 

o } I 
~ ROSAT range 

"i 
- I - 0 . 5  0 0.5 

log E [keV] 

Fig.  8. Comparison of different X-ray spectral fits to the ROSAT survey obser- 
vation of RX J0134 (thick lines) and the pointed observation (thin solid line). 
Thick solid: single powerlaw with Fx = -4 .4 ;  dashed: warm-absorbed flat pow- 
erlaw; dotted: powerlaw plus soft excess, parameterized as a black body. All 
models are corrected for cold absorption. 

Table 2. Comparison of different spectral fits to the NLSyl galaxies: (i) single powerlaw 
(pl), (ii) accretion disk after Shakura & Sunyaev (1973), and (iii) warm absorber. F× 
was fixed to -1.9 in (ii) and (iii), except for RX J0134, where Fx = 2.2 (see text). 

name powerlaw (1) acc. disk + pl (2) warm absorber (2) 

N (3) F× ~ /iz(4) ~2 2 
Xred :)(red *'*BH Medd Xr~d log U log Nw 2 

RX J1239.3+2431 0.32 -4.3 1.2 0.7 0.4 1.4 -0.1 22.8 1.0 

RX J1225.7+2055 0.29 -3.7 1.9 1+0 0.5 2.1 0.8 23.2 1.8 

RX J0119.6-2821 0.30 -4.3 0.8 0.6 0.6 0.7 0.8 23.6 0.7 

RXJ0134.3-4258 (5) 0.16 -4.4 0.5 11.4 0.1 0.6 0.5 23.1 0.6 

(1)NH free, if > NH Gal (~)NH fixed to N Ca1 (3)in 1021cm -2 (4)in 104M® (~)survey obs. 



ROSAT observations of warm absorbers in ACN 267 

6.4 W a r m  a b s o r b e r s  in all N L S y l  galaxies ? 

There are some NLSyl  galaxies in which the warm absorber is clearly present and 
causes indeed at least most of the observed spectral steepness, as e.g. in NGC 
4051. Mrk 1298 is another example. It exhibits all characteristics of NLSyls ,  
except that  its observed FWHM of Hi3, 2200 kin/s,  just escapes the criterion of 
Goodrich (1989). One of the comfortable properties of the warm-absorber inter- 
pretat ion is the presence of enough photons to account for the strong observed 
FeII emission in NLSyls,  due to the intrinsically fiat powerlaw. It does not imme- 
diately explain the occasionally observed trend of stronger FeIT in objects with 
steeper X-ray spectra, but it is interesting to note tha t  Wang et al. (1996) find 
a t rend for stronger FeII to preferentially occur in objects whose X-ray spectra  
show the presence of absorption edges. 

There  are, however, other objects where neither a fiat powerlaw with soft 
excess nor a warm absorber can account for most of the spectral steepness, 
although the presence of such a component cannot be excluded, as we have 
verified for 1ZwI  and P H L  1092. 

In any model - warm absorber, accretion-produced soft excess, or intrin- 
sically steep powerlaw spectrum - it is still difficult to elegantly account for 
all observational trends; as are, besides strong FeII, the tendency for narrower 
FWHM of broad Hi? for steeper X-ray spectra (e.g. Boller et al., their Fig. 8), 
and a slight anti-correlation of optical and soft X-ray spectral index (Grupe 
1996). Progress is reported in Wandel (1996). Critical comments on the distinc- 
tion between different models concerning photoionization aspects are given in 
Komossa & Greiner (1995). 

To conclude, a warm absorber was shown to successfully reproduce the X-ray 
spectra of several NLSyls  and thus may well mimic the presence of a soft excess. 
High quality spectra are needed to distinguish between several possible models. 
In fact, although the warm absorber dominates the X-ray spectrum of the well- 
studied galaxy NGC 4051, an additional soft excess is present in flux high-states, 
and the underlying powerlaw is steeper than usual (Sect. 3.1). This hints to the 
complexity of NLSyl  spectra, with probably more than one mechanism at work 
to cause the X-ray spectral steepness. 

7 T h e  X - r a y  o u t b u r s t  i n  t h e  H I I  g a l a x y  N G C  5 9 0 5  

NGC 5905 underwent an X-ray 'outburst '  during the ROSAT survey observation, 
with a factor ~ 100 change in count rate. The high-state spectrum is simultane- 
ously very soft and luminous (Bade, Komossa & Dahlem 1996). Its classification 
(based on an optical pre-outburst  spectrum) is HII type. Comparable variability 
was found in two further objects (IC3599; Brandt  et al. 1995, Grupe et al. 1995a, 
WPVS007; Grupe et al. 1995b). The outburst  mechanism is still unclear; tidal 
disruption of a star by a central black hole has been proposed. In the following, 
we comment on this and other possibilities and then discuss whether the X-ray 
outburst  spectrum of NGC 5905 can be explained in terms of warm absorption. 
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S N  in d e n s e  m e d i u m  The possibility of 'buried' supernovae (SN) in dense 
molecular gas was studied by Shull (1980) and Wheeler et al. (1980). In this 
scenario, X-ray emission originates from the shock, produced by the expansion 
of the SN ejecta into the ambient interstellar gas of high density. Since high 
luminosities can be reached this way, and the evolutionary time is considerably 
speeded up, an SN in a dense medium may be an explanation for the observed 
X-ray outburst  in NGC 5905. 

Assuming the observed Lx ~ 3 × 1042 erg/s of NGC 5905 to be the peak 
luminosity, results in a density of the ambient medium of n4 -~ × 10%m -3 (using 
the estimates from Shull (1980) and Wheeler et al. (1980), and assuming line 
cooling to dominate with a cooling function of A c ( T - ° 6 ) ,  but  is inconsistent 
with the observed softness of the spectrum: The expected tempera ture  is T ~ 10 s 
K, compared to observed one of T ~ 106 K. Additionally, fine-tuning in the 
column density of the surrounding medium would be needed in order to prevent 
the SNR from being completely self-absorbed. 

T i d a l  d i s r u p t i o n  o f  a s t a r  The idea of tidal disruption of stars by a super- 
massive black hole (SMBH) was originally studied as a possibility to fuel AGN, 
but dismissed. Later, Rees (1988, 1990) proposed to use individual such events 
as tracers of SMBHs in nearby galaxies. The debris of the disrupted star is ac- 
creted by the BH. This produces a flare, lasting of the order of months, with the 
peak luminosity in the EUV or soft X-ray spectral region. 

The luminosity emitted if the BH is accreting at its Eddington luminosity 
can be estimated by Ledd  '~ 1.3 × 103SM/Mo erg/s. In case of NGC 5905, a BH 
mass of ~ 104 M o would be necessary to produce the observed Lx (assuming 
it to be observed near its peak value). In order to reach this luminosity, a mass 
supply of about 1/2000 M o / y  would be sufficient, assuming ,j=0.1. 

A c c r e t i o n  disk  i n s t ab i l i t i e s  If a massive BH exists in NGC 5905, it has to 
usually accrete with low accretion rate or radiate with low efficiency, to account 
for the comparatively low X-ray luminosity of NGC 5905 in 'quiescence'. An 
accretion disk instability may provide an alternative explanation for the observed 
X-ray outburst.  Thermally unstable slim accretion disks were studied by Honma 
et al. (1991), who find the disk to exhibit burst-like oscillations for the case of 
the standard a viscosity description and for certain values of accretion rate. 

Using the estimate for the duration of the high-luminosity state (Honma et 
al. 1991; their eq. 4.8), and assuming the duration of the outburst  to be less 
than 5 months (the time difference between the first two observations of NGC 
5905), a central black hole of mass in the range ~ 104 - 105Mo can account for 
the observations. The burst-like oscillations are found by Honma et al. only for 
certain values of the initial accretion rate. A detailed quanti tat ive comparison 
with the observed outburst  in NGC 5905 is difficult, since the behavior of the 
disk is quite model dependent, and further detailed modeling would be needed. 

W a r m - a b s o r b e d  h i d d e n  S e y f e r t  Since all previous scenarios are either un- 
likely (SN in dense medium) or require some sort of fine-tuning, we finally asses 
the possibility of a warm-absorbed Seyfert nucleus. In this scenario, a hidden 
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Seyfert resides within the HII-type galaxy, that is slightly variable and usually 
hidden by a cold column of absorbing gas. The nucleus gets 'visible' during its 
flux high-states by ionizing the originally cold column of surrounding gas that 
becomes a warm absorber, thereby also accounting for the softness of the out- 
burst spectrum. 

We find that the survey spectrum can be well described by warm absorption 
with log U - 0.0 and log Nw -~ 22.8. A source-intrinsic change in luminosity by a 
factor of less than 10 is needed to change the absorption to complete within the 
ROSAT band. Variability of such order is not unusual in low-luminosity AGN; 
e.g., NGC 4051 has been found to be variable by about a factor of 30 within 2 
years (Sect. 3.2). Since there is no evidence for Seyfert activity in the optical 
spectrum, the nucleus must be hidden. Mixing dust with the warm gas results 
in an optical extinction of Av ~ 34 m (assuming a Galactic gas-to-dust ratio) 
and would hide the Seyfert nucleus completely. The spectrum in the low-state 

- with a luminosity of Lx ~ 4 x 1040 erg/s and a shape that can be described by a 
powerlaw with Fx ~ 2.4 - can be accounted for by the usual X-ray emission of the 
host galaxy (e.g. Fabbiano 1989). However, dust with Galactic ISM properties 
internal to the warm gas was shown to strongly influence the X-ray absorption 
structure. An acceptable fit to the X-ray spectrum can only be achieved by 
tuning the dust properties and the dust depletion factor. 

There are several ways to decide upon different scenarios: A hidden Seyfert 
nucleus should reveal its presence by a permanent hard X-ray spectral com- 
ponent, as observable e.g. with ASCA. One may also expect repeated flaring 
activity in the accretion-disk and warm-absorber scenario, and a ROSAT HRI 
monitoring (PI: N. Bade) is underway. 
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A b s t r a c t :  Soft X-ray spectra of many Active Galactic Nuclei (AGN) show struc- 
ture which suggest excess emission at  low energies, mostly below 1 keV. This 
component may be the high energy tail of the so called blue bump which in turn 
may be due to the integrated emission from an accretion disk around the central 
black hole. ROSAT has observed a large number of AGN with unprecedented 
sensitivity in the energy range 0.1-2.4 keV. 

Here we present results of our spectral analysis of two different samples of 
AGN: 

1) QSO/Seyfert-I  from the ROSAT All Sky Survey and 
2) radio-quiet  quasars from ROSAT Pointed Observations. 
The ROSAT data  are combined with UV Data from IUE and hard X-ray 

data  from various hard X-ray missions. We give results on individual objects as 
well as on statistical properties of the samples. 

The ROSAT spectra of AGN in both samples are found to generally have 
power law spectra steeper than the canonical value of 0.7, establishing a steep 
soft X-ray  component. The soft X-ray  component - together with UV and hard 
X-ray data  - is then described in terms of thermal emission from a thin a -  
accretion disk, including Comptonization and relativistic corrections. We have 
developed disk models of increasing complexity. In fitting these models to the 
observational data  constraints on the physical parameters of the systems - the 
mass of the black hole, the accretion rate, the viscosity and the inclination angle 
- are derived. 

Our general conclusion is tha t  emission from an accretion disk can in many 
cases account for the observed spectral features, such as the soft X-ray excess as 
the high energy tail of the big blue bump. 

1 S a m p l e  o f  Q S O  a n d  S e y f e r t - I  g a l a x i e s  f r o m  t h e  R O S A T  

A l l  S k y  S u r v e y  ( S a m p l e  1)  

1.1 S e l e c t i o n  o f  t h e  s a m p l e  

- QSO and Seyfert-I from the Veron-Cet ty  & Veron (1993) catalogue 
- IUE low dispersion spectra available 
- ROSAT All Sky Survey detection 
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- Significant detection in each of the following energy bands: 
0.07-0.4 keV, 0.4-1.0 keV, 1.0-2.4 keV. 

From the 420 IUE-selected AGN finally 89 remained. Since the ROSAT spectral  
range is restricted to soft X-rays additional da ta  were needed to determine the 
hard X-ray power law spectrum. Those data  were taken from the literature: 
from Einstein (Kruper et al. 1990, Masnou et al. 1992), from EXOSAT (Wilkes 
~: Elvis 1987, Turner &: Pounds 1989, Comastri  et al. 1992), and from GINGA 
(Williams et al. 1992). 

1.2 M o d e l  1: V e r t i c a l l y  a v e r a g e d  

We adopt the standard geometrically thin (~-accretion disk, based on the paper 
of Shaknra & Sunyaev (1973) and Novikov & Thorne (1973). 

Model Description (see DSrrer 1991): 

Standard geometrically thin (~-accretion disk 
- Viscosity proportional to total pressure (gas + radiation) 
- Vertically averaged structure (e. g. Lightman 1974, Maraschi & Molendi 

1990) including relativistic corrections 
Eddington approximation for radiative transfer with saturated Comptoniza- 
tion included (Czerny &: Elvis 1987) 
General relativistic effects incorporated by calculation of the Cunningham 
transfer function (Cunningham 1975) for any set of parameters (Speith et 
al. 1995) 

Model Parameters: 

Mass M of the central black hole (in 1082140) 
Accretion rate M (in units of MEdal) 
Viscosity parameter  avis 
Inclination angle O of observer with respect to disk axis 

1.3 P o w e r  Law Fi t s  

A fundamental result of the analysis of ROSAT AGN spectra is tha t  they are 
generally steeper than in the hard X-ray range. In our sample we find a mean 
spectral index OtROSA w ---- 1.3 whereas the slopes of the hard power laws (from 
Einstein, EXOSAT, and GINGA) in our sample have a mean spectral index 
of O~hard ---- 0.7 (Fig. 1), which is in agreement with the canonical power law 
spectrum (Turner & Pounds 1989). Regarding Seyfert-I  galaxies and QSOs of 
our sample separately we find a difference of about  0.2 in their mean spectral 
indices aROSAT. This steepening can be expressed in terms of an excess countrate  
which we define as the excess count rates in the spectral bands from 0.07-0.4 
keV and from 0.4-1.0 keV (Tab. 1 and 2) over the extrapolated hard power law 
spectrum seen in the 1.0-2.4 keV band. These excess countrates confirm the soft 
X-ray  excess found in the EXOSAT M E + L E  da ta  by ~klrner & Pounds (1989). 
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Fig.  1. Intrinsic distribution of the ROSAT spectral indices OlROSA T of the sam- 
ple in comparison to that  of the hard power law spectral indices for QSOs (left) 
and Seyfert-I galaxies (right); a is the width of the Gaussian distribution. 
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Fig.  2. Distribution of the best-fit  parameters avis and M with X ~ <_ 1.5; the 
squares represent QSOs, the triangles Seyfert-I galaxies. 

1.4 Accretion Disk Fits (Model  1) 

Assuming the soft X-ray  excess is caused by the hard end of the accretion disk 
spectrum we fit the complete disk model together with a hard X- ray  power law 
spectrum to the combined X-ray  and UV data  and thus get constraints on the 
accretion disk model parameters.  Because this method demands a high signal to 
noise ratio, the models can only be fitted to the brightest AGN for which such 
data  are available. The fitted models include the following components: 

1. the accretion disk model described above with four free parameters  (M, J~, 
O / v i  s , C O S  ( 9 ) ,  
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Table 1. QSOs from the ROSAT All Sky Survey: ROSAT spectral indices, NH and 
accretion disk fits 

AGN gal. ROSAT spec. ind. tel. excess from accretion disk fit 

n ~ m e  N H a 0 . 0 7 - 0 . 4  k e Y  0 . 4 - 1 . 0  k e V  M [108 M O ]  M a v i s .  c o s  O x 2 ( d . o  f . )  

I I I  Z W  2 6.1 0 . 594 -0 .30  - 0 . 0 7  -0 .10  

I Z W  1 5.1 1 .574-0 .12  0 .44  0.41 

P G  0 0 5 2 + 2 5 1  4 .5  1 . 424 -0 ,17  0 .33  - 0 . 0 9  

T O N  $210  1.7 1 , 4 5 + 0  17 0 .74  0 .50  
F A I R A L L  9 2 .7  1 .104-0 .05  0 .32  0 .07  

3 C  48 .0  4 .4  1 .594-0 .12  0 .50  -0 .01  

P K S  0 4 0 5 - 1 2 3  3 .9  1 .254-0 .18  0 .40  0 .20  

P K S  0 4 5 4 - 2 2 0  3.1 0 . 904 -0 .27  0 .09  0 .12 
P K S  0 5 3 7 - 4 4 1  4 .3  1 ,694-0 .26  0 .66  0 ,16  

P K S  0 6 3 7 - 7 5 2  10.9  2 . 544 -0 .26  0 .74  -0 .04  
V I I  Z W  I 1 8  4 .8  1 .61-I-0 .10 0 .83  0 .55  

1E 07544-3928  5 0 1 .814-0 .41  0 .83  0 .62  
P G  0 8 0 4 + 7 6 1  3 . ]  1 .19 /=0 ,08  0 .21 0 .16  

P K S  0 8 3 7 - 1 2 0  5.9 0 . 7 0 4 - 0 . 3 8  - 0 , 1 2  0 .18  

$5 08364-71 2 9 0 . 354 -0 .15  - 0 . 7 3  -0 .19  

P G  08444-349  3.4 1 .514-0 .13  0 .74  0 .42  

B 2  09234-392  1.7 0 . 954 -0 .18  0 .20  0 .07  
P G  0 9 5 3 & 4 1 4  1.4 1 ,564-0 .09  0 .83  0 .47  

4 C  41 .21  1.2 1.25"4"0.17 0 .48  0 .25  

B 2  10284-313 2 .0  0 . 994 -0 .14  0 .32  0 .06  
P K S  1 0 4 9 - 0 9 0  3 ,2  1 .514"0 ,19  0 .72  0 .28  

3 C  249 .1  2 ,9  1 . 1 4 : £ 0 . 1 4  - 0 , 2 0  - 0 . 0 6  

P G  11164-215 1.4 1 .434-0 .10  0 .50  0.21 

3 C  263 .0  0 .8  1 .414-0 .10  0 76 0 .59  

L B  2135  2 .0  0.85::[:0.19 0 .54  0 .51 

4 C  29 .45  1.6 0 . 664 -0 .32  0 .33  0.41 
G Q  C O M  1.7 1 .014-0 .10  0 .32  0 .19  

P G  1211-{-143 2 .8  1 .824"0 .07  0 .71 0 .32  

P K S  1 2 1 7 + 0 2 3  2 .0  1 .334-0 ,17  0 .66  0 .15  

3C 273 1.8 1 .144"0 .03  0 .62  0 .23  

P K S  1 3 0 2 - 1 0 2  3.2 1 .324"0 .17  0 .54  0 .26  

P G  1 3 0 7 + 0 8 5  2 2  1 .344"9 .12  0 . 5 4  0 .11 

1E 13524-1820  1.8 1 .444"0 ,15  0 .88  0.81 

P G  1 4 1 5 - 1 2 9  7.2 1 .304"0 .34  0 .71 0 .35 

M K N  1383 2,6 1 .374-0 .08  0 .78  0 .39  

M K N  478 1.0 1 .924"0 .06  0 .89  0 .59  

P G  14444-407 1.1 1 .854-0 .15  0 .79  0 .27  

B 2  1 5 1 2 + 3 7 0  1.4 1 .104"0 .16  0 ,69  0 .55  

M K N  876 2.7 1 .344-0 .05  0 .30  0 .13  

T O N  255 3.3 0 . 914"0 .14  0 .48  0.21 

M K N  877 4 .4  0 .94 : ] :0 .29  - 0 . 4 5  -0 .21  

3 C  345 .0  0 .7  0 .874"0 .11  0 .39  0 .42  

P G  1718-{-481 2 .2  0 .794"0 .21  0 . I 0  0 .27  

B 2  1 7 2 1 + 3 4 3  3.1 1 .204"0 .06  0 .59  0 .32  

183 I-{-731 5 .6  1.2f14-0.37 0 .40  -0 .27  

E S O  1 4 1 - G 5 5  5 .9  1 .084-0 .13  0 .57  0 .31 

M K N  509 4 .9  1 .634-0 .04  0 .60  0 .24  

I I  Z W  136 4 .2  2 . 024"0 .10  0 .48  0 .05  
M K N  926 3.5 0 .804"0 .08  0 .21 0 .23  

4 C  09 .72  4 .2  1 ,204"0 .24  0 ,50  0 .37  

P K S  2 3 4 9 - 0 1 4  3 .6  1 .18:] :0 .13 0 .64  0 .48  

1.9 0 .53  0 .71 0 .13  1.8 (18)  

1.0 0 .54  0 .55  0 .44  1.0 (42 )  

14.9  0 . 6 0  0 .67  0 .13  2 .4  (9)  

97 .5  0 .64  0 .65  0 .25  0 .2  (5)  
95 .5  O.6O 0 .55  0 .50  1.3 (9 )  

2 ,0  0 .56  0 .57  0 .48  0 .7  (11 )  

8 .4  0 . 5 3  0 . 5 4  0 . 2 2  1 2 ( 2 2 )  

5 .8  0 .50  0 .71 0 .22  1.4 (11 )  

9.4 0 5 2  0 .41 0 ,61  2 .8  (16)  

42.1 0 .16  0 .87  0 .56  1.2 (5 )  

4 .5  0 .57  0 .45  0 .21 2 .8  (11 )  

3 .5  0 .65  0 .47  0 .26  1.4 (26 )  

4.1 0 .52  0 .58  0 .40  0 .3  (3)  

48 .7  0 , 4 4  0 .76  0 .66  0 .3  (27)  
65 ,6  0 . 5 4  0 .42  0 .06  0 .7  (8)  

3.1 0 ,52  0 .52  0 .49  0 .5  (7 )  

2 .6  0 ,51  0 .74  0 ,44  0 .6  (9 )  

1.4 0 .78  0 .40  0 .52  1 5 (26 )  

3.6 0 .55  0 .56  0 .99  1.6 (8)  

14.7 O 55 0 41 0 .26  1.0 (11 )  

1.8 0 .58  0 .57  0 .93  1.2 (41 )  

1.2 0 ,64  0 ,53  0 .39  0 ,9  (10 )  

1.1 0.57 0 . 5 9  0.37 0 . 3  (2 )  

20 .5  0 .52  0 .44  0 .43  2 .0  (10 )  

98.1  0 . 9 0  0 .07  1 .00  2 .4  (8 )  

8 .8  0 .55  0 .57  0 .59  1.2 (28 )  
5.1 0 , 1 7  0 ,62  0 ,75  0 ,8  (9)  

2. the hard power law spectrum with a given slope and the normalizat ion as a 
free parameter, 

3. a second power law spectrum with a fixed slope of  ~ = 1.2, a cutoff  at 
u = 1016 Hz ( ~  42 ev) and the normalizat ion as a free parameter,  describing 
the IR to opt i ca l /UV continuum (see below), 

4. the hydrogen column density NH which was fixed to the galactic column 
density. 
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Table 2. Seyfert-I galaxies from the ROSAT All Sky Survey: ROSAT spectral indices, 
NH and accretion disk fits 

A G N  g a l .  R O S A T  6 p e t .  t n d .  r e l .  e x c e s s  f r o m  a c c r e t i o n  d i s k  f i t  

n a m e  N H ~ 0 . 0 7 - 0 . 4  k e V  0 . 4 - 1 . 0  k e Y  M [108 M ( ~ ]  NI c~vis, c o s O  x 2 ( d . o . f . )  

M K N  1148 4 .3  0 .504-0 ,21  - 1 . 1 6  0 . I I  

M K N  352 5.5 1 .654-0 .11  0 .49  0 .09  

M K N  1152 1.7 0 . 044 -0 .22  0 .31 0 .09  

I I  Z W  1 3.5 0 . 6 9 4 - 0 . 2 8  0 .31 0 07 

M K N  359 4 .8  1 .404-0 .09  0 .69  0 .53  

M K N  1018 2 .5  1 .004-0 .13  0 .52  0 . 3 2  

M K N  590 3.1 1 .254-0 .05  0 .52  0 .14  

N G C  985 3.1 1 .424-0 .09  0 ,70  0 .19  

N G C  1566 1.8 1 .094-0 .10  0 .11 - 0 . 1 7  
A K N  120 9 6 1 .274-0 .20  -0 .03  0 .21 

P K S  0 5 1 8 - 4 5 8  4 .0  - 0 . 1 7 4 - 0 . 2 8  0 .18  0 .40  

M K N  374 6 .6  2 . 0 3 4 - 0 . 1 9  0 .86  0 .49  

M K N  79 5 .4  0 . 7 8 4 - 0 . 0 9  0 .13  0 .29  

MKP4 10 4 .7  1 , 314 -0 .13  0 ,71 0 .51 

U K ~ q  705 4 .0  1 ,584-0  08 0 .69  0 .39  

M K N  734 2 .7  1 . 924 -0 .15  0 .81 0 32 

N G C  3783 8 .4  1 . 354 -0 .20  0 .50  0 ,42  

N G C  3998 1,3 1 .444-0 .11  - 0 . 3 9  - 0 . 0 6  
N O C  4051 1.2 1 . 5 2 + 0 . 0 5  0 .70  0 ,48  

NGC 4151 1.8 0 . 614 - 0 .11  - -  - -  

M K N  205 2 .7  0 . 7 9 4 - 0 , 0 8  0 .14  0 .16  

T O N  1542 2 .6  1 . 564 -0 .11  0 .76  0 .53  

N G C  4593 2 .0  1 ,334-0 .09  0.71 0 .46  
M C G  6 -30 - 15  4,1 0 . 8 5 4 - 0 . 0 7  0 .16  0 .23  

N G C  5548 1.8 1 , 154 -0 .03  0 .62  0 .26  

P G  1448@273  2 .6  1 ,464-0 .07  0 .75  0 ,60  

M K N  841 2.2 1 304-0 .01  0 .80  0 37 
M K N  290 2 .3  1 ,294"0 .09  0 .05  O 21 

E 1 5 5 0 + 2 7 4  3 .6  - 0 . 5 7 4 - 0 . 2 1  - 1 , 2 4  -0 .17  

H 1613@06 4 .8  1 .354-0  16 0 ,55  0 .08  

M K N  506 3 .2  1 ,164-0 .05  0 .79  0 .45  

3 C  3 8 2 . 0  6 .5  1 . 104 -0 .08  0 . I 0  0 ,18  

3 C  390 .3  4 .3  - 0 . 1 1 4 - 0 . 1 9  - 1 . 4 3  0 .08  
N G C  7213  3.1 1.384-0.04 0.50 0.03 
A K N  564 5 .8  1 .764-0 .05  0 .77  0 .47  

N G C  7469 4 .8  1 .224-0 .07  0 .65  0 .41 
P G  2 3 0 4 + 0 4 2  5 .5  0 . 8 9 4 - 0 . 2 2  0 ,11 - 0 . 0 8  

N G C  7603 4 .3  0 . 774 - 0 .21  0 ,49  0 .09  

0 ,78  0 .29  0 .06  0 .27  2 .5  (6)  

0 ,43  0 .48  0 .46  0 .05  0 .8  (14 )  

0,61 0 .36  0 .89  0 .15  1.4 (9)  

0 ,56  0 .34  0 .80  0 .42  4 .0  (2)  

0 .39  0 .42  0 .45  0 .07  2 .3  ( I I )  
0 , 7 8  0 .33  0 .90  0 .23  2 .3  (5 )  

3.8 0 .52  0 .55  0 .26  0 .9  (38)  

0 .35  0 .16  0 ,15  0 .15  2 .7  (10)  

0 .35  0 .74 0 .35  0 .51 0 .3  (10)  

0 91 0 .43  0 .69  0 .24  0 .6  (9)  

<0.I 
< 0 . 1  

0.89 0.56 0.53 0.83 2.0 (13) 
<0 .1  
<0 .1  
0.30 0.53 0,52 0.10 2,3 (64) 
2.04 0.51 0,40 0.67 3.6 (14)  
0.75 0.39 0.57 0 48 1.2 (12) 
0 ,54  0 .48  0 12 0 .11 1.0 (13 )  

0 .41 0 .56  0 .65  0 .54  1.0 (38 )  

0 .94  0 .54  0 .55  0 ,74  1.2 (44 )  

0 .82  0 .51 O.50 0 .18  1.9 (9)  

The results which are summarized in Tab. 1 and Tab. 2 show that the ob- 
served soft excess of QS0s  and Seyfert-I galaxies can be explained with a limited 
range of parameters O~vi s and M by our accretion disk model. Fig. 2 contains 
all AGN with X 2 values < 1.5; the three Seyfert-I galaxies outside that range 
(avis < 0.2) are probably intrinsically absorbed. 

2 Sample of radio-quiet quasars from the ROSAT 
pointed observation phase (Sample 2) 

2.1 S e l e c t i o n  o f  t h e  s a m p l e  

- Quasars from the Veron-Cetty & Veron (1993) and Hewitt &: Burbidge 
(1993) catalogues. 

- Radio to optical spectral index ~ o  flatter than 0.3 
- At the time of analysis (summer 1995) UV spectra were available and the 

pointed ROSAT PSPC data had entered the public domain 
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- Object  located within 44 minutes of arc from the optical  axis of the ROSAT 
observation 

- At least 200 PSPC source counts had been measured. 

The final sample defined in this way which was investigated in our further analy- 
sis consists of 31 objects. 

2.2 M o d e l  2: S e l f - c o n s i s t e n t  v e r t i c a l  s t r u c t u r e  

A detailed description of this model is given in DSrrer et al. (1996). The main 
differences with respect to model 1 are listed below. 

- Self-consistent description of the vertical s t ructure  and radiat ion field of 
the disk around a Kerr  black hole by solution of hydrostat ic  equilibrium, 
radiative transfer, energy balance, and equation of s ta te  

- Viscosity entirely due to turbulence 
- Multiple Compton scattering t reated in Fokker-Planck approximat ion us- 

ing the Kompaneets  operator  

2 . 3  P o w e r  L a w  F i t s  

To determine the steepening of the spect ra  in the soft X - r a y  range we have 
fitted power law spectra to the ROSAT countrates for all sample members.  The 
resulting spectral  indices ant and C~ax for free and fixed NH, respectively, is shown 
in Fig. 3. Note tha t  - in agreement with sample 1 - the spectra  are significantly 
steeper than the canonical value Olhard ---- 0.7 which is indicated as a vertical line. 
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Fig .  3. Histogram of the fitted ROSAT spectral  indices for a free absorbing 
column density NH (left) and NH fixed to the galactic value (right). 
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2.4 A c c r e t i o n  Disk  Fits (Model  2) 

The accretion disk model 2 and additional components as decribed in 1.4 have 
been fitted to the radio-quiet  quasars of our sample 2 leading to similar results 
as obtained for model 1 and sample 1. To illustrate the overall fit function, one 
example for these spectral fits is given in Fig. 4. The resulting best-f i t  parame- 

t . O E + 3 2  

1 .0E+31 

~,~ 1 , 0 E + 3 0  

~ 1.0E+29 

1 . 0 E + 2 8  

== 

R O S A T -  B201 ( = 1257+346)  

, = [  J . . . . .  H I  , , ~  , . . . .  I , ,~ . . . . .  

-3 * ' ,  = = i . . . . .  I . . . . . . . .  I 

1 . 0 E + 1 5  1 . 0 E + 1 8  

S e l e c t e d  f i t  funct=on : a c c r e t i o n  d i s k  m o d e l  II 
N u m b e r  of  d a t e  p o i n t s  : 19  
R e d u c e d  c h l - s q u a r e  (dof )  : 0 . 7 5 4 2  +/-  0 . 0 0 1 0  (15)  

B e s t  fit p a r a m e t e r  : 
8 : m a s s  = 4 9 . 0  
9 : a c c r e t i o n  r a t e  = 0 . 1 1 9  

10 : a l p h a  = 0 . 9 5  
11 : c a s ( t h e t h a )  = 0 . 7 6  

F i x e d  fit p a r a m e t e r  : 
I : r e d s h i f f  = 1 ,375  
2 : n _ H  (ga l . )  = 1.9 
3 : n H ( int . )  = 0 .0  
4 : p l l  at  l k e V  = 7 .0  
5 : p l l  E - i n d e x  = 1.2 
6 : p12 at  l k e V  = 10 .5  
7 : p12 E - i n d e x  = 0 . 7  

12 : f _cu to f f  = 4 . 0 E - 0 2  
13 : c u t o f f - p a r a m e t e r  = 1 . 0 E - 1 6  

1 . 0 E + 1 6  1 . 0 E + 1 7  

f r e q u e n c y  [ H z ]  

Fig.  4. Example of a spectral fit as described in the text; NH in 102°/crn 2, 
normalization of power laws (pll  and pl2) at lkeV in 1027erg/sec/Hz 

ters, their l a  errors, the hard power law spectral index, and the corresponding 
X2-values are shown in Tab. 3. Cases, where the upper or lower errors lie be- 
yond the limit of our calculated grid (in most cases because the influence of M 
and 6) on the normalization of the spectrum is similar), are denoted by a minus 
sign. Note, that  the fitted accretion rates M for all objects are below 0.3, thus 
fullfilling the requirement for the geometrically thin disk approximation. On the 
other h a n d ,  the viscosity parameter  is relatively high, in most sources between 
0.5 and 1.0. For an c~- disk, a should not greatly exceed unity, according to its 
definition. 

Fig. 5 shows the 68%, 90%, and 99% confidence contours of the a and M 
distributions: In our sample 2 we find a mean accretion rate of < M > =  0.13 
within a relatively narrow parameter  range, whereas the viscosity parameter  
(< avis > =  0.76) is spread over a wider range. 
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Table 3. Accretion disk fits to spectral data of radio-quiet quasars (Sample 2 / 
Mode! 2). Listed are the hard power law index ahard used, the best-fit parameters 
(M, M, avis, cos~)) with la  uncertainties and the reduced X2-values. 

. . . . .  I " h , , , d l M [ l O S M e ] - - ' M  + " M I  M --~,,,, + ' M l ° v ' "  - - ' "v , ,  + ' ~ v , , I  o° '~ '  --°  + " 1 ~  2 

0 0 2 6 + 1 2 9  

0 0 5 2 + 2 5 1  

0 1 1 9 - - 2 8 6  

0 1 5 7 + 0 0 1  

0 2 0 5 + 0 2 4  

0 8 0 4 + 7 6 1  

0 9 1 4 - - 6 2 1  

1 0 2 9 - - 1 4 0  

1 0 4 9 - - 0 0 5  

1 1 0 0 - - 2 6 4  

1 1 1 6 + 2 1 5  

1 2 0 2 + 2 8 1  

1 2 1 6 + 0 6 9  

1 2 4 7 + 2 6 7  

1 2 5 7 + 3 4 6  

1 3 0 7 + 0 8 5  

1 3 0 9 + 3 5 5  

1 3 3 4 + 2 4 6  

1 3 5 2 + 1 8 3  

1 4 0 7 + 2 6 5  

1 4 1 5 + 4 5 1  

1 4 1 6 - - 1 2 9  

1 4 4 4 + 4 0 7  

1 5 2 1 + 1 0 1  

1 5 4 3 + 4 8 9  

1 6 1 3 + 6 5 8  

1 6 1 7 + 1 7 5  

1 6 3 0 + 3 7 7  

1 7 0 0 + 6 4 2  

1821+543 

2251--178 

0 . 9 1  

0 . 9 5  

0 . 7 0  

0 . 7 0  
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3 S u m m a r y  

The soft X-ray  excess in two samples of AGN has been established and quan- 
tified, not only for individual objects but  also as a property of the complete 
samples. We find that  this soft excess can be explained with thermal emission 
from an accretion disk. Note that  our calculations are for a bare disk without 
the ad-hoc addition of a hot corona. 

The fitted accretion rates using our model 2 generally are lower than the 
corresponding values from model 1 and are consistent with the thin disk approx- 
imation. This is mainly because model 2 also takes into account the tempera ture  
gradient in the vertical direction of the disk. This means, that  the local spectra 
differ from the blackbody even in the optically thick case, leading to harder spec- 
tra. An additional result of our model is that  accretion rates - at least of radio 
quiet QSOs - higher than 30% of the Eddington accretion rate are not observed. 
The viscosity parameters required on the other hand are relatively high, in most 
sources between 0.4 and 1.0. Full scale publications about  the analysis of both 
samples are in preparation (Friedrich et al. 1996, Brunner et al. 1996). 
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A b s t r a c t :  We discuss the center of the Milky Way as a prototype of galac- 
tic centers, and argue that  there are no important  generic differences between 
the centers of normal and active galaxies. While the Galactic Center currently 
does not harbor an active nucleus, there are strong indications of an upcoming 
phase of much higher activity. The observed physical status seems to imply that  
currently accretion is occuring in an advection-dominated mode. 

1 I n t r o d u c t i o n  

It is generally accepted that the activity observed in the nuclei of a fair fraction of 
all galaxies can be attributed either to accretion into a massive black hole, or to 
an ongoing starburst, or to a combination of the two processes. Moreover, there 
is mounting evidence that in most, if not all cases there is no generic difference 
between an active galaxy and a normal one. It rather seems to be only a matter 
of the respective current rate of starburst and accretion activity going on in the 
central region of a galaxy. 

In this paper, we will concentrate on the center of the Milky Way. We will 
discuss the evidence for accretion going on on different geometrical scales (Sects. 
2 and 3) and the implications for current and possible future activity in the 
Galactic Center. Finally, we will compare the Galactic Center with the centers 
of other galaxies, normal and active ones (Sect. 4). 

This paper is in part based on a recent review with the same title (Mezger, 
Duschl and Zylka 1996). For a discussion of many aspects of the physics of the 
Galactic Center which are not addressed here, and for a more complete list of 

references, we refer the reader to tha t  review paper. 

2 T h e  l a r g e  s c a l e  p i c t u r e  

2.1 C h a r a c t e r i s t i c s  o f  t h e  G a l a c t i c  Disk  a n d  t h e  C e n t r a l  R e g i o n :  
A n  O v e r v i e w  

Seen from outside, our Galaxy would be described most likely as a barred spiral, 
probably similar to NGC 4303. In the Hubble classification scheme the Milky 
Way fits between Sbc and SBbc (de Vaucouleurs 1970). Considering that  model 



282 W.J. Duschl 

calculations (e.g., von Linden et al. 1997) suggest repeated changes between 
barred and non-barred spiral s tructures to be a common phenomenon in galaxies 
with large ratios of disk to halo mass, our Galaxy may currently be in a transit ion 
s tate  between a barred and a non-barred structure.  

The Galactic Disk (GD) with a stellar mass of -~ 1011 M e extends to galactic 
radii R ~ 14 kpc. The Galactic Disk is supposed to be stabilized by a spherical 
halo of mass Mhalo _> MGD. A thin layer of Interstellar  Mat te r  (ISM) is located 
in the plane of symmet ry  of the Galactic Disk. Hn regions, as t racers  of massive 
s tar  formation,  indicate a two-armed spiral s t ructure  within 3 kpc < R < 12 kpc 
(Georgelin and Georgelin 1976; Fig. 1). 

240"  2 2 0  ° 200"  1 8 0  ° 160"  1 4 0  ° 
\ ~ I I / / 120° 

2 6 0  ° 
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"~ 80" 

6 0  = 

\ 4 0  ° 

Fig. 1. The morphology of our Galaxy. The spiral structure (R > 3.5 kpc; Georgelin 
and Georgelin 1976) is based on observations of Giant H]] regions, the central bar 
structure (Gerhard 1996) is based on both radio and NIR observations and model 
fitting. The above representation of the structure of the Galaxy has been adapted by 
Mezger et al. (1996). 
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In the Central Region, R ~ 3 kpc, the stars form an ellipsoidal or box-shaped 
bulge. The NIR surface density due to the increasing volume density of stars 
rises sharply at l -- +10 ° corresponding to R ,-~ 1.5 kpc. The dynamics of the 
molecular gas and the surface brightness distribution of stars in the NIR suggest 
that  gas and stars have a bar s tructure which is tilted relative to the line-of-sight 
by ~ 16 °, with the near side of the bar lying at positive galactic longitudes. 
While the stellar bar may extend as far out as to the Inner Lindblad Resonance 
(ILR) of the spiral s t r u c t u r e  (RILR ~,~ 3kpc) there is a zone of avoidance for 
the ISM in the range 1.5 kpc __ R _< 3 kpc which can be explained by the fact 
that  the bar structure does not permit  stable orbits in this range of galactic 
radii (see the recent review by Gerhard [1996] and references therein). Fig. 1 
shows the morphology of the ISM in our Galaxy as derived mainly from radio 
observations. In the following we refer to the regions R < 0.3 kpc as Nuclear  
Bulge, to 0.3kpc ~ R < 3kpc as Galactic Bulge, and to the whole region 
R < 3 kpc as Central Region. 

2.2 The  Large-Scale K i n e m a t i c s  o f  t h e  Interste l lar  Gas 

The kinematics and dynamics of the gas between galactocentric radii ~- 100 pc 
and a few pc have been recently reviewed by Morris and Serabyn (1996). Here we 
address only the most important  aspects. The distribution and kinematics of the 
gas in the central ,-~ 300 pc radius are consistent neither with axial symmetry  nor 
with uniform circular rotation (Bania 1977, Liszt and Burton 1978, Morris et al. 
1983, Heiligman 1987, Bally et al. 1988, yon Linden et al. 1993a,b, Biermann et 
al. 1993, Jackson et al. 1996). Approximately 3/4 of the dense molecular gas is 
located at positive longitudes, and about  the same, but  not completely identical 
fraction shows positive radial velocities (Fig. 2). In about  1/3 of the gas large 
radial and vertical motions are present (Bally et al. 1988). 

On the basis of molecular cloud kinematics, it is possible to divide the gas 
into the following components 

- the 3kpc A r m  (v ,,~ - 5 3 k m s  -1) and the - 3 0 k m s  -1 A r m  

- Galactic Center  disk clouds: Their  emission follows roughly a diagonal line in 
the l - v - d i s t r i b u t i o n  with vanishing radial velocities at l --~ 0°; This reflects 
to a first approximation the rotat ion curve in the inner Galaxy (Bally et al. 
1988, Sofue 1995). 

- a trapezoidal or elliptical envelope enclosing the Galactic Center disk clouds 
in the l - v  diagrams and extending between (l,v) --, (177, 200kms  -1) and 
( - 1 7 0 , - 2 0 0 k i n  s -1) (Robinson and McGee 1970, Bania 1977, Bally et al. 
1988). 

As far as the mass estimates axe concerned, one has to note tha t  they depend 
crucially on the H2-to-CO conversion factor. Sofue (1995) has est imated a total  
molecular gas mass for Ill ~ 1 ° of 4.6107 M® using the new H2-to-CO conversion 
factor by Arimoto et al (1996). This mass is only about one third of the previous 
mass estimates based on older conversion factors. Sodroski et al. (1995) even 
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Fig. 2. Position-velocity diagram (12CO contours; after Uchida et al. in prep.); the gas 
outside of the GC manifest itself in the velocity interval -20 < v/(km/s) < 20 and has 
very narrow line widths 

derive conversion factors for the vicinity of the GC which are by factors ,~ 3 - 10 
lower compared to the solar vicinity. 

Due to our location in the disk of the Galaxy, the true geometric arrangement 
of these clouds and structures remains ambiguous. 

yon Linden et al. (1993a) and Biermann et al. (1993) proposed a model 
in which a non-negligible radial velocity component is overlaid on the orbital 
motion of the molecular gas. This model ansatz allows one to determine the 
geometrical arrangement of the material as well as the global properties of the 
flow. They find a remarkably large radial mass flow rate in therange between 
-~ 10 and ,-~ 150 pc of ,-~ 10 -2 M®/yr. These values are very similar to mass flow 
rates derived independently for the Circum-Nuclear Disk, a ring-like structure 
extending between ,-, 1.8 and ,~ 6pc  from the Galactic Center (Glisten et al. 
1987, Jackson et al. 1993). This large mass flow rate will eventually reach the 
innermost regions of the Galaxy. 

3 Sgr A* and its immediate vicinity 

Sgr A* is the radio source at the dynamical center of the Galaxy. 
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As was first noted by Woltjer (1959) and - nearly three decades later - was 
reiterated by Lo (1986) the Milky Way seems to be most closely related to Seyfert 
galaxies, which are spirals with nuclei brighter than those of normal galaxies. 
According to the presence or lack of broad lines and a strong continuum in the 
visible and UV wavelength range one subdivides Seyfert galaxies into Seyfert 1 
and 2 galaxies with a smooth transition between the two classes. Intermediate 
types are accordingly explained by intermediate inclination angles of the plane 
of the torus with the line-of-sight. There  also seems to be a continuous transition 
from Seyfert 1 galaxies to Quasars. Both show very similar line and continuum 
spectra but  differ by the lower nuclear luminosity of the Seyfert galaxies. 

Once more it should be reiterated that  the Galactic Center is at present not 
in an active state. However, it will become clear from the observations reviewed 
here that  nearly all elements of the massive black hole/acret ion disk model are 
actually present in the Center of our Galaxy thus giving support  to the hypoth- 
esis of Lynden-Bell and Rees (1971) that  most - if not all - normal galaxies 
have massive but dormant black holes at their centers. It  then is the proximity 
of the Galactic Center 1 which makes it a unique object for the investigation of 
the phenomena related to the activity in the centers of galaxies: Only for the 
Galactic Center does the angular resolution of present-day mm-VLBI come close 
to resolving the Schwarzschild radius of the central black hole of a few 106 Mo,  
so that  the emission intrinsic to the black hole can be separated from that  of the 
immediate environment (see below). 

3.1 E v i d e n c e  for  s u p e r - m a s s i v e  b l ack  ho les  in  c e n t e r s  o f  galaxies 
Model calculations demonstrate that  galaxies tend to form massive central ob- 
jects of > 106 ® within ~ 101° years (see, e.g., Duschl 1988a,b). The observational 
evidence for the presence of supermassive compact masses in many "normal",  
i.e., non-active galactic centers has been recently reviewed by Kormendy and 
Richstone (1995). Based on the velocity dispersion of stars, these authors derive 
for six galaxies of different spectral type central dark (i.e. non-stellar) masses 
between 106 and 109 M® and for several galaxies upper limits for their central 
mass which fall in this mass range. Only one giant galaxy, M33, is suspected to 
have a less massive dark central object of _~ 5 104 M®. Kormendy and Richstone 
show that  all objects for which the central dark mass could be determined (in- 
cluding the low mass case M33) follow a tight relation between this central mass 
and the luminosity of the galaxy's galactic bulge. 

Specifically, the following recent observations strongly support  the existence 
of supermassive compact objects in the centers of three galaxies of low nuclear 
activity: 

- M 8 7  is a giant elliptical galaxy with a well investigated radio and optical 
jet. HST observations show a disk-like distribution of the nuclear gas and 

1 8.5kpc vs. 700kpc to the nearest normal galaxy, M31, and 25Mpc (for //0 = 
50kms- lMpc  -1) to the closest Seyfert2 galaxy, NGC1068; 1" corresponds to 
410 -2 pc at 8.5 kpc, to 3.4 pc at 700 kpc, and to 120 pc at 25 Mpc 
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dust (Ford et al. 1994) with an orientation perpendicular  to the jet. Radial 
velocity measurements  indicate Keplerian motions of this mater ial  between 
,-~ 150 and 16pc (no velocities have been measured for material  closer to 
the nucleus) corresponding to an enclosed mass of 3 109 M®. Moreover, the 
width of emission lines from the very center, ~ 1700kms -1,  agrees with a 
compact  mass of this order. 

- Even more compelling is the spiral galaxy NGC~,258, a weak AGN of the 
liner type (Low-Ionization Nuclear Emission-line Region). Based on VLBA 
observations of H20  masers located at distances -~ 0 . 1 8 -  0 .29pc from the 
center, Miyoshi et al. (1995) derived an enclosed mass of 4.1 107 M o within 
0.18pc. 

- Based on high resolution imaging spectroscopy (FWHM = 01.147), Bender et 
al. (1996) deduce a black hole of mass (3.0 + 0.5) 106 M G in the center of 
M32, the companion of the Andromeda  Nebula. 

The dynamical  evidence for the presence of compact  supermassive objects in 
the centers of some galaxies is strong but  it provides no information about  the 
physical nature  of this mass. Only for the center of our Galaxy does one know 
both  the mass of --~ 2 - 3 106 M® contained within R < 0.1 pc of Sgr A* (see 
Sect. 3.3) and the unique intrinsic spect rum of this compact  synchrotron source 
with a size of 101 - 102 Rs (see Figs. 3 and 4). This strengthens the case for the 
presence of a starving black hole in the Galactic Center. 

3 . 2  S g r  A * :  S p e c t r u m ,  t i m e  v a r i a t i o n  a n d  m o r p h o l o g y  

T h e  r a d i o / I R  s p e c t r u m  The most  recent spec t rum of Sgr A* shown in Fig. 3 
is from Beckert et al. (1996) who have added to the Zylka et al. (1995) spec t rum 
three flux densities at 0.408, 0.96 and 1.66GHz, derived nearly twenty years 
ago by Davies et al. (1976). Also added are two more upper  limits obtained at 
)~350 #m by Serabyn and Lis (1994) and at A30 #m by Telesco et al. (1996). The 
gap in the spec t rum between A450 and 30 #m allows - as an upper  limit - the 
presence of ~ 3 M e of ISM in a 10"-beam, with a dust t empera tu re  of -~ 50 K. 
Such a low dust temperature ,  however, would be hard to reconcile with the 
high intensity of the radiation field in the Galactic Center where dust assumes 
tempera tures  of --~ 200 - 300 K (Zylka et al. 1995). 

Here, we follow the spectral  analysis by Beckert et al. (1996), keeping in 
mind tha t  other synchrotron emission models have been suggested (see Sect. 
3.4). The observed rad io / IR  characteristics of Sgr A* are given in Table 1. The 
spect rum of Sgr A* has a high-frequency cut-off ~c "~ 2 - 4 103 GHz and a 
low-frequency turnover vt ~ 1 GHz. In between the t ime-averaged spect rum 
increases S~ ~ v 1/3 (Duschl and Lesch 1994). The integrated radio luminosity 
is Lradio,IR (1 -- 10 4 GHz) --~ 3 102 L e .  One possible explanation of this spec t rum 
- in Table 2 referred to as model A - is optically thin synchrotron emission 
from quasi-monoenergetic electrons (Duschl and Lesch 1994; Zylka et al. 1995) 
combined with free-free absorption due to the HII region Sgr A West within which 
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Fig. 3. A comparison of the observed radio spectrum of Sgr A* with best-fit model 
spectra (Beckert et al. 1996). Note that bars with symbols at both ends denote the 
variability range and not error bars of individual observations; additional star symbols 
mean individual flux density measurements. The low-frequency turnover is due to ei- 
ther free-free absorption (dashed curve) or synchrotron self-absorption (dashed-dotted 
curve). For model parameters see Table 2. 

Sgr A* is located. Model parameters for the synchrotron source are an electron 
density he,re I " ~  3 104 cm -3 and a magnetic field strength B ,-- 11 G. The low- 
frequency turnover would be caused by an absorbing thermal plasma, with an 
emission measure of Et ~, 106 pc cm -6 for an electron temperature Te "~ 6 000 K 
(Fig. 3, dashed curve). 

How does this model concur with observations? Sgr A West consists of an 
extended component and the so-called Minispiral, with Sgr A* located at the 
northern edge of the Central Bar. If Sgr A* is located at the center of Sgr A 
West, the emission measure provided by one half of the extended component,  
0.5Eext --" 106pccm -6, could account for the free-free absorption. The Bar, 
however, with an estimated emission measure of 9 106 - 4 107 pc cm -6 at the 
position of Sgr A* would have to be located behind the source. 

In the second interpretation - in Table 2 referred to as model B - the low- 
frequency turnover in the spectrum is explained by synchrotron self-absorption 
in Sgr A*. The required magnetic field strength of --, 11 G is the same as in the 
above case and is in accordance with independent estimates of the equipartition 
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Table  1. Observed characteristics of Sgr A* 

Ill 
b,, 

~(1950) 
~(1950) 
~(2000) 
~(2ooo) 
Distance Ro 

Size 

Mass 

vc 
vt 
S~ (A2.2 #m; dereddened) 

$1-4 key (dereddened) 

Lradio,1-104 GHz 
Lvisual/UV 
Lx-ray,1-10 keV 
Average extinction (Av) 

over central pc 

-00°03'20772 

-00°00'02'.'9 
17h42m29~.~31 

-28 ° 59' 18" 38 
17545m39~.~97 

1-29°00'34'/88 

8.5 kpc 
< 2.5 -- 4 1013 cm 

2 -- 3 106 Mo 

GHz 

_< 9mJy  
~ 2 -  41035 ergs -1 

3102 Lo 

5 104 Le 

< 2 102 L o 

31 m 

magnetic  field strength in the inner regions of an accretion disk accreting into a 
black hole of a few 106 M o with a mass flow rate  of 10 -7 .... 6 M®/yr .  The source 
diameter  of ,~ 2.4 1013 cm required by this model is ~ 30 - 20 Rs with Rs 
6 - 9  1011 cm the Schwarzschild radius of a black hole of mass 2 - 3  106 M o.  Within 
the observational errors and the uncertainties of the model parameters ,  this 
predicted source size is compatible with source sizes of _~ 4 1013 cm obtained from 
mm-VLBI  observations of Sgr A* (see below). Recent 1-mm-VLBI observations 
of Sgr A* even strengthen this argument  (Krichbaum et al., priv. comm.)  

It  should be noted that  both  alternatives have already been considered by 
Davies et al. (1976). However, thanks to the now much bet ter  determined spec- 
t rum of Sgr A* and source parameters  of Sgr A West, Beckert et al. (1996) arrive 
at firm conclusions regarding the s tructure of Sgr A West and Sgr A*. Both ef- 
fects, i.e. free-free absorption by Sgr A West and synchrotron self-absorption in 
the compact  source Sgr A* must  affect the Sgr A* spectrum.  With  the obser- 
vations available to date one cannot yet decide which is the dominat ing effect 
causing the observed low-frequency turnover vt. Array observations at or below 
vt <_ 1.5 GHz yielding the accurate shape of the spec t rumat  frequencies v _< vt 
may eventually resolve the question. 
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Table 2. Best fit parameters of the quasi-monoenergetic synchrotron radiation 
model with the low-frequency turnover due to free-free absorption (A) or syn- 
chrotron-selfabsorption (B) 

Model A B 

Mean electron energy 
electron energy index 
Width of electron distribution 
Magnetic field strength 
Source radius 
Density of relativistic electrons 
Frequency of free-free absorption 

<E) 
d log N/d log E 

Ema× / Emin 
B 

R 

ne,reI 

u(r~ = 1) 

147 MeV 
-2.0 

3 
l l G  

1.9 10 la cm 
6.1 103 cm -3 

0.8 GHz 

114 MeV 
-2.0 

3 
l l G  

1.21013 cm 
2.7 10 4 c m  - 3  

< 0.8 GHz 

T h e  N I R  t h r o u g h  X - r a y  s p e c t r u m  Eckart et al. (1992) using high-resolution 
NIR imaging, detected at A2.2 #m an emission ridge of size --- 1" with a dered- 
dened flux density of 0.06 Jy. Assuming optically thick free-free emission from 
a source with disk-shaped brightness distribution of electron tempera ture  Te > 
2 104 K yields a luminosity of 

L . ,~1 .2105(  Te ) 3 
L--7 3 104K (1) 

With effective temperatures in the range Ten "~ 2 - 4  104 K this yields luminosities 
of L ,  ~ 3.6 - 29 10 4 L®. More recently, however, with the remarkable K-band 
resolution of ~,, 0'.'15 Eckart et al. (1995) resolved the extended source into a 
cluster of six (probably stellar) sources of which only one can coincide with 
Sgr A*. Hence, the above estimates have to be decreased by ,-~ 1/6, yielding 
upper limits of the optical /UV luminosities for Sgr A* of _< 5 10 4 L® . Eckart  
et al. (1995) refer to the radio and IR source as Sgr A*(R) and Sgr A*(IR), 
respectively. The relative accuracy of radio and NIR frames then available did 
not allow them to decide if Sgr A*(R) does actually coincide with one of the NIR 
sources. Recently, however, Menten et al. (1996) achieved a breakthrough.  They  
detected several SiO and H20 maser sources within the central parsec which 
arise from the innermost parts of the circumstellar envelopes of (super-)giant 
stars whose position relative to Sgr A* could be determined with milli-arcsec 
(mas) accuracy using VLBI. Comparing these radio images with high resolution 
NIR images the radio relative to the NIR reference frame could be determined 
with an accuracy of +0'/02. They  find that  none of of the NIR sources coincides 
with the compact radio source Sgr A*. From this a conservative upper  limit of 
< 9 mJy  for the dereddened K-band flux density of Sgr A* (R) is obtained. Eckart  
et al. conclude that  Sgr A* (R) is probably dark; its M/L ratio at present has a 
lower limit of ,~ 100 M o / L  o and Sgr A* (IR) represents a small local clustering 
of moderately luminous stars near or at the position of Sgr A* (R). With one 
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exception the polarization of these NIR stars is similar to other sources in their 
vicinity. 

Several groups report  the detection of X-ray emission from Sgr A*, most 
recently Predeht and Triimper (1994) with ROSAT in the energy range 1.2 - 
2.5 keV, and Koyama (1994), Tanaka (priv.comm.) and Koyama et al. (1996a,b) 
with ASCA in the energy range ,~ 1 - 10keV (for a review of previous X- 
ray observations of the Galactic Center see, e.g., Skinner 1993 and Predehl et 
al. 1994). The point source detected by ROSAT with an angular resolution of 
25 H coincides with the radio position of Sgr A* to within 10", i.e., the posi- 
tional accuracy of ROSAT observations, and has a (dereddened) flux density of 
$1-4 keV "~ 2 -  4 1035 erg s -1 . Previous detections at higher energies (3 - 30 keV) 
with coded mask telescopes on Spaeelab-2 and ART-P but  with considerably 
lower positional accuracy were reported by Skinner et al. (1987) and Pavlinsky 
et al. (1994). 

Here we follow the arguments by Beckert et al. (1996). The ART-P source 
exhibits a non-thermal spectrum. If the ROSAT flux density is corrected for an 
X-ray absorption corresponding to the standard extinction Av ~ 31m(~Nn 
5.4 1022 cm -2) between Sun and Galactic Center its intensity lies ~ 2 to 3 orders 
of magnitude below the extrapolated ART-P spectrum. To bring the ROSAT 
flux densities in agreement with the ART-P spectrum requires an additional 
absorption correction corresponding to a column density of insterstellar hydrogen 
N H  ~'~ 1 - 1.5 1023 cm -2 and hence to a visual extinction of Av ,-~ 56 m - 83 m. 
This could be explained if the ROSAT source were located deep inside the Sgr 
A East Core GMC against which Sgr A* and Sgr A West are seen in projection. 
In this case, however, the ROSAT source could not be identical with Sgr A*, 
which our observations place at the center of the HII region Sgr A West and in 
front of the Bar of the ionized Minispiral. Sgr A West, on the other hand, is 
located in front of the extended synchrotron source Sgr A East which, in turn, 
is located in front of the Sgr A East Core GMC (Zylka et al. 1995). 

Alternatively, Predehl and Triimper suggest tha t  the ROSAT source in fact 
coincides with Sgr A* but  is subject to a very local or intrinsic absorption. NIR 
observations of the central 0.5pc do not indicate localized dust absorption on 
scales of -~ 1" (Krabbe et al. 1995). To comply with these observations, the X- 
ray absorption would have to be provided by an ionized shell surrounding Sgr 
A*, where most of the central dust has evaporated. Beckert et al. (1996) show 
that  this is not consistent with observations. 

Above (see Eq. 1) we derived an upper limit for the luminosity of Sgr A* 
assuming black-body emission with a Planck curve fitted through the A2.2 #m 
measurement.  The upper limit for the soft X-ray emission obtained by Predehl 
and Triimper allows a more sophisticated estimate. If both the NIR upper limit 
with $2.2 ~m ~'~ 0.01 Jy estimated from the observations by Eckart et al. (1992) 
and the soft X-ray source with $1-4 keV "~ 2 -  4 1035 ergs -1 observed by Predehl 
and Trfimper (1994) close to the position of Sgr A*(R) are taken as upper limits 
to the emission by an accretion disk surrounding the central black hole, one can 
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fit the spectrum of such an accretion disk 2 (e.g., Frank et al. 1992). It is found 
that  the spectrum (see Fig. 6) is constrained by the NIR flux density and the 
mass of the black hole (BH) for which we adopt MBH ~ 2.5 106 M® but would 
be undetectable in the soft X-ray domain. The corresponding upper  limit to the 
NIR through X-ray luminosity of Sgr A* is a few 102 L®. 

T i m e  v a r i a t i o n s  a t  m m / s u b m m  w a v e l e n g t h s  The variability of Sgr A* in 
the cm/dm wavelength range is well established (for a summary of the observa- 
tions, see Mezger, Duschl and Zylka 1996). The variability of the Sgr A* emission 
at mm /sub m m  wavelengths was recently investigated by Zylka et al. (1995) at 
)`1300 ~m and 800 #m on time scales of ,-~ 1 - 3 yrs. No variations larger than 

10 - 20 % at 1300#m and 40 % at 800#m were observed. Gwinn et al. (1991) 
investigated the short term variability of Sgr A* at the same wavelengths with 
the CSO on time spans between 0.1 s and 24h, also with negative results. 

Zylka et al. (1995) report  on more recent investigations of the variability 
on time scales of a few days . Again, within the observational uncertainties no 
variability at these wavelengths has been detected, although the A800 #m da ta  
may indicate a systematic variation on time scales of a few years. 

At a mass of a few 106 Mo and a source size of a few 1013 cm, all relevant 
timescales a very short. The dynamical time scale, for instance, is of the order 
of an hour. The relevant thermodynamical  t ime scales are also comparatively 
short, of the order of hours to few days (see, e.g., Duschl and Lesch 1994). This 
implies that  the flux densities of all currently available spectra of Sgr A* that  
cover a broad frequency range are not  coeval. To discern between the different 
models (see Sect. 3.4) needs, however, genuine simultaneous spectra. 

M o r p h o l o g y ,  r e c e n t  r e s u l t s  Over a wide frequency range the apparent  size 
of Sgr A* decreases ~ )`2 (see Fig. 4). Tha t  indicates tha t  one does not  resolve 
the true source size of Sgr A* but rather observes the unresolved image enlarged 
by interstellar scattering. At )`1.35 cm, for a long time the short-wave limit of 
VLBI observations, Marcaide et al. (1992) measured an apparent  source size of 
2 mas (~2.5 1014 cm). Serabyn et al. (1992) observed Sgr A* at ) ` l .3mm with 
the OVRO mm-wave interferometer and a synthesized beam of 1'/9 x 4~/3 and 
found a source of size < 2" and flux density $1.3 m m  ~ 2.4 Jy. A second source of 
,-- 0.7 Jy  located ~ 7" to the north appears to be a restorat ion artifact (Scoville, 
pets.comm.). Krichbaum et al. (1993) succeeded for the first t ime to detect Sgr 
A* at ),7 mm using VLBI. Their  image indicates a possible elongation of Sgr 
A* at a position angle - 2 5  ° . Backer (1994) confirmed the detection of Sgr A* 
at )`7 mm with VLBI observations made three months later. They  found a flux 
density of 2.1 Jy contained in a (0.7 ± 0.07) mas circular Gaussian source. The 
detection of Sgr A* with VLBI at A3.5 mm was first reported by Krichbaum et 
al. (1994a) and subsequently confirmed in another experiment by Rogers et al. 

2 We have taken a steady standard accretion disk which extends from 3 to 1000 Rs 
assuming that it radiates locally like a black body. 
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Fig. 4. Observed source sizes of Sgr A* as a function of the wavelength: Major (crosses 
with error bars) and minor (triangles) axes; the best fit is o< A 2'°4±°'m . For • < 7 mm 
the observed sizes could be above the extrapolation of the data at )~ ~ 1 cm. 

(1994). With  some remaining uncertainty in the determinat ion of the source size, 
both  groups consistently find a flux density of 1.5 Jy  contained in a Gaussian 
source of 0.2 - 0.3 mas size and a brightness t empera tu re  of a few 109 K.. 

Fig. 4 (after Krichbaum, priv. comm.) summarizes the present s ta te  of high- 
resolution imaging of Sgr A* which exhibits at all wavelengths an elliptical shape 
(Krichbaum et al. 1994a, 1994b, 1994c); it shows the major  and minor axes. The 
best fit is c< ,,~2.04±0.01. I t  appears  tha t  at £ < 7 m m  the measured sizes of 
,-- 0.2/0.3 mas fall above the prediction based on an ext rapola t ion of the da ta  
at £ _> I cm. This could indicate tha t  at £ < 3 m m  one begins to resolve Sgr 
A*. Very recent 1 .3mm VLBI observations support  this point (Krichbaum et 
al., priv. comm.).  The corresponding linear sizes at £ 3.5 m m  are 2.5 - 4  1013 cm. 
The position angle of the major  axis is roughly constant  at -,~ 90 ° over the whole 
observed wavelength range. 

Apar t  from the £2 dependence of the apparent  source size of Sgr A* there are 
independent arguments  tha t  the source size for £ > I cm is due to interstellar 
scattering: van Langenfelde and Diamond (1991) showed tha t  VLBI  observations 
of the 1.6 GHz OH maser  emission from O H / I R  stars in the immediate  vicinity 
of Sgr A* yield the same apparent  size as obtained for Sgr A* at  tha t  frequency. 
Frail et al. (1994a) obtained for O H / I R  stars close to Sgr A* scat ter ing disks 
with the same elongation as Sgr A* indicating tha t  this morphology is not an 
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intrinsic characteristic of the Sgr A* compact synchrotron emission source but  
is rather due to anisotropic electron density variations in the scattering screen. 
Applying this investigation to other OH maser sources, van Langenfelde et al. 
(1992) found a region of pronounced scattering centered on Sgr A*. Although 
this symmetry by itself is a strong indication of a physical correlation between 
the scattering medium and the Galactic Center, van Langenfelde et al. could 
nonetheless not rule out a chance coincidence with scattering screen along the 
line-of-sight to but unrelated with the Galactic Center. Lazio et al. (1996) find a 
paucity of AGN within ~ 1 ° of Sgr A* which they at t r ibute  to a strong broaden- 
ing of these sources, indicating that  the scattering region is actually local to the 
GC. Moreover, Wielebinski and Kramer  (priv. comm.) extended previous pulsar 
surveys to shorter wavelengths (A6cm) and found that  the observed number 
of pulsars in the inner few 102 pc is considerably smaller than expected from 
extrapolation from larger galactocentric radii. This could also be due to large 
intersteUa~ scattering, but a different stellar population, or environmental  effects 
counterproductive to the formation of pulsars (e.g., high density of the ambient 
medium) cannot yet be excluded either. 

3.3 T h e  k i n e m a t i c s  of  g a s  a n d  s t a r s  in  t h e  C e n t r a l  C a v i t y  a n d  t h e  
m a s s  o f  Sgr  A* 

Within R _< 1.7pc most of the gas is ionized and therefore radio recombination 
lines and the [NeII] A 12.8#m line are used as probes of the kinematics of the 
gas. For a recent review on recombination line observations of Sgr A West mostly 
made with the VLA, see Roelfsema and Goss (1992), for observations of the [NeII] 
line see Lacy (1994). It soon became evident tha t  for R >_ 1.5 pc the gravitational 
potential is dominated by the (nearly isothermal) central star cluster, while for 
radii R _< 1.5 pc the gravitational potential  is dominated by a central compact  
mass of a few 106 M o (see, e.g., Genzel mad Townes 1987, Mezger and Wink 1986, 
Serabyn et al. 1988, Herbst et al. 1993 and Lacy 1994). Roberts  and Goss (1993) 
mapped the H92a line emission from Sgr A West with an angular resolution 
of ~ 1". They identify three major kinematic features: The Western Arc, the 
Northern Arm, and the Bar. The Western Arc is explained as part  of a ring of 
radius 1 pc in circular rotation about  a point mass near Sgr A*, with a position 
angle of the major  axis of --~ 22 ° and an inclination angle with respect to the 
Galactic plane of ,~ 34 °. With a rotational velocity of --- 105 km s -1 the enclosed 
mass is found to be ~ 3.5 l0 s M®. 

The kinematics of the ionized gas surrounding the minicavity has been re- 
cently investigated by mapping of the )~12.8 tam [NeII] line with an angular and 
spectral resolution of ~ 2" and ,-~ 30 km s -1,  respectively (Lacy et al. 1991), and 
by mapping of the H92a recombination line emission using the VLA with an 
angular resolution of ~ × G6 "~ if/17 x 1~/18 and a spectral resolution corre- 
sponding to 14kms  -1 (Roberts et al. 1996). Modelling of the [NeII] line da ta  
yields a central mass of (2 + 0.5) l0 s Mo. The velocity field of the H92a data  is 
modeled by gas in a hyperbolic orbit about  a point mass at the position of Sgr 
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Fig.  5. The enclosed mass M(R) as a function of distance R from Sgr A* (Eckart 
and Genzel 1996a,b) as derived from radial and proper motions of stars. The heavy 
full line connects the observations (given with their respective 1 a errors). The thick 
dashed curve represents the mass distribution of the stellar cluster for a core radius 
Rcore = 0.38pc, a central density p -- 4 1 0 6 M o / p c  -3, and M/L2~,m = 2 (in solar 
units). The thin full line shows the sum of this NIR cluster and a central point mass of 
2.45 106 Me. The other two curve are the sums of the NIR cluster plus an additional 
dark cluster of core radius 0.035 pc, central density 6.5 109 M e / p c  -3 and density for 
large radii o( R a (dash-dotted curve), and for 0.0062 pc and 1 1012 M e / p c  -3 (thin 
dashed curve), respectively. Note that  in this figure, the distance between Sun and 
Galactic Center is assumed to be 8.0 kpc. 

A* with a mass of ,~ (3 ±0 .5)  106 M®. Herbs t  et al. (1993) m a p p e d  the  A 2.17 # m  
Brq, line in the  Galact ic  Center.  T h e y  derive a tota l  mass  of  gas in the Nor the rn  
a rm and Centra l  Bar  of N 5 M®. Model  fits for the  dynamics  of  the  gas require 

4106M® within R ~ 0.17pc.  

More recently, following the  pioneer ing work by Sellgren et al. (1987) and  
Rieke and Rieke (1988), stellar veloci ty dispersions were used to  ex tend  the  
de te rmina t ion  of  the mass M(R) enclosed within the  radius R to  dis tances as 
close as 0.1 pc. S t rengths  and  weaknesses of  this me thod  are t ho rough ly  discussed 
in Haller et al. (1996a) who also derived a compac t  mass of  ,-~ 2 106 M®. Genzel  
et al. (1996) de termined radial  velocities and  velocity dispersions of  ,-- 25 early-  
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type stars and of --~ 200 red giants and supergiants within the central 2 pc. Both 
tracers agree that  a dark mass of ~ 2.5 - 3.2 106 M® is located at the dynamical  
center of our Galaxy, a result which is in excellent agreement with mass estimates 
based on the kinematics of the ionized gas of the minispiral. Measurements of the 
proper motion of Sgr A* can yield an independant estimate of its mass. Backer 
(1994), using VLBI, derived a lower mass limit of M(Sgr  A*) ,-~ 200 - 2 000 M® 
which - while not setting a very stringent limit - indicates that  Sgr A* in all 
probability is not a stellar object. 

Eckart and Genzel (1996a,b) also undertook a new approach, using proper 
motions of ,~ 50 stars in the radial range R ~ 0.004 - 0.4 pc as mass tracers. 
Proper motions and radial velocity dispersions are in very good agreement sug- 
gesting a central dark mass of 2 - 3 10 ~ M®. Enclosed masses M(R) are shown 
in Fig. 5 as a function of distance R from Sgr A* (Eckart and Genzel, 1996a,b). 

For large radii (R > 200 pc), M(R) is obtained from H A 21 cm line observa- 
tions, for 5 < R/pc < 100 from O H / I R  stars, and for R < 5 pc from terminal 
velocities of the ionized gas, velocity dispersion of stars and their radial and 
proper motions. The best fit to these data  requires a central compact  mass of 
,,, 2.5 106 M®. This all leads to the conclusion that  with a high degree of prob- 
ability there is a dark compact mass of 2 - 3 10 ~ M o located at or very close to 
the dynamical center of the Galaxy. 

It has to be stressed that the observed relation M(R) indicates the presence 
of a compact mass of a few million M® within a radius of R ~ 0.1 pc, but that  
this result does neither prove that  this is actually the mass of Sgr A* nor shows 
that  there exists a massive black hole at the center of our Galaxy. Alternative 
interpretations have been discussed in Haller et al. (1996a). According to Genzel 
et al. (1996) a cluster of White Dwarfs or neutron stars are ruled out by the new 
results; hence the only alternative left to the presence of a single massive black 
hole of a few 106 M® at the center of the Galaxy would be a compact  cluster of 
> 10 - 20M o black holes adding up to the same total mass. Saha et al. (1996) 
find that  the ratio MILK varies from < 1 for R > 0.8 pc to > 2 at R ~ 0.35 pc 
and conclude that  this behaviour is due to an increasing concentration of stellar 
remnants towards the Galactic Center. Rieke (priv.comm.), on the other hand, 
points out that  - for a better understanding of the kinematics - dynamical 
simulations of globular clusters for stars with ~ 0.2 - 0.3 M G are needed which 
are more representative for the population of old stars in the Galactic Center. If, 
however, the innermost proper motions derived by Eckart and Genzel (1996a,b; 

600 km s -1 at R ~ 0.01 pc) are confirmed, the only solution is a massive black 
hole. 

3.4 Models  of  Sgr A* 

By its very nature, an underfed BH is difficult to observe. In addition, the phys- 
ical conditions in the central parsec - i.e., the volume densities of low- and 
high-mass stars and the ensuing intensity of the interstellar radiation field with 
all its consequences for free-free and dust emission - are rather extreme. If the 
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Fig. 6. The radio through X-ray spectrum of the central 30"(~1.2pc) as seen from 
the Galactic Poles (heavy curve). Free-free emission dominates the spectrum for 
u < 21011 Hz, dust emission for 21011 < u/Hz < 31013 , stellar radiation for 
31013 < v/Hz < 2 1018 and hot plasma for v > 21016 Hz. Note that the stellar flux 
densities relate to the central parsec only. The full dots denote upper limits in the NIR 
and X-ray bands for the point source Sgr A*. The dashed curves give the observed 
spectrum of Sgr A*(radio/IR) and the computed model spectrum of an accretion disk 
compatible with the NIR upper limit and a black hole mass of ,-, 2.5J~06 M o (see text). 

angular resolution of the observing instruments is insufficient and the activity 
of the nucleus is low, emission from its vicinity can easily mask the emission 
proper of the black hole/accretion disk configuration. To demonstrate this, we 
compare in Fig. 6 the radio through X-ray spectrum of the central parsec of our 
Galaxy (solid heavy curve) with the corresponding spectrum of Sgr A* (dashed 
curve). Both spectra are shown as would be seen from the Galactic Poles (i.e., 
without extinction by the ISM characterized by a visual extinction of Av ~ 31 m 
between Sun and Galactic Center). Dashed curves show - presented in the form 
of vSv in units of J y × H z  - the rad io / IR spectrum of Sgr A* (from Fig. 3) and 
an accretion disk spectrum fit to the NIR integrated flux densities 3 (see Sect. 

3 The disk spectrum is required to be compatible with both upper limits of the flux 
densities in the NIR and the soft X-ray regime. But for a given mass of 2 - 3108 Mo 
of the accreting black hole, the constraint by the NIR flux density is so much stronger 
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3.2). The spectrum of the central parsec consists of 

1. free-free emission. The flux density S15aHz ~ 8 J y  has been obtained by 
integration of the radio image over the central 30" and subtract ion of Sgr 
A*; 

2. dust emission; 
3. opt ica l /UV emission from hot and cool stars  ex t rapola ted  from their  K-band  

flux densities; 
4. soft X-ray emission obtained by integration of the ROSAT map  (horizontal 

line; Predehl, priv. comm.).  The spect rum fitted to this ROSAT point is tha t  
of a 10 keV thermal  plasma. 

The spectrum shown in Fig. 6 as a solid curve would be the spec t rum of the 
center of the Milky Way seen by an observer with an angular resolution of -~ 0'.'5 
if his home planet were located, for instance, in the galaxy M31: A spec t rum 
mimicking a weak Seyfert 1 nucleus of a few l0 s L®. The synchrotron spect rum 
of Sgr A* proper would be completely masked by background emission due to 
the central cluster of hot and luminous stars. This should serve as a caveat  for 
interpreting nuclear spectra. R ad i o / IR  spectra  similar to tha t  of Sgr A* (Fig. 3) 
may be characteristic for black hole/accretuion disk configurations, but  in most  
weak AGN could not be separated - due to lack of angular  resolution - from the 
intense background emission caused by direct and reprocessed radiat ion from 
stars  and a central black hole/accret ion disk source. 

The Sgr A* spectrum has been discussed and interpreted in te rms of syn- 
chrotron radiation of quasi-monoenergetic relativistic electrons in Sect. 3.2. Here 
we review some other models which were suggested recently. 

Narayan et al. (1995) s tar t  from the black hole/accret ion disk configuration 
but use a different class of accretion disk models, in which most  of the l iberated 
potential  energy is not radiated locally as in the s tandard  models for accretion 
disks but  ra ther  advected into the black hole. Their  best model fit to the spec- 
t rum is obtained for a 7 105 M o black hole accreting 1.2 10-5c~M®/yr. c~ is the 
usual parameter  which measures the efficiency of t ranspor t  of angular  momen-  
tum and mass in the disk and is limited to the range c~ --- 0 . . .  1. In their model 
less than 0.1% of the viscously dissipated energy is actually radiated while more 
than  99.9% is advected into the BH without  leaving any directly observational  
traces. 

Falcke et al. (1993) argue tha t  three sources contribute to the spec t rum of Sgr 
A*: (i) an accretion disk with an accretion rate  of 10 -7 > M/(M®/yr)  > 10 -s '5  
around a black hole of mass 106 M o is responsible for the NIR par t ,  (ii) a 
jet for the radio frequency par t  and (iii) the jet nozzle for the s u b m m  par t .  
These authors parametr ize  the energy balance between the accretion disk and 
the hypothezised jet and find that  - in the f ramework of this model - the total  
jet  luminosity and the radiated accretion disk luminosity are about  equal. Falcke 
and Heinrich (1994) have analyzed s tandard accretion disks taking into account 

that the ROSAT limit yields no additional constraint 
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relativistic effects. They find tha t  at the above accretion rates, a limit-cycle type  
instability should occur and give rise to luminosity variations on t ime scales 
between a few and several thousand years. 

Both Mastichiadis and Ozernoy (1994) and Melia (1994) argue for Bondi- type 
wind accretion into a black hole, which is supplied by the cluster of massive stars  
referred to as IRS16, but differ considerably in their model parameters .  Based 
on observed X- and 7-ray flux densities a t t r ibuted to Sgr A*, Mastichiadis and 
Ozernoy argue for a black hole of mass << 6 103 M® (for a discussion of other 
arguments  against a supermassive black hole, see Ozernoy 1992). Melia, from 
modeling the spect rum between l0 s and 102o Hz, finds a most  likely black hole 
mass of (2 d: 1) 106 M® and an accretion rate  of ~ 10 -4 M® yr -1. 

Most of the models agree tha t  there is a supermassive black hole in the 
Galactic Center. The differences in the determined accretion rates are mainly 
due to the lack of spectral  information between the NIR and the soft X-ray 
regime, which makes it impossible to firmly determine the total  luminosity of 
Sgr A*. Moreover, the newly developed models of advect ion-dominated accretion 
disks render it doubtful whether the luminosity of a black hole actually depends 
in a linear way on an accretion disk's mass flow rate  at all. 

4 T h e  G a l a c t i c  C e n t e r ,  a l a b o r a t o r y  f o r  A G N ?  

Here we summarize the observed characteristics of the GC (Sect. 4.1) and com- 
pare them (in Sect. 4.2) with observations and models of AGN. In Sect. 4.4 
special at tention is given to a comparison of the Galactic Center with the cen- 
tral  regions of M81 and NGC 1068. In Sect. 4.5 we a tempt  to answer the above 
question: "The Galactic Center: A laboratory  for AGN?".  

4.1 A s u m m a r y  o f  o b s e r v a t i o n s  

We begin with a summary  of the most  impor tan t  observa t iona[ resu l t s  which 
characterize the physical s tate  of the central region: \ 

The Galactic Bulge (3 _> R / k p c  _> 0.3): Contains a stellar mass of ,~ 101° M® 
and appears  to form a transit ion zone between halo and Nuclear Bulge; contains 
stars of all ages from ,-~ 1 - 10 Gyr  with an abundance varying from Z / Z  o ,,~ 
0 . 3 -  10, and - at least for R _< 2 kpc - an indication of an abundance gradient.  
Stars and gas appear  to form a bar-like s tructure which can explain the "zone 
of avoidance" of ISM in the range 3 _> R / k p c  _~ 1.5. The  gas-to-stellar mass  
ratio is very low, MH/M, << 1%, and there is no indication of present-day star  
formation. 

Galactic Bar: In the range between a few 10 2 pc and ,-~ 2 kpc there seems to 
be a weak bar  present. This bar  may be responsible for the t r anspor t  of ma t t e r  
towards the inner few hundred parsec of the Galaxy and thus for the supply of 
mass there. 

The Nuclear Bulge (R ~_ 0.3kpc): Superimposed on an old halo-type stellar 
population is a younger (107 - 10 s yr) generation of high and medium mass s tars  
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whose number-rat io  relative to the old populat ion increases towards the center. 
Its total  stellar mass amounts  to ,-~ 4 109 M®. The hot stars of the central  cluster 
have a core radius of ~ 0.2 pc; within the central parsec their stellar luminosity 
is ,~ 8 107 L®. 

The ISM is concentrated in a narrow (h ,~ 30 - 50 pc) layer of predominant ly  
molecular gas (MH~ ~ 0.5 -- 1 108 MQ, Z / Z e  ,,~ 2), about  half of which forms 
very compact  giant molecular clouds. Modelling of the cloud kinematics yields 
a radial inflow rate  of /f/ ~ 1 0 - 2 M o y r  -1 between R ~ 150 and 10pc. The  
thin layer of ISM is pervaded by the very narrow (,,~ 20 pc) layer of thermal  
7 000 K plasma provided by extended low density HII regions. Ratios Lm/MH2 
and NLyc/MH2 are comparable with the Galactic Disk. But  with few exceptions, 
there are no indications of very active present-day high-mass s tar  formation.  
Two mild s tarbursts  ,-- 107 and --~ 108 yr ago seem to fit the observations bet ter .  

Magnetic fields in the nuclear bulge are strong (-~ 2 mG).  The  field lines 
are oriented parallel to the galactic plane inside giant molecular clouds and 
perpendicular  to the plane in the intercloud medium. 

Circum-Nuclear Disk (CND; 1.7 < R / p c  < 7): Contains ,~ 104 M e of highly 
clumped ISM which rotates  around the Galactic Center. Its inner edge is well 
defined. In the NIR the CND is seen in absorption against the central s tar  
cluster of the nuclear bulge. The CND appears  to be inclined by ,~ 25 ° - 35 ° 
with respect to the galactic plane and the south-eastern segment of the ring is 
in front of the central stellar cluster. Es t imated  radial mass flow rates through 
the CND towards the Galactic Center are a few 10 -2 M e yr -1. 

Central Cavity and Minispiral (R < 1.7pc): At R -~ 1.7pc volume and 
column densities drop by one to two orders of magni tude but  there is a smooth  
transit ion in radial velocities from the inner edge of the CND to the ionized 
gas of the low-excitation (Teff ~ 3 104 K) HII region Sgr A West which fills the 
central cavity with a total  mass of MHn ~ 260 M o. About  40 % of the free-free 
flux density emerges from a spiral-like s t ructure  referred to as Minispiral which 
extends from the CND to the Galactic Center. Magnetic fields - which follow 
the arms of the minispiral - are found to be >_ 2 mG. Northern and Eas tern  Arm 
appear  to sandwich a feature of ,-, 300 M e of a tomic gas. 

The Stellar Population of the central parsec consists of (i) ,,~ 24 massive and 
hot stars which form a cluster of core radius ,~ 0.17pc and which account for 
most  of the luminosity of ~ 10 s Le;  (ii) more than  200 K and M supergiants of 
intermediate mass; and (iii) several million low-mass, low-luminosity ( M , / L ,  ,,, 
3 -  4 L e / M o )  main sequence stars. The  different stellar ages of the more massive 
stars suggest small recurrent star  formation bursts  107 and 10 s yr ago. 

Sgr A * is located close to or at the dynamical  center of the Galaxy. Upper  
limits for its size and mass are < 2 . 5 -  4 10 la cm and ~ 2 -  3 106 Me ,  respectively. 
I t  is embedded in the Nuclear and Galactic Bulge. Its r ad io / IR  spect rum is 
best explained by optically thin synchrotron radiat ion emit ted by relativistic 
electrons with a quasi-monoenergetic distribution. The  luminosity contained in 
the r ad io / IR  par t  of the spectrum is ~ 300 L®. LoptfUV ~ 500 L e is an upper  
limit for the optical and UV luminosity of Sgr A* if a s tandard  accretion disk 
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spec t rum is fi t ted to  the  upper  limit of the K-band  flux densi ty  and a black hole 
mass of --~ 2 - 3 106 M® is adopted.  The  X-ray  luminosi ty  of  Sgr A* is less t h a n  
a few l0  S L o. 

I I I I I 
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M81 
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Sgr A* _ ~ , . ~ . . , T ~  
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Fig. 7. A comparison of the radio/IR spectrum of Sgr A* (below the broken line) with 
the core spectrum of M81 (Reuter and Lesch 1996) reduced to the distance of the GC 
(above the broken line). The full lines are model spectra of synchrotron radiation of 
quasi-monoenergetic relativistic electrons (see Table 3). In both cases the spectrum is 
self-absorbed for the lowest frequencies, and optically thin for the higher ones. 

4 .2 T h e  G a l a c t i c  C e n t e r  as  c o m p a r e d  t o  A G N  

- B l a c k  H o l e :  Close to or at the dynamica l  center of our  Ga laxy  there  is a 
dark  compac t  mass of 2.5 - 3 106 M G which, in all likelihood, is a black 
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Table 3. Comparison of the model parameters which fit synchrotron spectra of 
quasi-monoenergetic distributions of relativistic electrons to the observed spectra of 
M81 and Sgr A*. In both cases the spectrum is self-absorbed for the lowest frequen- 
cies, and optically thin for the higher ones. 

I II MS1 I Sgr A* I I 
Magnetic field 0.5 11 G 

Source radius 7 1015 1.2 1013 cm 

Electron energy 100 114 MeV 

hole. This mass is considerably less than that  inferred for black holes in 
the most active galaxies, but well in the range of dark masses detected in 
the centers of Seyfert and normal galaxies. In our Galaxy the black hole 
manifests itself in the radio /MIR region as the compact synchrotron source 
Sgr A*; there exist only upper limits for the flux densities in the N I R - X -  
ray regime. The radio/ IR luminosity of 300 L G is comparable to the upper 
limits obtained for the optical/UV and X-ray luminosities. If this luminosity 
is provided by a standard accretion disk around a black hole, it corresponds 
to an accretion rate of M ,-- 10 -8 M o yr -1. Remember that  the Eddington 
limit for a black hole of 3 10 6 M® is ,,~ 1011 L®, the corresponding accretion 
rate is ~ 10 -2 M e yr -1 - with the exact value depending on the efficiency 
of the accretion. 

- Obscuring torus: The circum-nuclear disk is a ring of gas and dust which 
encloses the Central Cavity (R ,~ 1.7pc). The central cavity is filled with 
ionized and neutral atomic gas (MHtl -+- MH "-" 500 -- 600 Mo).  The ionized 
gas forms spiral-like streamers (minispiral) which are coupled to strong (2 - 
4 mG) magnetic fields. These streamers could transport  mat ter  towards the 
center of the central cavity. The ionization of the gas in the central cavity 
and the total luminosity L ( R  _< 1 pc) ~ 10 s L o is due to a cluster of highly 
evolved massive stars, In many respects the CND is similar to the obscuring 
tori that  are held responsible for differences in the observed characteristics 
of the various AGN classes. The formation of such tori appears to be a direct 
consequence of the presence of massive central black holes. 

- Mass flow: While the present-day accretion into the black hole seems to 
be rather low, there is plenty of gas and dust supply available in the inner 
200pc. For the molecular disk as well as for the CND radial mass inflow 
rates of the order of ,-~ 10 -2 Mo yr -1 are derived. This material can easily 
be replenished by the action of a bar at larger radii. In a stationary state, 
this difference between the mass inflow rate into the central cavity and the 
accretion rate into the black hole would create a real problem since none 
of the observed matter  consuming processes (formation of stars, winds, jets, 
etc.) can account for a consumption rate of more than a few tens of percent 
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of the available material.  Hence, in future, when the mater ial  now on its way 
to the Galactic Center will have reached the inner parsec and the vicinity of 
the black hole, even another  burst  of star  formation will not keep the black 
hole from accreting at a much higher rate  than  currently is the case. The  
only conclusion left is tha t  the mass flow rate  varies in cycles so tha t  the 
current low accretion rate is due to a genuine phase of low ma t t e r  supply in 
the black hole's immediate  vicinity. This view is suppor ted  by the fact tha t  
only 10 7 ' ' s  yr ago the mass consumption rate  during the recent event of a 
star  burst  in the inner parsec could have been as high as 10 .2  M® yr -1 if 

3 10 3 Mo of ISM were t ransformed into the observed massive stars  during 
a t ime of ~ 3 10 5 yr. Since s tar  formation is not a very efficient process for 
consuming gas and dust, the accretion rate  into the black hole, at tha t  t ime, 
must  have been accordingly much higher than  today. If one assumes tha t  the 
duty cycle of activity in our Galactic Center is similar to what  one inferres on 
statistical grounds for AGN (a few percent),  the average accretion rate  would 
be --, 10 -4 M® yr -1. If such an average accretion rate  were characterist ic for 
the entire Hubble t ime (,~ 101° yr), the lower limit for the mass of the black 
hole would be ~ 10 6 MG, in good agreement  with the actually observed value 
of its mass. 

The spectrum of Sgr A* and of the central parsec: The observed and (for 
the opt ica l /UV band) inferred spect rum of Sgr A* is shown in Fig. 6 to- 
gether with the observed and dereddened spect rum of the central parsec. 
The r ad io /MIR spectrum of Sgr A* can be fitted well by synchrotron ra- 
diation from quasi-monoenergetic relativistic electrons. Falcke et al. (1993) 
suggested tha t  the released gravitat ional  energy of the accretion disk/black 
hole central energy always divides up in similar fractions of thermal  energy 
and non-thermal  energy, i.e. the acceleration of electrons to relativistic speed 
which subsequently - accelerated in magnet ic  fields - emit  synchrotron ra- 
diation. The comparison of the spec t rum derived for Sgr A* with tha t  of 
the central parsec (Fig. 6) supports  this view: The luminosity of the ob- 
served non-thermal  synchrotron component  and tha t  of the inferred thermal  
disk component  in the spectrum are approximate ly  equal. We hypothesize 
tha t  the intrinsic spectra  of black hole/accretuion disk engines are similar 
regardless of the energy output.  If this were actually the case the difference 
between "thermal" and "non-thermal" AGN spectra  would not relate to in- 
trinsic source characteristics but  ra ther  to environmental  effects such as the 
reprocessing of opt ica l /UV light and obscuration by dust. A comparison of 
the intrinsic spectrum of Sgr A* with the spect rum of the central parsec 
supports  this view: The lat ter  spec t rum is only vaguely related to the Sgr 
A* spect rum but  ra ther  resembles tha t  of a radio-quiet AGN. 

- And finally . . .  
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4.3 T h e  A c c r e t i o n  D i s k  in t h e  G a l a c t i c  C e n t e r  

Unfortunately,  there is no direct evidence for the presence of a s tandard  accretion 
disk in the Galactic Center which should have a size of > 103 Schwarzschild radii 
Rs  (i.e. > 1014-15 cm); neither a compact  HII region, nor emission from hot dust 
nor a counterpar t  to Sgr A* (radio) in the NIR are observed. Only the compact  
synchrotron source has a size of --- 10 Rs which could be compatible  with the 
inner edge of an accretion disk or ring. The low value of the mass accretion 
rate  of a s tandard disk ~ 10 - s  M G yr -1 of the black hole in the center of the 
Milky Way falls in the range of stellar accretion rates ra ther  than  of those of 
AGN. One should keep in mind, however, tha t  there is no reasin whatsoever  tha t  
forbids other than s tandard accretion disks. In advect ion-dominated accretion 
disks a higher accretion rate  does not manifest  itself by a correspondingly higher 
luminosity. Because of this the application of advect ion-dominated models to the 
si tuation in the Galactic Center is of great  impoertance.  It  could easuily turn  
out  tha t  there we have the only labora tory  for such disk around massive black 
holes tha t  is directly accessble - to some degree at  least. 

4 .4 T h e  ca se  o f  M 8 1  a n d  N G C  1068 

One may argue tha t  the above discussed difference between the t rue spec t rum 
of Sgr A* and tha t  of the inner parsec is a consequence of the low luminosity 
of Sgr A*(R). How can we be sure tha t  with an increased accretion rate  the 
luminosity of the synchrotron emission also increases? The catalogue of AGN 
spectra  (Steppe et al. 1992) shows quite a few compact  core sources with inverted 
spectra.  Recently Reuter  and Lesch (1996) using the IRAM 30-m-MRT have 
extended such an inverted spectrum of M81 observed with VLBI at )~ > 2 cm to 
wavelengths as short as )d.2 m m  and find it to be qualitatively very similar to 
tha t  of Sgr A*. But  its luminosity of ,~ 3 10 6 L® is ,-- 10 4 tha t  of Sgr A*. Both 
spectra  are shown together in Fig. 7, but  with the flux densities of M81 reduced 
to the distance of the Galactic Center. In the frequency range between < 1 GHz 
and --~ 30GHz,  the flux density scales Sv(M81) o¢ v 1/3 as does Sgr A*. The  new 
mm-observat ions show tha t  the m ax i m um  flux density is a t ta ined at ~ 100 GHz 
and then begins to decrease. Beckert (priv. comm.) has calculated a theoretical  
spect rum for M81* using the same model as for Sgr A* (see Sect. 3.2 and Table 
2). The electron energies are practically the same in both  cases; the magnet ic  
field is lower by a factor of ,-~ 20 in M81, but  the ma jo r  difference seems to be  
the volume of the emitt ing source in M81 that  is larger by ,-~ 2 l0 s compared  to 
Sgr A*. This lat ter  difference is the main reason for the much higher luminosity. 
The resulting spect rum is compared with the observed flux densities in Fig. 7, 
the characteristic parameters  of M81 and Sgr A* are summarized in Table 3. 

M81 is at a distance of ,-~ 3 Mpc which means tha t  an angular distance of 
1" corresponds to ~ 15 pc. If  the distribution of dust in the central 300pc of 
M81 were similar to tha t  in the nuclear bulge of our Galaxy, Renter  and Lesch 
would have had no chance to separate  the compact  synchrotron source from the 
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dust and free-free emission background using the 30-m-telescope with an angular  
resolution of only ~ 10" to 30". I t  appears  to be the absence of dense molecular 
gas in the nuclear bulge of M81 which makes the compact  synchrotron source at 
the center of M81 such an easily detectable object.  

In the previous section, we suggested tha t  a radio spec t rum S .  ac vl/3 is 
typical for the core emission of AGN. This view is suppor ted  by Slee et al. 
(1994), who find compact  radio continuum cores in --~ 70% of radio-emit t ing 
elliptical and SO galaxies which have a flat or inverted spect rum with a median 
spectral  index of 0.3. This could be interpreted tha t  a r ad io / IR  spec t rum similar 
to tha t  of Sgr A* is always associated with a black hole/accret ion disk fueled 
AGN. 

Observations of the Seyfert 2 galaxy NGC 1068 point in the same direction. 
With MERLIN and an angular resolution of --- 60 mas (,,~ 4 pc at  a distance of 
15 Mpc) Muxlow et al. (1996) detected a compact  core with an inverted spect rum 
(S~ oc ~0.31) between 5 and 22GHz located close to the s tar t ing point of a 
flaring jet. This compact  core is surrounded by four more sources with steep 
radio spectra  which have masked the inverted spect rum in earlier observations 
of lower angular resolution. Wittkowski et al. (1997) observed with the Russian 
6 m telescope the center of NGC 1068 in the IR  with a speckle technique and 
showed tha t  in the IR K-band,  the nuclear flux comes from a region of size of 
a few parsec. Interstingly enough, it seems as if in this source the range of the 
nuclear spectrum with a S~ oc v 1/3 dependency extends all the way into the 
NIR spectral  range. They derive source parameters  along the line discussed in 
the present paper,  and find that  the major  difference to its less active relatives 
seems to be a considerably higher electron energy. 

One is t empted  to speculate tha t  the higher efficiency of the acceleration 
mechanism for the electrons may be the true difference between an active galactic 
center and a normal  one. 

4 . 5  C o n c l u s i o n s  - T h e  G a l a c t i c  C e n t e r :  A L a b o r a t o r y  for  A G N  

The observations and theoretical investigations compiled and discussed in this 
review confirm our view tha t  the Center of our Galaxy belongs to the class 
of mildly active Seyfert Nuclei which account for --- 10% of all spiral galaxies. 
I t  therefore can serve as a true labora tory  for AGN as alluded to in the title 
of this paper.  The black holes in quasars and radio galaxies are more massive, 
compared with the mass of the black hole in our Galaxy, by up to 4 orders of 
magni tude and we do not yet know how the characteristics of AGN scale with 
black hole mass. In using the center of the Milky Way as a labora tory  of AGN 
one should always keep in mind tha t  currently it appears  to be in a phase of 
ra ther  low activity. But at the same t ime one must  not forget, tha t  both,  past  
and future phases of much higher activity, are indicated by observations of its 
current status. 
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Abstract: 
We consider how the observations of an X-ray  source embedded into a molec- 

ular cloud could be used for diagnostic of the cloud parameters  and time history 
of the source flux, using data  on the neutral iron 6.4 keV fluorescent line. We 
concentrate on the particular cases of the source 1E1740.7-2942 and the Galac- 
tic Center region. For a steady source an equivalent width of the 6.4 keV line is 
a convenient indicator of the amount  of gas in the cloud. For a variable source 
the shape and flux of the line could provide information on the activity of the 
source in the past (few light crossing times of the cloud). Observations of de- 
tailed structure of the recoil profile of the line (due to scattering by electrons 
bound in neutral atoms and molecules) could provide information on the he- 
lium abundance in the scattering matter .  Appearance of a new generation of 
X-ray spectrometers, combining high energy resolution and large effective area, 
will make observations of the 6.4 keV line a very powerful tool for diagnostic of 
neutral scattering media. 

More detailed discussion is given in Churazov, Gilfanov, Sunyaev, 1996; Sun- 
yaev & Churazov, 1996; Churazov & Sunyaev, 1997; Churazov, Sunyaev, Vain- 
shtein, 1997. 

1 1 E 1 7 4 0 . 7 - 2 9 4 2 ,  cons tra in t s  o n  t h e  d e p t h  o f  t h e  c loud  

1E1740.7-2942, located ~ 50 ~ from the dynamic center of our Galaxy, was dis- 
covered by the Einste in/IPC (Hertz &: Grindlay 1984) in soft X-rays (< 4 keV). 
Observations at higher energies (Skinner et al., 1991; Cook et al., 1991) indicated 
unusual hardness of the source spectrum. This result was further confirmed by 
long term monitoring of the GC region by GRANAT/SIGMA (e.g. Sunyaev et 
al., 1991), which demonstrated that  most of the time 1E1740.7-2942 gives dom- 
inant contribution to the hard X-ray flux of the few degrees region around GC. 

Observations at millimeter wavelength revealed the dense (-,~ 105 cm -3) mole- 
cular cloud in the direction of 1E1740.7-2942 (Bally & Leventhal 1991, Mirabel 
et al. 1991). This discovery raised the hypothesis tha t  the unique properties of 
this object are due to the presence of a dense gas near the compact object. In 
particular, Bondi-Hoyle accretion onto a single black hole (Bally & Leventhal 
1991, Mirabel et al. 1991) or onto a black hole in a binary system (Chen et al., 
1994) has been discussed. The presence of dense and cold gas near the compact  
object has also other important  consequences - -  e.g. as a possible site for cooling 
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and annihilation of hot positrons, possibly produced by 1E1740.7-2942 during 
hard states (e.g. Ramaty et al., 1992). 

Since the Thomson optical depth of the cloud (as derived from observations 
of molecular lines at millimeter wavelength) is large enough, TT ~ 0.2, the scat- 
tered component of the same relative intensity could be present (Sunyaev et 
al., 1991). Detailed verification of the variability of the source flux observed by 
GRANAT allowed one to constrain averaged depth of the gas surrounding the 
source to the value rT <_ 0.1 (Churazov et al., 1993; Pavlinsky et al., 1994). Ad- 
ditional constraints can be obtained studying another feature, associated with 
reprocessed X-ray emission in the neutral gas - -  6.4 keV iron K-line, using ASCA 
observations of 1E1740.7-2942 during the PV phase. 

Reprocessing of the X-ray emission in the neutral gas, surrounding the s teady 
compact source should lead to the appearance of a scattered component  with 
the intensity proportional to the averaged Thomson optical depth of the cloud: 
Fscat = F o x  TT, where F0 is the flux of the compact source. The expected flux in 
the 6.4 keV line is defined by the source flux above 7.1 keV, the averaged radial 
Thomson depth of the cloud, an iron abundance, the absorption crossection at 
the iron K-edge (aK ~ 3.5 x 10 .20 cm 2) and the fluorescent yield (W ,-~ 0.3). 
One can easily show that  for the solar abundance of the iron expected equivalent 
width of the 6.4 keV in the scattered component is ,-- 1000 eV (see e.g. Fabian, 
1977; Vainshtein & Sunyaev, 1980), weakly depending on the Thomson depth of 
the cloud. In the observed spectrum (steady source in the center of the cloud) 
the equivalent width should be a factor of ~ T lower. This allows one to est imate 
the radial Thomson depth of the cloud from the observed value of the 6.4 keV 
line equivalent width. It is important  to mention that  1E1740.7-2942 source is 
strongly variable on the 1 year time scale (Sunyaev et al., 1991). Therefore if the 
source is inside the cloud (having linear size of the order of I pc), the equivalent 
width of the Ks  line may be maximal during the low state of the source. 

Shown in Fig. 1 are the results of Monte-Carlo simulations of the emerging 
spectrum for the steady source (having intrinsic power law spectrum with photon 
index /"  = 1.8) in the center of the uniform spherical cloud with a radial column 
density of 18 x 1022cm -2. The lat ter  value approximately corresponds to the 
low energy absorption in the source spectrum. In this case one can expect  an 
equivalent width of the 6.4 keV line ~ l l5eV.  For comparison the right panel 
in Fig. 1 shows the observed SIS0 spectrum and best fit power law model plus 
the 6.4 keV line with an equivalent width of l l5eV.  One can see that  the actual 
flux in the 6.4 keV line is much lower. The observed equivalent width of the 
6.4 keV line (~-, 11 eV) indicates tha t  the radial column density (averaged over 
all directions) of the gas around the source does not strongly exceed N H  
2 x 1022cm -2. Taking into account the ASCA mirrors angular resolution (3 ~ 
half power diameter) and area, used for the spectrum extract ion (see Churazov, 
Gilfanov, Sunyaev, 1996), the linear size of the region to which the above limit 
should be applied is about  of several parsecs at the GC distance. The above 
value of the averaged NH is a factor of 5 to  I5 lower than  the typical values 
of the line of sight column density in the direction of the source derived from 
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Fig. 1. Left: Monte-Carlo simulation of the expected spectrum for the source in the 
center of the uniform cloud with the radial column density 18 x 1022cm -2. Right:  
Observed SIS0 spectrum. Solid line shows best fit power law plus 6.4 keV line with 
equivalent width 115 eV. From Churazov, Gilfanov & Sunyaev, 1996. 

other data, suggesting that  the bulk of the absorbing gas is not located in the 
immediate vicinity of the source. Taking into account the possible contributions 
to the 6.4 keV line flux from the large scale diffuse component and the reflection 
from the accretion disk, the actual value of the line flux originating from the 
molecular gas surrounding the source may be even lower. From above one can 
conclude that ,  if most of the line of sight absorption is due to the dense cloud 
then the cloud must be located in front of the compact source. 

More detailed discussion is given in Churazov, Gilfanov, Sunyaev, 1996. 

2 G a l a c t i c  C e n t e r  r e g i o n  a n d  v a r i a b l e  s o u r c e  

Observations of the Galactic Center region with the G R A N A T / A R T - P  telescope 
revealed a diffuse component above --, 8 keV elongated parallel to the Galactic 
plane and resembling the distribution of the molecular gas clouds (Sunyaev et al., 
1993, Markevitch et al., 1993). It was suggested that  this component is due to the 
Thomson scattering by a dense molecular gas of the X-rays from nearby compact 
sources. It was shown that  the detailed iron Ks  line observations may prove this 
interpretation of the G R A N A T / A R T - P  data. Further evidence in support  of this 
assumption came from ASCA observations of this region, which revealed strong 
6.4 keV line flux from the general direction of the largest molecular complexes 
(e.g. Koyama, 1994). The Sgr B2 complex was found to be especially bright in the 
6.4 keV line, at the level of a few lO-4phot/s/cm 2 (Koyama et al., 1996). Such 
a high flux in the fluorescent line requires a powerful source of pr imary X-ray 
emission which gives rise to the reprocessed radiation. Since the light crossing 
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time of the Galactic Center region is as long as several hundred years, observed 
reprocessed radiation may be associated with the source which is dim at present, 
but  was very bright some hundred years ago. Such a scenario has been suggested 
by Sunyaev et al. (1993) and supported by Koyama (1994), the Galactic Center 
(i.e. Sgr A*) itself being the primary candidate. Given the distance from the 
Sgr B2 complex to the GC (~ 40' or about 100 pc in projection) Koyama et al. 
(1996) estimated the luminosity of the putative GC source in excess of l O a g e r g s / s  

some hundred years ago. Although high enough this value is still much below 
the Eddington limit for the 106M® black hole and even a ra ther  short flare 
at the Eddington level could provide the required flux (Sunyaev et al., 1993). 
A less energetic object is required if one assumes that  the pr imary source of 
continuum emission is located in the vicinity of the Sgr B2 complex (or even 
inside it). The situation when the compact source is embedded into molecular 
cloud was considered also for the source 1E1740.7-2942 near the Galactic Center, 
since observations at millimeter wavelength revealed giant ( N H  ,,~ 21023 cm -2) 
molecular cloud in the direction of this object (Bally & Leventhal 1991, Mirabel 
et al. 1991). 

Note that  light crossing time for each particular cloud or complex of clouds 
can be of the order of years or tens of years and that  this value defines the 
time scale for variability of scattered flux (even if the pr imary source was bright 
only during a much shorter period of time). Even when the pr imary photons 
have already left the cloud, multiply scattered photons can be observed. The 
variability of the primary radiation flux and cloud parameters  will affect the 
appearance of the 6.4 keV line. All important  features can be seen considering 
the simplest case of a point source of the continuum X-ray emission located in 
the center of a spherically symmetric cloud of neutral gas. In the presence of the 
steady primary source the expected equivalent width of the 6.4 keV line (with 
respect to the primary continuum flux) is about 1 x ~-T keV, where T T is the 
Thomson depth of the medium, surrounding the source 1. If the pr imary source 
radiation diminishes, then the equivalent width immediately rises to the value 
of ,~ 1 keV (e.g. Fabian, 1977, Vainshtein and Sunyaev, 1980) - the value, which 
is rather insensitive to the cloud parameters like optical depth (as soon as it is 
low) or particular distribution of scattering matter .  This happens because both 
6.4 keV and scattered continuum fluxes are proportional  to the optical depth 
of the cloud and intensity of the primary radiation. However later (after the 
diminishing of the primary source flux) the value of the equivalent width can 
change considerably. 

We briefly discuss below how the effects of time delay, large opacity and 
scattering by bound electrons affect the appearance of the 6.4 keV line. For 
simplicity we are considering the simplest case of a point source of continuum 
X-ray emission in the center of a spherically symmetric cloud of neutral  gas. 

One of the most important  parameters determining the possibility of the 

1 Calculating 7"T we take into account all electrons bound in atoms and molecules; see 
details below 
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Fig.  2. The equivalent width versus time for the compact source of continuum emission 
at the center of the uniform spherical cloud. The upper row of figures corresponds to 
the short flare of the compact source flux, the lower row of figures corresponds to the 
"switch-off" of the steady source. The thin solid line shows the contribution of the 
6.4 keV photons, which left the cloud without further interactions. The dotted line 
shows the contribution of 6.4 keV photons which have been Thomson scattered once 
and dashed line shows the 6.4 keV photons which undergo more than one scattering 
before escape from the cloud. The thick solid line shows total contribution of all these 
components. 

line detect ion is i t 's  equivalent wid th  (EW),  i.e. the rat io of  the  flux in the  
line to the spectral  density of the  con t inuum flux in the vicinity of  the  line. 
We use M o n t e - C a r l o  simulat ions in order  to  genera te  spectra ,  emerging f rom a 
spherically symmet r i c  cloud with the point  source of the con t inuum rad ia t ion  
(power law with pho ton  index F = 1.8) in the center.  Initial seed pho tons  were 
genera ted  in the 1-18 keV energy range. Since t empora l  behavior  of  the 6.4 keV 
line flux is in quest ion we kept record of  escape t ime for photons ,  emerging  f rom 
the cloud. Shown in Fig.2 is the evolut ion of the line equivalent wid th  with t ime 
for the  case of  a short  flare at  t -- 0 (upper  row of figures) and t h e t a - f u n c t i o n -  
like behavior  of the p r imary  source flux (lower row of figures). In the  la t ter  case 
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the flux of the source was stable before the moment  of time t -- 0 and dropped 
to zero after this moment. In both cases t = 1 (time is measured in ~ units) 
corresponds to the moment of time, when direct radiation (towards observer) 
leaves the cloud. Two values of the cloud radial Thomson depths T T .~- 0.01 (a) 
and 0.5 (b) were used. The thin solid line shows the contribution of the 6.4 keV 
fluorescent photons, which left the cloud without further interactions. The dot ted 
line shows the contribution of the 6.4 keV photons which have been Thomson 
scattered once and the dashed line shows the 6.4 keV photons which undergo 
more than one scattering before they escaped from the cloud. At last thick solid 
line shows total contribution of all these components. Note that  scattered 6.4 keV 
photons may have an actual energy lower than 6.4 keV (we discuss the shape of 
the line profile below). Obviously the continuum is also scattered with intensity 
being proportional to T ~ after n scatterings (in the limit of small optical depth). 

The first thing apparent from Fig.2 is the sharp change of EW at the t = 1. 
This is obviously related to the disappearance of the direct component (escaping 
from the cloud without interaction), which contributes to the continuum emis- 
sion. Immediately after t = 1 EW jumps to the level of ,~ 1 keV for both values 
of T T (Fig.2 a,b). Indeed (see e.g. Vainshtein and Sunyaev, 1980) both ftux in 
the line and the level of the scattered continuum emission are (to the first order) 
proportional to the amount of mat ter  over the radius of the cloud. As the re- 
sults, the EW (ratio of the line flux to the continuum spectral density) happens 
to depend only weakly on the actual parameters of the cloud. 

For large values of optical depth (Fig.2b) the behavior of the EW is very 
different - its vMue starts to rise from early beginning. The reason for such 
behavior is the large photoabsorption depth. Continuum photons (at about  6 
keV) have a high probability to be absorbed before they can escape from the 
cloud. On the other hand high energy photons (at the energy 10-20-30 keV) can 
reach peripheral regions of the cloud without being absorbed, ionize an electron 
from the iron K-shell and thus produce a 6.4 keV photon, which can escape 
further. 

Even apart  from the photoabsorption effect the total  EW calculated as the 
sum of unscattered and scattered 6.4 keV photons (Fig.2 a,b) grows with time. 
For low values of optical depth this growth is seen as the sharp jump at t = 3R/c. 
This jump corresponds to the moment when all photons, which undergo only one 
interaction (absorption + fluorescence or single Thomson scattering) are leaving 
the cloud. After that  moment of time the spectrum is dominated by the photons 
passed through more than one interaction. One can see that  the EW of the 6.4 
keV complex increases at that  moment.  This is because the continuum is now 
dominated by twice Thomson scattered photons, while the line is constructed 
from two kinds of photons: (a) photons which first were Thomson scattered, then 
ionized an electron from the iron K-shell and produced new 6.4 keV quantum and 
(b) Thomson scattered 6.4 keV photons. The EW for each of these components is 
about  1 keV. After each additional scattering (when the spectrum is dominated 
by the photons passed through n interactions) the total  equivalent width will 
increase further (roughly proportional to n). In other words one can say that  with 
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each additional "interaction" Thomson scattering does not change the existing 
EW of the line, while ionization of iron K-shells adds more "fresh" 6.4 keV 
photons. 

Finally one can note that  although the EW of the 6.4 keV complex rises 
with time the absolute flux declines with time. The decline of the flux is caused 
by the escape of the photons from the cloud and photoabsorpt ion of photons. 
Note that  for the Sgr B2 complex ASCA detected the 6.4 keV flux at the level 
of few lO-4pho t / s / cm 2 (Koyama, 1996) and even a 1000 times weaker line will 
still give a few hundred counts for 100 ks HTXS observation. It is interesting 
that  during the period of time ~ 10-20 years (the value not incomparable with 
the life time of best modern space observatories) the parameters  of the line may 
substantially evolve. 

In the previous discussion the fact tha t  photons can change their energy 
during scattering was not taken into account. However for the 6.4 keV line even 
single scattering causes significant blurring of the line, which is especially impor- 
tant  for future instruments with high energy resolution. Since we are considering 
scattering by the neutral matter,  then all complications related to bound elec- 
trons (discussed in Sunyaev and Churazov, 1996 i see next section) are to be 
taken into account. In particular for the 6.4 keV photons after each scattering 
(by a hydrogen atom) about  14% of the photons will maintain the initial energy 
unchanged (Rayleigh or elastic scattering). Some small fraction photons will 
cause excitation of electrons in the hydrogen atoms, leading to the appearance 
of Raman satellites of the line at the energies hvo - 13.6 x (1 - 1/n  2) eV, where 
n is the principle quantum number of excited level. But the largest fraction of 
photons will be Compton scattered by hydrogen atoms, leading to the ionization 
of an electron and decrease of the photon energy by ~ 13-200 eV. Due to the 
motion of the electrons bound in hydrogen atoms, the backscattering peak will 
be smeared out. 

Shown in Fig.3 are the spectra, emerging from the spherical cloud (with the 
radial optical depths of 0.2) after a given time from the switch off of the compact 
source. We assume here that  fluorescence produces a monochromatic  line at the 
energy of 6.4 keV. One can see that  after multiple scatterings complex a shoulder 
forms on the low energy side of the line. As discussed above the total equivalent 
width of the whole complex increases with time. However the photons are now 
distributed over a rather broad energy range, which increases with time. The 
equivalent width of the unshifted 6.4 keV line itself will still increase with time. 
This is related in part  with the more rapid decline of the continuum at 6.4 keV 
due to photoabsorption (see above) and in part  with Rayleigh scattering, which 
leaves ~ 1 4 ~  of the photons at the initial energy. 

Thus the value of the equivalent width and the shape of the 6.4 keV iron 
K s  line, emerging from the neutral matter ,  illuminated from inside or outside 
by the X-ray  continuum spectrum, contains information on the time history 
of the illuminating continuum flux. Assuming normal abundance of iron in the 
scattering media the value of an equivalent width of about  1 keV indicate that  
we are dealing with a scattered component.  Values in excess of 1 keV can be 
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Fig. 3. Spectra emerging from the uniform cloud with radial Thomson depth TT - ~ -  0.2 
at different moments of time after a short flare of the continuum emission from the point 
source in the center of the cloud. For the left figure the recoil effect was calculated as 
for free cold electrons at rest. For the right figure effects of bound electrons were taken 
into account (but only for the 6.4 keV line). Spectra correspond to the intervals of time: 
0-1, 1-2, 2-3, 3-4, 4-5 (in units R/c) from top to the bottom curves correspondingly. 
Each subsequent spectrum was multiplied by 0.05 for clarity. Spectra are plotted with 
an energy resolution of 5 eV. 

due to strong photoabsorption or multiple Thomson  scattering. Spectroscopic 
analysis of the 6.4 keV line profile and the shape of the 7.1 keV absorption 
edge can help to distinguish between these possibilities. When combined with 
broad band spectroscopic measurements  it can be used to determine the posit ion 
and flux history of the primary cont inuum source. A new generation of X-ray  
instruments should be capable of achieving the required sensitivity and energy 
resolution to accurately measure the detailed structure of the 6.4 keV line in the 
Galactic Center region. Comparing the flux and shape of the line from different 
molecular clouds in the region, one can reconstruct the date and duration of the 
flare, responsible for observed scattered emission. Note  also that observations,  
over a period of 5-10 years, may show the variability of the line flux and shape. 

More detailed discussion is given in Churazov & Sunyaev, 1997. 

3 Scatter ing by e lectrons b o u n d  in neutral  a toms  

As was mentioned in the previous section the shape of the lines in the scattered 
spectra is affected by the properties of a scattering media. Compton  scattering 
of X-rays by free electrons is known to play an important  role in a number of 
astrophysical objects: early Universe, hot gas in clusters of galaxies, accretion 
disks around neutron stars and black holes, p lasma clouds surrounding compact  
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X-ray sources. In many cases X-rays are scattered by neutral gas rather  than free 
electrons. One can mention the reflection of X-rays by the solar photosphere (X- 
rays are produced by the flares above the solar surface and a considerable fraction 
of them will be reflected by the photosphere, having low degrees of ionization 

< 10-3); reflection of X-rays by the photospheres of cold flaring stars (T- 
Tauri, late stars coronas); outer regions of the extended accretion disks in binary 
systems, having low degree of ionization; molecular tori around central objects 
in the active galactic nuclei and QSOs. Compact X-ray sources, embedded into 
the dense molecular clouds are of special interest. 

As is well known change of a photon energy after scattering by free electron 
at rest unambiguously related with the scattering angle due to momentum and 
energy conservation laws. For the scattering by the electron, bound in a hydrogen 
atom, additional factors complicate the process: finite binding energy of the 
electron and motion of the electron in the atom. Because of discrete energy 
levels of the electron in the exited state not all values of photon energy change are 
possible. Because of the "random" motion of the electron within the atom change 
of the photon energy is no longer an unambiguous function of the geometry. 

Usually the scattering process (by electrons bound in atom) is divided into 
three branches: 

A) Rayleigh (coherent) scattering: V1 + H  = 72+H.  The energy of the photon 
remains the same, only direction changes. The recoil effect is ,~ rap/me times 
smaller than in the case of scattering by free electron. 
B)  Raman scattering: 71 + H = V2 + H(n, l), where H(n, l) denotes one of 
the excited states of the hydrogen atom. The energy of the photon decreases 
by the value of excitation energy: hv2 = h~q - En,l - Raman satellites of the 
line appear. 
C) Compton scattering: V1 + H = V~ + e -  +p ,  accompanied by ionization of 
atom. The energy of the photon decreases by the value of ionization potential  
and kinetic energy of electron after scattering: h~2 = hvl - 13.6eV - Ee. 

For Compton scattering the final state of the electron corresponds to the 
continuum. Unambiguous relation between scattering angle and change of the 
photon frequency breaks even if the atom or molecule are not moving before scat- 
tering. This is because the electron is not "at rest" in the atom, but  has certain 
distribution over momentum. This ambiguity of energy transfer does not violate 
conservation laws, since heavy nucleus can carry the necessary momentum, hav- 
ing negligible kinetic energy. One can estimate the influence of the motion of an 
electron in an atom simply considering scattering of a photon by a free electron 
having velocity comparable to the velocity of the electron bound in atom. Due to 
the Doppler effect energy transfer may vary by a factor of ~ hul x ~ for scattering 
by a large angle. The broader the distribution of the electron initial momentum, 
the large are the deviations of energy change can be compared to pure recoil 
in the case of scattering by free a electron at rest. This is especially impor tant  
for scatterings by a large angle, causing the smearing of the backscattered peak 
(Fig.4a). One can mention the similarity of the distortions of the left wing of 
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the line for scattering by hydrogen with distortions appear ing for scat ter ing by 
free electrons with a t empera ture  ~ 10 eV. Shown in Fig.4b is the spec t rum 
of 6.4 keV photons,  scat tered by free electrons with Maxwellian distribution of 
momenta  with tempera tures  0.1, 1 and 10 eV. One can see tha t  with the increase 
of t empera ture  "blurring" of the left wing also increases. The right side of the 
line does not change much. In astrophysical conditions the line profile will be 
always blurred: at low temperatures electrons are bound in atoms and the low 
frequency wing is blurred due to the distribution of electron momentum in the 
atom, while at high temperatures electrons are free and blurring is caused by 
the Maxwellian distribution of electron momenta. Note that in the astrophysical 
condition (interstellar media, stellar atmospheres, accretion disks) hydrogen is 
ionized at the temperatures of the order of 1 eV. Therefore "blurring" of a line 
may be minimal at the gas temperatures T ~ I-5 eV, when hydrogen is already 
ionized, but the thermal velocities of electrons are still lower than the typical 
velocity of a electron in a hydrogen atom. 
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Fig. 4. a) Neutral hydrogen: Spectrum of the scattered 6.4 keV photons averaged over 
all scattering angles (solid line). About 13.5 % of photons undergo elastic scattering, 
2.3 % of the photons change energy by 10.2 eV - Raman satellite of the line appears, 
corresponding to the excitation of the second level in the hydrogen atom. The same 
spectrum calculated for scattering by free cold electrons is shown by the dotted line. 
b) Emission spectrum emerging from a cloud of free electrons with small optical depth 
(electron temperatures are 0.1, 1 and 10 eV for three curves respectively). Monte-Carlo 
simulations. From Sunyaev & Churazov, 1996. 

Rayleigh scattering does not change the energy of the line. Thus in scattered 
spectra some fraction of photons will keep their initial energy. Due to Raman 
scattering a set of satellites at the left (low energy side) of the line will appear 
(Fig.4a). The energy gap between the unshifted line (due to Rayleigh scattering) 
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and first Raman satellite as well as intensities and energies of Raman satellites 
are unique for given type of atoms. This opens the principle possibility to dis- 
tinguish contributions of different elements to the scattering cross section and 
thus to determine the abundance of elements in the scattering media. The most 
interesting is the case of helium because of it's large abundance. For the scat- 
tering by a helium atom along with the increase of Rayleigh scattering (by a 
factor of 2 due to coherent scattering) the structure of the lines, corresponding 
to Raman scattering, changes strongly. In particular the gap between ground 
and first excited state in the helium atom is ~20 eV, compared to 10.2 eV for 
hydrogen. Note, that  for ~ 6 keV photons the wavelength A ~ 2S1 is comparable 
with the size of the atom and the parity selection rule is not strict. Due to the 
stronger binding of the electron in the helium atom, electron momentum distri- 
bution is substantially wider than that  in atomic or molecular hydrogen. As a 
result (see Churazov, Sunyaev, Vainshtein, 1997) the left wing of the line will be 
more "blurred". 

The energy gap is about twice as large as that  for the hydrogen atom and 
significant differences in the recoil profile allow one to hope that  studying the 
recoil spectrum might become a method for helium abundance determination. 
Note that  even after multiple scatterings photon does not appear in this energy 
gap. 

Of course study of the recoil profile of the 6.4 keV line requires high energy 
resolution and large effective area of the spectrometer.  We discussed above the ef- 
fects which can be observed by the instruments of future missions like Spectrum- 
X-Gamma with Bragg spectrometer,  AXAF and XMM with gratings, ASTRO-E 
with X-ray bolometers and especially HTXS. Among the most promising objects 
for such studies are the molecular clouds in the Galactic Center region. Present 
day telescopes (e.g. ASCA) clearly detect very bright fluorescent lines from this 
region (e.g. Koyama, 1994), which flux is proportional to the Thomson optical 
depth of the cloud. One can hope that  with the new generation of X-ray spec- 
trometers it will be possible to observe second order effect - recoil effect due to 
the scattering of iron Ks  photons, born in the cloud, by the molecular hydrogen. 
This effect is proportional to the square of the cloud optical depth: e.g. for a 
cloud with 7-T ~ 0.2 about 20% of the photons in the fluorescent line will be 
scattered causing a decrease of the photons energies. The variability of the pri- 
mary X ray continuum source (or specific geometry - e.g. illumination from the 
side) can greatly improve the observational conditions, since the direct compo- 
nent can be absent. Further improvement in energy resolution (e.g. HTXS) will 
make possible helium abundance determination. 

Acknowledgement: This work was supported in part  by the grant RBRF 96-02- 
18588. 
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A b s t r a c t :  
Observations suggest that in several sources (SXTs, some low luminosity 

AGNs, the Galactic Centre) accretion disks around black holes are of the stan- 
dard Shakura-Sunyaev type (SSD) at large radii, and of the advectively domi- 
nated (ADAF) type at small radii. The transition between the two types occurs 
at thousands or tens of thousands of gravitational radii away from the central 
black hole. Both SSDs and ADAFs are present during long periods of the qui- 
escent state of SXTs, as well as during the rapid transient phase. The physical 
reason for the transitions is not yet known. In this article, I argue that  the tran- 
sition should occur due to a (yet unknown) global interaction between the ADAF 
and the SSD. A few simple possibilities that come to mind do not work, how- 
ever. I show that the transition region between the ADAF and the SSD should 
rotate at super Keplerian orbital speeds and that its hydrodynamical structure 
is seriously two dimensional. 

1 I n t r o d u c t i o n  

The newly discovered solutions which describe stable, optically thin, hot, ad- 
vectively dominated accretion flows (ADAFs) have attracted a lot of attention 
because of their remarkably successful applications to X-ray transients, some 
active galactic nuclei, and the Galactic Centre. (See Narayan 1996 for a review.) 
Observations of spectra and variability of these objects can be explained by 
black hole accretion disks which in their inner parts are ADAFs and in the outer 
parts are standard Shakura-Sunyaev disks (SSDs). Observations indicate that 
SSD-ADAF transitions do occur, that the transition region is probably rather 
narrow, and that is located rather far from the central black hole, from hundreds 
to tens of thousands gravitational radii away. There is no satisfactory theoretical 
understanding of the nature of these transitions. Many researchers are puzzled 
by why such transitions should occur at all. They argue that if a disk is of the SS 
type at some large radius, there is no obvious reason why it should not continue 
to be of the same SS type all the way down to the black hole. For this reason, 
the presently prevailing idea is that only an unknown instability, determined by 
properties of the SS disk at a fixed radial location, could trigger the SS-ADAF 
transition. It is often argued that the instability must be connected with the local 
vertical structure of the disk, and thus should depend on details of the vertical 
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radiative transfer, and possibly on the d i s k -  corona interaction. For example, 
if the corona heats the SS disk sufficiently strongly, the disk will lose thermal  
balance and evaporate (Meyer and Meyer-Hofmeister, 1994). 
However, despite a lot of effort, the very existence of such an instability has 
not been proved in the distant region where the SSD-ADAF transition is likely 
to occur. It  may be that  the SSD plus corona system is locally stable there. 
In addition to this physical difficulty there is a mathematical  one: Regev and 
Lasota, (1996) rigorously proved tha t  general mathematical  conditions for SSD- 
ADAF transitions are impossible to meet if the transition region is narrow and 
the processes governing its structure are local. 
The above physical and mathematical  difficulties may suggest tha t  the presently 
prevailing idea that  the SSD-ADAF transitions are due to a local instability of the 
standard SS disks, may be only a par t  of the story, and something quite relevant 
may still be missing. Thus, one should t ry  to look for alternative explanations 
and possibilities. 

2 T y p e s  o f  a c c r e t i o n  d i s k s :  l i n e a r  b r a n c h e s  

Today's state of the art in accretion disk modelling is quite demanding. Both 
the local and global models that  are being constructed are non linear and rather  
complex. This reflects the non linear complexity of the physics of accretion - -  a 
difficulty that  cannot be avoided. Figure 1, taken from BjSrnsson et al. (1996), 
illustrates this point. It shows families of local accretion disk models, at the 
fixed radial location r = 10ra, around a black hole with mass M = 10M®. The 
models accurately describe the radial advection of heat, and relevant radiative 
and plasma processes in the vertical structure: black body radiation when the 
disk is optically thick, and two temperature  plasma, bremsstrahlung, synchrotron 
radiation, Comptonization and electron-positron pairs when the disk is optically 
thin. Figure 1 shows just one particular aspect of the models: the value of surface 
density Z.  The lines in the Figure correspond to families of models with a fixed 
value of the viscosity parameter  a.  Each model in each family corresponds, to a 
single point on a particular curve, i.e. to a particular choice of the pair M, a. 
Chen et al. (1996) demonstrated that  although for different radial locations the 
picture is different, the basic topology of the solutions is always the same. 

Figure 1 looks complicated, but I am convinced that  there is a ra ther  simple 
way to gain an intuitive insight into its deep physical meaning. My intuition 
is governed by the remark that  what the Figure really shows, is a network of 
simple straight-line "branches" connected by very short non-linear joints. The 
very reason for the existence of linear branches is ra ther  simple. On each par- 
ticular branch, exactly one physical process dominates the cooling, and thus 
the equations describing accretion are linear (in their logarithmic version). The 
dominant cooling processes are indicated by labels in Figure 1: Pairs, Advection, 
Bremsstrahlung, Compton, and Optically Thick Black Body. I will now describe 
the most relevant physical properties of the six physically most important  sets 
of branches: SS(g), SS(r), SLIM, SLE, ADAF, THICK. 
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SS(g): These disks are very thin geometrically, very optically thick, and gas 
pressure supported. Radial advection of heat is negligible. Solutions of this type 
exist for all values of a, but only for M ~ 10-3MEdd . The disks are thermally 
and viscously stable. They were first calculated by Shakura and Sunyaev (1973). 
SS(r): These disks are very thin geometrically, optically thick and radiation 
pressure supported. Radial advection of heat is negligible. Solutions exist for 
all values of a and for 10-3MEdd ~ M ~ ] ~ E d d "  The disks are thermally and 
viscously unstable. They were first calculated by Shakura and Sunyaev (1973). 

SLE: These disks are very thin geometrically and optically. They are gas pressure 
supported. Radial advection of heat is negligible. Solutions exist for all values 
of a and for M ~/~Edd- The disks are viscously stable, but thermally unstable. 
They were first calculated by Shapiro, Lightman and Eardley (1973). 
SLIM: These disks are moderately thin geometrically, optically thick and they 
are radiation pressure supported. Radial advection of heat is important. So- 
lutions exist for a < • c r i t  and for M ~ ~ f I ~ d d "  The disks are thermally and 
viscously stable. Their radiative efficiency is small. They were first calculated 
by Abramowicz et al., (1986, 1988). Global models have been constructed by 
several teams, and I will discuss them later. 
ADAF:  These disks are not very geometrically thick, optically thin and gas 
pressure supported. Radial advection of heat is important. Solutions exist for 
O~ < O/crit and for M ~ 1 0 - 1 M E d d  . The disks are thermally and viscously stable. 
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They look faint and hot because their radiative efficiency is very small and their 
temperature very high - -  close to the virial temperature. They were first calcu- 
lated by Narayan and Yi (1996) and Abramowicz et al., (1996). Very recently, 
accurate global models of ADAFs have been constructed. They employ differen- 
tial equations in the pseudo-Newtonian potential (Chen et al., 1996b, Narayan et 
al. 1996, Matsumoto et al. 1996) or fully relativistic differential equations in Kerr 
geometry (Chen et al. 1996c). These solutions go all the way from large radii 
down to the horizon, and pass smoothly through the sonic point. Collectively, 
these solutions take into account non-Keplerian angular momentum distribu- 
tion, radial pressure gradient, radial advection of heat, and radiative cooling by 
bremsstrahlung and Comptonization in a two-temperature plasma. They fully 
confirm the topology of the solutions shown in Figure 1. (Note: the value of acrit 
is very sensitive to details. The most accurate recent calculations point to high 
values of O~crit > 1. Thus, it looks as though only the solutions corresponding to 
small, sub-criticM, a are astrophysically relevant.) 
THIC K :  For these, the large vertical thickness makes it impossible to use the 
1D+ID method of constructing disk models. Approximate analytic 2D models 
were constructed a long time ago by the Warsaw group (see Abramowicz, Calvani 
and Nobili, 1980). Later, several authors constructed more accurate numerical 
models (see Igumenshchev et al., 1996 for references). 

3 T r a n s i t i o n s  b e t w e e n  b r a n c h e s  

Combined solutions, which for different ranges of radii belong to different types 
of disk, are of course possible. Radial transitions between different types could 
obviously be smooth if the models belong everywhere to one of the four families 
which do not cross the critical solution, corresponding to a = acrit- In Figure 
1, the critical solution (not shown) locates just between the short-dashed and 
dot-dashed lines. 
Two such combined solutions with smooth radial transitions between different 
types of accretion disk have been explicitly constructed. 
SS(g)-SS(r)-SLIM: For this solution, a < ~crit, T > 1. Global (104rv >_ 
r _> rG) accretion disk models of this family, consisting of the three different 
types in different radial ranges, have been constructed by Abramowicz et al. 
(1988) and later by other authors. These disks are everywhere optically thick. 
They always have an unstable SS(r) part for some range of radii and for this 
reason they cannot be stationary. However, the instability does not destroy these 
disks: instead, they undergo a limit-cycle behaviour which may explain temporal 
behaviour of AGNs on time-scales ranging from a few years to a few tens of years. 
Their spectral properties fit the BBB component in the observed AGN spectra 
(Szuszkiewicz et al., 1996). 
These combined models provide an example of radial SSD-ADAF transitions 
because they are always of the SSD type very far away from the black hole, and 
of the ADAF (optically thick) type very close in. In the transition region, the 
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angular momentum is super-Keplerian and the pressure has two extrema, one 
maximum and one minimum (Abramowicz et al., 1988). I argue that  these prop- 
erties are genuine: they must be shared by all SSD-ADAF transitions including, 
in particular, also the recently discussed SSD-ADAF transitions which involve 
optically thin ADAFs. 
S S ( g ) - S S ( r ) - S L E :  For these solutions, a > acrit , 7- continuously changes be- 
tween T >> 1 and ~- << 1. Wandel and Liang (1991) and Liang and Luo (1994) 
have constructed local models of disks of this family covering a large range of 
radii by combining the three previously known linear branches through a non- 
linear "bridging" solution based on a phenomenological approximation of radia- 
tive transfer for r ~ 1. In these solutions, advective cooling is negligible. In fact, 
there is strong advective heating present at the SLE part,  but  it does not change 
any of the general properties of the solution and thus is not physically inter- 
esting. The SLE part  of these models is violently thermally unstable, and for 
this reason these disks cannot exist in reality. However, they do provide a purely 
formal solution of some academic interest: they are optically thick at large radii 
and optically thin at smaller radii and so they experience optically thick-thin 
transitions. Disks of this type, and their optically thick-thin transitions, have 
recently been discussed by Artemova et al. (1996) who used the same local ap- 
proach as tha t  used by previous investigators, and fully confirmed the previously 
obtained results. Their  "bridging formula" was slightly different from that  used 
previously, but this introduced no new effects. 

4 A f e w  g e n e r a l  r e m a r k s  o n  S S D - A D A F  t r a n s i t i o n s  

Figure 1 shows that  for a fixed value of a and a fixed value of M ~ o.1ME, 
both ADAF and SSD solutions are possible. They  are both stable (Kato et al., 
1996ab). Observations tell us that  Nature knows how to pick up the ADAF 
solution at small radii and join it with the SSD at large radii. We do not know 
how to theoretically explain and numerically model such a transition. Indeed, 
some recent claims that  these transitions have been numerically modelled, are 
based on a misunderstanding. What  was found, was only a rediscovery of the 
previously known, unstable, solution with optically thick-thin transitions, derived 
long ago by Liang and his collaborators (described here in Section 2). These 
trivial transitions have nothing to do with the SSD-ADAF transitions which are 
the subject of the recent interest. 
It is unlikely that  the SSD-ADAF transition occurs smoothly and is governed 
by the same equations as those describing the SSD and ADAF. In this case the 
equations describing the accretion disk structure would "know" about  the pos- 
sibility of the transition. In all of the numerical simulations constructed to date, 
there is no clue that  such a transition may occur. Thus, it is more likely that  the 
transition occurs because of some as yet unrecognized effects or processes tha t  
are not included in the standard equations. What  could these processes be? The 
most natural  answer is that  they could be governed by some global interaction 
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between the ADAF and the SSD. Indeed, the location of the transit ion region, 
rtrans ~ (103 -- 104)ra, when expressed in units of the gravitational radius (a 
natural  unit of length here), is a large number of roughly the same magnitude as 
the ratio of the efficiencies of the ADAF and the SSD, ~SSD/~ADAF ~ 102 -- 104. 

To me, this suggests an explanation of why the transition radius is so enor- 
mously large. Suppose that  the transition is due to some balance of the global 
effects of the ADAF and the SSD and suppose that  these effects are mediated 
by radiation. Then what comes to mind is tha t  rtraus/ra ~ ~SSD/~ADAF as a 
natural  consequence. Of course, the transit ion could be triggered by a purely 
local phenomenon, for example evaporation of the SSD caused by it becoming 
overheated by the local hot corona. There has been a lot of recent work pro- 
ceeding in this direction. To my mind, such a possibility is less natural  than a 
globally triggered transition, because it does not give a role for the ADAF. In 
this interpretation, the ADAF is seen as occurring as a local disease of the SSD. 
But  then, why should the transition occur at a distant location so well tuned to 
the ADAF efficiency? Of course, this may just be an insignificant coincidence. 
Two global processes have been discussed in the context of SSD-ADAF tran- 
sitions: either the ADAF overheats the SSD and "evaporates" it, or the SSD 
overcools the ADAF (by providing very soft photons) and collapses it (Esin, 
1997). 

Here, I estimate whether the global heating and evaporation of the SSD 
due to the integrated ADAF radiation could work. Let us consider an annulus 
with radial width Ar, located at the transition radius rtrans. The relative width 
(5 = Ar/rtrans is most probably 5 ~ 1 (Regev and Lasota, 1996). Consider a 
layer with effective optical depth T = 1 at the. top of the annulus. It has surface 
density Z = (mp/aT,  where ( is a dimensional scaling parameter ,  and ~ = 1 
corresponds to pure electron scattering. The power needed to "evaporate" the 
annulus in the thermal  timescale tT = 2?r~Klo~ -1 is 

(GM)3/2&(mP (4.1) 
LEVAP =- rl/2•T 

On the other hand, the power supplied by the ADAF to the annulus is, 

LADAF = MC2?TADAFe. (4.2) 

Here c < t describes how much of the ADAF radiation ends up in the annulus. It  
is a geometrical factor which can be found from the solid angle integration of the 
ADAF as seen from the annulus. Let us denote rh = ~/I/(LEddC2). I assume that  
when the annulus is overheated by the ADAF radiation, it expands ]aster tha t  
it cools by means of its own black-body radiation. The evaporation condition is 
t h e r e f o r e ,  LADAF > LEVAP, and it takes the form, 

?n?~rrnADAF 1/2 

With the typical ADAF values of the dimensionless parameters,  and ( ~ 1, 
the left hand side cannot be larger than about  10 -7, while the right hand side 



326 M.A. Abramowicz 

could not be much less than  about  10 .2 . Thus, this version of global evaporat ion 
cannot work. Practically the same conclusion, only in a slightly different context  
but with a much more accurate t rea tment  of the physics than  here, has been 
reached in a very impor tan t  recent work by Esin (1997). 

However, could some similar process work? To see how difficult this would be 
to achieve, one should note tha t  in the case of a "modified evaporat ion" ,  either 

< 10 -5,  or the power of the radial function on the right hand side should 
be - 3  or less. Evaporat ion is not the only global alternative.  I t  could be, for 
example,  tha t  the ADAF exerts a damaging radiat ive torque on the SSD (we 
have checked that  this would not work), or tha t  there is a local SSD instabili ty 
triggered by global influence of the ADAF. I am convinced tha t  some such process 
will eventually be found. A purely local reason for the transit ion makes no sense 
to me. 
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Fig. 2. 

5 A n e c e s s a r y  c o n d i t i o n  for t h e  S S D - A D A F  t r a n s i t i o n  

Figure 2 shows typical radial dependence of the pressure for SSD and ADAF 
solutions (the heavy lines), corresponding to a part icular  choice of accretion 
rate  M and viscosity pa ramete r  a.  In the example shown in the Figure, /~/ --- 
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10-3/~'fEdd and a = 10 -a. The ADAF solution is approximated by the self-similar 
solution of Narayan and Yi (1996). For a different choice of M and a,  the location 
of the SSD and ADAF lines would be different, but  three features of the Figure 
will not change: (1) both the SSD and ADAF lines have logarithmic slopes close 
to - 5 / 2 ,  (2) the SSD line is above and to the right of the ADAF line, (3) the 
relative horizontal distance between the SSD and ADAF lines depends only very 
weakly on the radius, accretion rate, viscosity parameter,  and black hole mass, 

D -  r s s -  rADAF ~ 10. (5.1) 
rADAF 

t is quite clear from Figure 3 that  only if D _> 5, could the slope of P = 
P(r) be negative everywhere in the transit ion region. D = 6 is the limiting 
case for which the slope could be zero everywhere. For transitions with D < 
5 the slope must be positive in at least part  of the transition region. Thus, 
because D ~ 10, for a proper SSD-ADAF transition the slope P = P(r)  must 
be positive somewhere in the transition region. This is equivalent to pressure 
having at least one maximum and one minimum in the transition region, as 
shown schematically in Figure 3 by the broken line. Thus, for a proper SSD- 
ADAF transition, dP/dr  = 0 in at least two different points within the transition 
region. 
To see what this implies for the angular momentum distribution, we write the 
condition of balance of forces in the equatorial plane of the disk in the form, 

1 dP _ g2(r) - g~(r) + vrdV__r~ (5.2) 
p dr r 3 dr 

Here, p is the density of matter,  g(r) is the angular momentum distribution 
in the disk, ~u(r) is the Keplerian angular momentum distribution, and v is 
the radial velocity. The inertial force vrdv~/dr is usually very small for sub-sonic 
flows in comparison with g2K/r3 and may be neglected. Thus, from equation (5.2) 
and the fact tha t  pressure must necessarily have two extrema in the transition 
region (one maximum and one minimum), it follows that  the angular momentum 
distribution g(r) must cross the Keplerian curve ~K twice. Between these two 
crossing points the angular momentum must be super-Keplerian. 
A necessary condition for the existence of a proper (6 < 1) SSD-ADAF transition 
is that in the transition region, the rotation of the disk has a super-Keplerian 
orbital speed. 
The above result is a strict mathematical  s tatement  which needs no additional 
support. However, it is interesting to note that  the existence of the crossing point 
on the ADAF side, i.e. the one which is closer to the black hole, could have been 
anticipated from the paper of Chen et al. (1996a). They discussed an interesting 
fact, noticed by Abramowicz et al. (1995), that  local ADAF solutions exist onl.y 
below a certain radius rou t. The value of rout depends on the accretion rate M 
and the viscosity parameter  a. Topologically, the limiting outer radius is similar 
to the "cusp" at the inner edge of accretion disks (Abramowicz, Calvani and 
Nobili, 1980). At the cusp dP/dr  = 0, and the topological similarity suggests 
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that  one should have dP/dr = 0 also at rou t. Equation (5.1) implies that  in 
this case ~(rout) = ~g(rout)- Indeed, Narayan et al. (1996) constructed models 
of ADAFs which have exactly Keplerian angular momentum at rout, and the 
slope of the g(r) line is steeper there than that  of ~g (r). Thus, these two lines 
do obviously cross at rout. 
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O b s e r v a t i o n a l  p r o g r e s s  o n  a c c r e t i o n  d i s k s :  
a t u r n i n g  p o i n t  

M.-H. Ulrich 

European Southern Observatory 

Abs t r ac t :  
A turning point has been reached in the observations of AGN for several 

reasons: (1) the development of a method to derive the mass of the central black 
hole (2) the identifications of several subsets of AGN which cover a wide range of 
accretion rates (3) the observations of the appearance of broad lines in galaxies 
which had previously displayed moderate signs or no signs at all of activity and 
(4) the growing evidence for a central massive black hole in normal galaxies. 

This opens new avenues of investigations such as the exploration of the entire 
parameter space defined by the black hole mass and the accretion rate, and the 
observational exploration of the duty cycles of nuclear activity. 

The most recent observations of the broad emission lines strengthen the disk 
plus wind model of the BLR, a model which appears at present, to be the most 
plausible. 

1 Introduction 

There are several independent lines of evidence for the presence of an accretion 
disk. In three energy ranges (mid X-rays, UV and optical) there is evidence for 
a dense cool medium which scatters, or absorbs and re-emits radiation emitted 
at higher energy by the central source (Pounds & al 1990; for a review, Ulrich, 
Maraschi & Urry 1997). Various considerations, in particular relative to the solid 
angle of this cool medium as viewed from the central source strongly suggest 
that this medium has a flat geometrical structure. An attractive possibility, 
entirely consistent with the observations, is to identify this flat structure with 
the accretion disk surrounding the black hole assumed to be present in AGN. 

The disk is probably magnetized and magnetically accelerated outflows are 
the likely sources of the broad line region (BLR) gas clouds. 

Recent and current work on this topic is reviewed. An agenda is drafted for 
AGN variability studies in the next decades and beyond. 

2 Different types of continuum variations 
in the UV and X-ray ranges, and evidence 
for different emission mechanisms 

2.1 The  rapidly variable U V  component  and the irradiation m o d e l  The 
UV continuum flux varies on all measurable time scales, minutes to decades. The 
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fastest variations are known to be incompatible with models of variable fueling 
in standard optically thick, geometrically thin, accretion disks (Clarke 1987). 
What could then cause the fast variations in low luminosity AGN ? An answer 
is offered by the good correlation and the simultaneity observed between the 
variations of the UV continuum flux and the variations of the mid X-ray flux on 
time scales of weeks to months (Perola & al 1986, Warwick & al 1996, Clavel & 
al 1992). 

This is the basis of the irradiation model in which the variable part of the UV 
continuum flux is thermal emission by a dense cool medium whose temperature 
is modulated by the incident variable X-ray flux. A consistency check for this 
model is that the energy in the variable X-ray component is larger than that in 
the UV variable component. This is indeed verified in low luminosity AGN, the 
only ones for which simultaneous UV/X-ray observations have been performed. 

It is not known whether the irradiation model applies to high luminosity 
AGN for lack of enough simultaneous UV/X-ray observations (these AGN are in 
general are rather faint). These observations should be the priority of the next 
space missions capable of measuring the UV and mid X-ray flux of relatively 
faint objects. 

Explosive reconnections probably dissipate significant power via magnetic 
flares within the disk corona (Galeev & al 1979, Blandford & Payne 1982) and 
X-ray emission is produced via inverse Compton emission in the hot corona 
surrounding the colder accretion disk (Haardt & Maraschi 1991). Turbulence 
and magnetic reconnections can produce a variable X-ray emission even if the 
accretion rate is constant. 

2.2 The  slow varying UV component  On time scales of years the propor- 
tionality of the UV and medium X-ray fluxes, which is so remarkable on time 
scales of weeks to months, breaks down. Figure 1 shows the UV vs X-ray flux of 
NGC 4151 during campaigns of observations separated by several years. During 
each campaign, the UV continuum flux is correlated with the mid X-ray flux 
(though not in a detailed way) but between the two campaigns of 1983/1984 
and 1993, the UV flux alone underwent a large increase. A similar situation is 
observed in NGC 5548 and F9 where on long time scales, the UV flux varies 
with a much larger amplitude than the X-ray flux (Clavel &: al 1992; Morini &: 
al 1986). 

Figure 2 shows the variations of the flux of NGC 4151 at 1440 A during the 
life time of IUE 1978-1996 (for clarity not all data points are plotted). There is a 
slow large amplitude variation on which is superposed episodes of fast variations 
which are those which can be expained by the irradiation process described in 
section 2.1. The mechanism for longer term (years) variations is unknown. 

2.3 The Narrow Line Seyferts  1: Eddington accretion r a t e?  The most 
extreme soft-X-ray variability occurs in Narrow-Line Seyfert 1 galaxies (NLS1), 
a subset of AGN with very steep X-ray spectra and narrow optical emission 
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Fig. 1. X-ray flux (absorption corrected, 2-10 keV) versus UV flux (1440/~) for 
NGC 4151. Right: ASCA observations in 1993 November 30-December 13, with 
best-fitting linear correlation. Left: EXOSAT observations in 1984 December 16 

- 1985 January 28 (large crosses) and 1983 November 7-19 (small crosses) with 
best-fitting linear correlation. The good correlation of the UV and X-ray flux on 
time scale of weeks and months breaks down at long (years) and short (days) 
time-scales. (Adapted from Warwick & al 1996 and Perola & al 1986) 

lines (FWHM less than 2000 km s--l; Osterbrock & Pogge 1985, Boller & al 
1996). In some NLS1, the energy in the soft X-ray range exceeds the energy 
in the medium/hard component and, moreover, the medium X-ray spectrum is 
exceptionally steep --characteristics shared with Galactic black hole candidates. 
This suggests that in NLS1, or at least in some of them, the accretion rate is 
close to the Eddington limit and the soft X-rays represent viscous heating of 
the accretion disk (Pounds et al 1995). Alternatively, a small black hole with an 
accretion rate of L / L E d  d ~ 0.1 could also emit a very hot spectrum with such 
an intense soft X-ray component. 

3 The  broad emiss ion lines region and the  disk plus  
wind model  

3.1 The  composi te  mode l  of the  B L R  The emission line spectrum of AGN 
is best explained in a "composite model" (Kwan & Krolik 1981, Collin-Souffrin 
& al 1986, Netzer 1987) in which the low ionization lines (LIL; Balmer lines and 
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Fig.  2. Long and short term UV continuum variations in NGC 4151 over the 17 
years of IUE. The passage through the deep minimum was interrupted by short 
excursions to medium bright level. The vertical groups of points, unresolved on 
this scale, are IUE campaigns with an adequate sampling interval of typically 
three days (Ulrich & al 1997) 

FeI1 multiplets)) come from a very dense medium with Are _> 1011 cm -3, an 
ionization parameter  much less than 0.1, and a column density exceeding 1024 
cm -2. This medium must have a flat geometry and could be the accretion disk. 
The high ionization lines, HIL of e.g. CIV, NV, HeII, come from a more dilute 
medium (van Groningen 1987, Collin-Souffrin & Lasota 1988) or an ensemble of 
clouds in a broad cone above and below the disk, with the gas density in the 
clouds not larger than a few 109 c m  - 3  and an ionization parameter  of the order 
of 0.3. 

In addition, spectroscopic observations show the gas velocity and the degree 
of ionization to be correlated: among the high ionization lines, the broadest  
FWMH and the most extensive wings are those of the most highly ionized species 
(e.g. Antonucci & Cohen 1983, Ulrich & al 1984; Krolik & al 1991). 

3.2 T h e  c ruc i a l  ro le  o f  t h e  v a r i a b i l i t y  s t ud i e s :  t h e  d e r i v a t i o n  o f  t h e  
m a s s  o f  t h e  c e n t r a l  b l ack  ho l e  Current variability studies have produced 
crucial results on the BLR and foremost among them is the derivation of the 
central mass as outlined below: 

a) The linear scale of the emission line region can be derived from variability 
studies. It is derived from the time delay with which the intensity variations of 
a certain line follows the flux variations of the UV continuum. This delay is 
interpreted as the light travel time between the UV continuum source (a point 
source at the AGN center) and the gas emitting this line. 

b) The broad line region is stratified. The wings of the lines respond faster 
than the core to the continuum variations and among the HIL the highest ionized 
lines respond faster and with a larger amplitude to the continuum variations. 
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The picture that  emerges is that  of a stratified highly ionized set of clouds 
with the most highly ionized and fastest moving gas closest to the center. The 
degree of ionization and velocity of the gas decrease outwards. To first order the 
intensity and profile variations of the emission lines fit the model of a variable 
central continuum source illuminating a stratified BLR. In detail, the situation is 
complex with the profiles displaying transient asymmetries,  peaks and shoulders. 

c) The absence of dominant radial motions is consistent with the gas clouds 
being in virialized chaotic motions. These results on the gas velocity field, and 
the determination of the gas radial distance from the time delay as described 
in (a) allow derivation of the central mass. This represents a fundamental  step 
forward in AGN studies. 

d) The 3-D architecture and velocity field of the gas clouds can, in princi- 
ple, be reconstructed from the analysis of well-sampled, high S/N light curves 
of the continuum and of the intensity and profiles of the emission lines (See 
"Reverberation Mapping of the Braod Line Region in Active Galactic Nuclei", 
Gondhalekar & al 1994). The data  presently on hand suggest that  the LIL and 
the HIL do not have the same geometry: The LIL variations point to a near 
absence of mat ter  along the line-of-sight, as expected from a disk at small incli- 
nation, while in contrast, the CIV wings respond with a very short t ime delay 
consistent with the HIL coming from a broad cone or cylinder, in which case 
some matter  lies along the line of sight (e.g. Horne 1994). 

e) The blueshift of the HIL: evidence for a wind. In radio-quiet AGN, the 
HIL are blueshifted (by 0 to ~ 1500 km s -1) with respect to the LIL, which 
themselves are at the host galaxy redshift (e.g. Wilkes 1984, Marziani & al, 
1996), The blueshift of the HIL is a key information to decipher the s tructure of 
the BLR as it indicates that  (i) to first order, the HIL and the LIL have different 
velocity fields and thus cannot not come from exactly the same region (ii) the 
HIL clouds have a preferred direction of motion. 

3.3 T h e  " d i s k  p lus  w i n d "  m o d e l :  t h e  b e s t  m o d e l  a t  p r e s e n t  The prop- 
erties of the BLR gas clouds, described in section 3.2, are best understood in the 
"disk plus wind" model in which the LIL come from the surface of the accretion 
disk and the HIL come from a wind originating from the disk (van Groningen 
1987, Collin-Souffrin & Lasota 1988). At present, this appears to be the best 
model. 

The question as to how far the accretion disk (which is opaque) extends 
outwards before becoming self-gravitat ing is far from being resolved. In recent 
calculations (Hur~ • al 1997) the disk is found to have a radius of 1017 cm. 
As a consequence, within this radius what looks like virialized chaotic motions 
of the highly ionized gas clouds are in fact rotat ion motions, or more precisely 
helicoidal motions (still reflecting the disk rotation),  from which the central black 
hole mass can be estimated. 

Magnetically accelerated outflows from accretion disks and radiatively driven 
winds are promising models for the formation and evolution of the BLR clouds 
(Blandford & Payne 1982, KSnigl & Kartje 1994, Bottorff  et al 1996, Murray 
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& Chiang 1996). The combination of the acceleration of the gas along the field 
lines (inside the Alfven radius), of the imperfect confinement and of the intense 
ionizing field is likely to result in a inhomogeneous hot medium with a roughly 
ordered velocity field. The densest coolest inhomogeneities form the BLR clouds 
emitting the prominent UV/optical lines. The hottest phase is detected as the 
fully ionized component of the warm absorber. 

Many features of these promising models, however, remain unspecified and 
can be adjusted to accommodate the observations. 

The complex variations of the line profiles (Eracleous &: Halpern 1994) sug- 
gest the presence of transient inhomogeneities on the surface of the disk which 
locally enhance the line emission thus altering the profile of the lines emitted by 
the disk such as H/3. These inhomogeneities could also be the sites of increased 
gas extraction from the disk surface, lifting additional clouds above the disk and 
producing shoulders and other features observed in the HIL profiles. The double 
peaked Balmer lines (Eracleous & Halpern 1994, Gaskell 1996) present in some 
radio galaxies may have their origin in the (magnetized) disk structural proper- 
ties associated with jet formation (The HIL lines never show double peaks). 

In summary, the disk plus wind model provides a plausible explanation for 
the main properties of the BLR clouds, in particular for the blueshift of the HIL 
which would be difficult to understand in other models. In that sense it appears 
to be the best model at present. 

4 A n  e x c i t i n g  f u t u r e  f o r  A G N  r e s e a r c h  

4.1 Exp lo r ing  the  M - M® p a r a m e t e r  space As stated above a major 
advance in AGN research has been the development of a method to derive the 
mass of the central black hole (Section 3.2). At the same time, in another major 
development, several subsets of AGN have been recognized, which have widely 
different accretion rates. 

As mentionned in section 2.3 the recently identified subclass of NLS1 contains 
objects which may be accreting at the Eddington rate. At the other extreme in 
accretion rate are the newly identified subclass of the very weak AGN found from 
a search for very weak broad lines or unresolved weak UV sources at the nucleus 
of nearby galaxies (Ho & al 1996, Maoz ~z al 1995). These objects have a very low 
intrinsic accretion rate but their mass is not known. Through a systematic study 
of the line and continuum variability of significant samples in these subclasses the 
central mass present in the members of these classes can be determined. These 
observations form one of the most promising observational areas in the near 
future. Similarly, monitoring high-luminosity AGN will allow the measurement 
of the emission line and continuum variability and the measurement of the mass 
of the central black hole in the brightest objects in the universe. 

With these data in hand one will be in the position to explore the entire 
parameter space defined by the black hole mass,M and the accretion rate, M®. 



Observational progress on accretion disks: a turning point 335 

4.2 D u t y  cycles and  Families of A G N  The identifications of subclasses of 
AGN lead naturally to the question as to whether the different subsets of AGN 
represent successive phases, possible repetitive phases in the life of a galaxy 
nucleus (Eracleous & al 1995) or whether they are in fact several families of 
AGN evolving along separate scenarios. 

An argument in favor of the passage of one subset to another is provided 
by the unexpected appearance of broad emission lines in galactic nuclei which 
had earlier displayed only weak signs of activity (NGC 1097 Storchi-Bergmann 
& al 1995) or no activity at all (NGC 4552 Renzini & al 1995). In the elliptical 
galaxy NGC 4552 a fairly bright unresolved UV source appeared at the center 
between two HST observations separated by two years. Subsequent spectroscopy 
has revealed the presence of broad emission lines ( Renzini & al 1995). Was it 
accretion of a passing star or of an interstellar cloud by a dormant central black 
hole? 

Closely related to this question is the increasingly strong evidence for the 
presence of a supermassive black hole in nuclei of galaxies. 

The data necessary to pursue this line of investigation which is related to 
the duty cycle of AGN and to the frequency of accretion of stars or small gas 
clouds, are of two types: 1) statistics of the number of AGN in each subset in 
the general galaxy population, and 2) long time monitoring of members of the 
various subsets of AGN, and of quiescent nuclei. 

5 S u m m a r y :  T h e  n e x t  m i l l e n i u m  o f  A G N  v a r i a b i l i t y  

s t u d i e s  ? 

AGN variability studies provide several absolutely critical types of information: 
(1) The separation of the different components of the continuum and of the 
lines through their different variability characteristics (2) The derivation of the 
mass of the central black hole (3) Evidently, they provide information on the 
variations of the accretion rate but the interpretation of this information is a 
domain still largely unexplored. 

It is clear that our agenda for the near and distant future should contain the 
following items: 

1- Measure the mass of the black hole from line and continuum variability 
studies in the newly identified subsets of AGN such as the very low luminosity 
AGN and the NLS1. Similarly, long-term campaigns have to be started to moni- 
tor the continuum and lines of the the very high luminosity AGN, and so derive 
the central mass of the brightest objects in the universe. One or two decades of 
assiduous work should suffice to get interesting answers. 

2- Establish whether or not the irradiation model applies to high luminosity 
AGN, by simultaneous monitoring of the UV and mid X-ray fluxes. 

3- Confirm, or invalidate, the disk plus wind model from new higher quality 
data - starting with the low luminosity AGN because they are the easiest to 
observe. 
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4- A task less simple and of uncertain outcome is the s tudy of the long 
te rm variations. We know that  they appear  in at  least two forms: (i) slow large 
ampli tude variations like tha t  of NGC 4151 between 1978 and 1996, and (ii) 
the unexpected brightening of the nuclear continuum flux and /o r  broad lines 
in nuclei known previously to be "passive" or only weakly active (e.g. NGC 
1097, NGC 4552). The frequency of such events is entirely unknown and can be 
es t imated only through observations of a large number  of weakly active nuclei 
and of normal galaxies over many  years, decades, centuries or longer. 

The on-going development of calibrated electronic archives is the only way 
to secure the da ta  on variable phenomena  on t ime scales 10, 100, 1000 times 
longer than  has been observable up to now. 
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Magnetic  fields and precession in accretion disks 
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Abs t rac t .  We discuss tentative evidence for magnetic flux concentration in 
accretion disks. It derives from analysis of magnetically driven winds, missing 
radiation from inner disk parts and dwarf nova oscillations in cataclysmic vari- 
able systems and the precession period of the galactic black hole binary GRO 
1655. We show that the evidence supports the notion that magnetic flux imposed 
on the disk from the surrounding magnetosphere of the secondary star becomes 
advectively concentrated to values that allow the acceleration of strong winds, 
significantly extract energy from the disk and could lead to a tilting instability 
of inner parts of the accretion disk. 

1 Introduct ion  

Cataclysmic binaries have been a fertile observational ground for accretion disk 
physics. Here we look at possible manifestations of magnetic flux concentration 
in the inner parts of their accretion disk. These are (1) the winds observed 
in UV resonance lines (Drew 1987, 1991, Mauche & Raymond 1987, Verbunt 
1991, Woods et al. 1992). They may be too strong to be explained by radiation 
driving (Verbunt 1991). (2) Missing radiative energy flux in the inner parts of 
stationary accretion disks revealed by eclipse mapping for a number of nova- 
like systems (Rutten et al. 1992, Baptista, Steiner & Home 1996). It can be 
taken as evidence for magnetic energy extraction (Pringle 1993). (3) Tentative 
interpretation of dwarf nova oscillations (Warner 1995) as illumination of a tilted 
disk by a rotating spot on the white dwarf (this contribution) and the anomalous 
precession period of 3 d of the galactic black hole binary GRO 1655 (Mirabel & 
Rodriguez 1996) interpreted as a magnetically tilted and precessing inner part 
of an accretion disk. 

In the following sections we discuss the magnetospheres of the secondary 
stars, the flux disconnection and advective concentration in the accretion disk, 
and the consequences for wind driving, energy extraction and tilting of the inner 
disk. 

2 M a g n e t o s p h e r e s  o f  t h e  s e c o n d a r i e s  

In cataclysmic binary systems the secondary stars are convective and in rapid 
rotation. One expects effective dynamo action and strong magnetic fields. Evi- 
dence for this is activity of flare stars and star spots on BY Draconis stars, and 
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X-ray emission of low mass main sequence stars. The magnetosphere of such stars 
reaches far out as indicated by large scale magnetic interaction in RS Can Ven 
stars. Thus the accretion disks around the primary white dwarf in cataclysmic 
variable systems probably are imbedded in the secondaries' magnetospheres. 

The field strength near the accretion disk depends on the distribution of 
magnetic flux on the surface of the secondary. Following the indications of large 
spots on the surface of BY Draconis stars we assume, e.g. two large circular 
magnetic spots of opposite polarity each covering 1/8 of the stellar surface and 
one stellar radius away from each other. This provides a magnetic field strength 
Bd near the accretion disk 

Bd = ~ Bs = 30gauss (1) 

assuming a spot magnetic field strength of Bs = 4000gauss in approximate equi- 
librium of magnetic pressure in the spot and photosphere gas pressure outside. 
Numbers are for a typical 1 Mo white dwarf primary and Roche lobe filling 
0.3M o secondary (R. secondary's radius, a binary separation). 

Finite magnetic diffusivity of the accretion disk will allow outside magnetic 
flux to file through the accretion disk. Two effects then determine the further 
fate of such flux. The systematic inward accretion carries flux inward and con- 
centrates it at the center, and the Kepler motion will wind it up and exert 
torques on the flux tubes. A flux tube can only sustain a limited amount of 
torque which roughly corresponds to the kink instability limit of equal longitu- 
dinal and toroidal field strength. Further winding eventually opens up the flux 
tube and releases tension to infinity. This can lead to reconnection to the originM 
unwound flux configuration (as in solar flares). Reconnection can only occur on 
the Alfv6n travel time scale. If winding is rapid the flux tubes presumably stay 
open to infinity persistantly. 

The non-dimensional number 

ef2g 
S - (2) 

Ya 

relates the wind-up time to the (dynamical) reconnection time (~ length of flux 
tube, .~ a, f2K Kepler frequency at disk foot point, VA Alfv6n speed). From 
the conservation of magnetic flux and torque along a flux tube one derives that 
the total turn-around angle between footpoint and largest flux tube diameter at 
height ("45 ° angle of field") is 

¢ = e/rm (3) 

where rm is the tube radius at maximal extent. Thus the amount of winding is 
of order one turn and the Kepler frequency is the effective winding frequency if 
rm is of order of the disk radius rd. 

The Alfv6n speed 
B 

Vm- 4V/- ~ (4) 
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contains the density within the flux tube extending between secondary and disk. 
A lower limit neglecting other possible feed-in processes may be obtained from 
the theory of Shmeleva and Syrovatskii (1973) who calculated the coronal density 
for given thermal conduction flux F.  We take 

F - B tB¢  rmf2K = Bd 4 Z~ - ~  r d ~2 K (5) 

and the Alfven speed 

the particle number density 

the coronal temperature  

dT 2 T 7/2 
F = - oT - 7 - -  (6) 

(noT 5/2 electron thermal conductivity, Spitzer 1962). 

We apply their analysis to determine the equilibrium pressure inside the 
flux tube and from this and the tempera ture  the density p. For a one solar 
mass white dwarf, a radius of expanded flux tube of approximatively disk radius 
rd : 101°4cm, a field strength Ba = 30ganss the thermal flux becomes 

F = 1011"lg/sec3r~/2 

T = l O S 2 r ~ / T K  (S) 

1 a l l  4 _ - 3 / 2  J 3 
r t  ~ -  I u  " r 9 .  5 /cm 

7 1 3 /4  VA = 10 ' rg. ~ cm/sec (10) 

r9.5 is the flux tube radius at the concentrated foot point in the disk in units of 
1095cm. This low speed yields for the number S 

S = 102"7r9.]/4 (11) 

This large value indicates that  even with less than 100% thermalization efficiency 
any magnetospheric flux that  diffuses into the accretion disk will open up towards 
infinity and become disconnected from the secondary star. 

(7) 

(9) 

(Be, Be longitudinal and toroidal field components) as the input of magnetic 
work per cm 2 and sec and estimate the coronal tempera ture  T from 
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3 F l u x  c o n c e n t r a t i o n  

341 

Magnetic flux which has diffused into the accretion disk is subject to inward 
t ransport  by accretion and, with increasing concentration, to outward magnetic 
diffusion 

cg-T + -r -~r + VrB)  = 0 (12) 

where vr is the inward radial velocity and ~ the magnetic diffusivity. In s ta t ionary 
accretion flow 

vr ~ a Vs2/VK = a v K ( H / r )  2 (13) 

(VK = ( G M / r )  1/2 Kepler velocity, H scale height of the disk ~ half disk thick- 
ness, a viscosity parameter).  One may parametrize the magnetic diffusivity by 
a magnetic a-parameter  

= a M H V s  = a M  r v g ( H / r )  ~ (14) 

and might expect a and a M to be of similar order of magnitude though their 
ratio is unknown. We argue below that  a M / a  might be _< 1/2 from observational 
evidence. 

The diffusion equation has two particular solutions. In the s tat ionary state 
inward advection and outward diffusion are in balance. This leads to the distri- 
bution (Pringle 1993) 

B = Bo ( r / r o ) - ~ / ~ M  (15) 

We note that  such a distribution contains more flux in the interior than present at 
outer disk radius r0 if a / a M  > 2. Though the secondary star 's magnetosphere 
contains only a limited amount of magnetic flux this would not prevent the 
accumulation of flux values surpassing it in the disk. This becomes possible by the 
opening up of any flux that  has diffused into the disk. The magnetospheric field 
lines no longer subject to the twisting by the disk motion will then reconnect to 
dynamical equilibrium and always restore the original magnetosphere. This sheds 
additional light on observed differences between dwarf novae in outburst  and 
novalikes or UX Uma system which display stat ionary accretion (Tout, Pringle 
& La Dous 1993). 

In dwarf nova quiescence accretion has practically ceased, vr ~ 0. Magnetic 
diffusion if it persists then lets the flux concentration fade away on a timescale 

r2 1 ( ~ ) ~  1 
tM : - -  ~-- - -  (16) 

which is of the order of magnitude of the quiescence time. Thus the next  out- 
burst can only concentrate the smoothed out magnetospheric field Bd again. 
The outburst  does not last long enough to accumulate more and more flux from 
the outside as is possible for the s tat ionary accreting systems discussed above. 
In order that  this difference arises one clearly needs a / a m  _> 2 as stated above. 
Then nova-like systems will have stronger fluxes in their inner accretion disk 
than dwarf novae in outburst.  
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4 Magnetically accelerated winds 

Winds with speeds of several thousand km/s  have been observed in UV reso- 
nance lines from dwarf novae and nova-like systems. Though these were gener- 
ally a t t r ibuted to radiation driving from hot inner disk (like O-star winds) it 
was noted (Verbunt 1991) that  density estimates indicated mass outflow sur- 
passing the photon pressure capability. Further,  eclipse mapping has shown a 
number of nova-like systems in which the radiation of the inner disk surface falls 
significantly below that  expected from stat ionary accretion (Rutten et al. 1992, 
Baptista et al. 1996). There seems to be no acceptable alternative to magnetic 
extraction of energy. As shown above this extraction has to occur via a wind 
driven magnetically since the disk field lines are not connected to the secondary 
anymore. This requires fields of sufficient strength. 

Extract ion of magnetic energy on open flux tubes depends on the mass flow 
rate and the terminal speed that  a wind reaches. Magnetically accelerated winds 
have been studied by many authors in particular for jet  formation (Blandford 
& Payne 1982, Sakurai 1985, 1987, Camenzind 1986, Nitta 1994). We show that  
the wind parameters are related to the shape s(z) with which the flux tube  
concentrated in the inner disk at radius s(0) = r0 expands upward with height 
z (s, ¢, z cylindrical coordinates centered on the white dwarf). The mass flux is 
determined by the density and the flux tube crosssection at the point where the 
rising gas reaches sound velocity. This speed is so small compared to the Kepler 
speed with which the flux tube rotates around that  even for finite values of 
B¢/Bz the gas "frozen" to the field lines must corotate with the Kepler frequency 
~2K = (GM/r~) 1/2. For ds/dz finite this exerts centrifugal forces which have a 
finite component along the magnetic field and thus centrifugally lift the gas 
upward. We include the gas pressure, for simplicity in isothermal approximation 

P = p y :  (17) 

(V, = isothermal sound speed). 
To derive the equation of motion for the poloidal velocity vp one projects cen- 

trifugal, gravitational, and pressure gradient forces first on the inclined field di- 
rection (B v poloidal, B e toroidal components) and takes the poloidal component  
of that  vector. If one further uses the equation of continuity in the approximate 
form 

7rs2  p v  p _ M_._..~w - -  const (18) 
2 

(Mw mass loss rate for both disk sides) one obtains 

2 2 W 14_,_~ V2r: 1 Bp V~ ~ dvp GM Bp I * - -  z d z  ~ 0 s d s  
Vp  - -  - - Z  - -  

(18) 
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The first term in the angular bracket derives from the downward pull of gravity, 
the other two terms from centrifugal acceleration and the pressure gradient. The 
latter term proportional to Vs2/v2 K ~ 0(10 -3) can be neglected. 

Sound transition occurs for 

2 _ Bp ~ Vs2 (19) vv B~ + B~ 

equivalent to sound speed along the inclined field lines. This occurs where the 
acceleration on the right hand side changes sign. Since below this point the 
solution is subsonic and approximately in hydrostatic equilibrium with an expo- 
nential decrease of density upwards, in order to reach significant wind mass loss 
this transition must occur at sufficiently low heights. We see that  this is mainly 
determined by balance between centrifugal and gravitational forces, pressure 
plays a negligible role. Therefore the rate of widening s(z) of the fluxtubes is the 
one determining factor. We parametrize s(z) by curvature of field lines at z = 0, 

8 2 = r0  2 + ~;z 2 

- ro/rc with rc the radius of curvature at z = 0. The expression in angular 
brackets becomes 

1 + ~  ( ~  1 ) 
[ l + ( l + ~ ) z 2 / r ~ ] a / 2 -  l+2vg ( l +£ -z 2 / r~ )  

(20) 

Neglecting Vs ~/v 2 << 1 this expression passes through zero (sound transition) at 

(1+~)2/a _ 1 
2 2 

Z s / r o  - -  1 + ~; (21) 

which yields zs/ro --+ x / ~ ¼  for ~ --+ ec, --+ ~ - l / a  for ~ -+ 0, and = 0.54 for 
Pi~ = 1 .  

The wind mass loss rate then becomes 

~Mw : Trr~po B2/~---- By+ Vsexp [  • 12 ro---@ 2GM [1- 3 (1--~)1/3 +1 ~ 2 1 + ~ ]  .cos 

y - 

(22) 
where the integration over the cross section at z = zs was replaced for simplicity 
by multiplication with the crosssectional area. 

1 /__~__~ )1/3 
• 1 + ~  + ~ 1 + ~ ,  ( 2 3 )  cosx  = 1 - ~ + (1 + ~ ) (  ~....~___)1/3 

1+~  

is the vertical projection cosine of the poloidal velocity, cos X ~ 1 for ~; ~ 0, 
--+ V / ~  for ~ -+ ~ ,  and = 0.903 for ~ = 1. 
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The factor GM v 2 = ~ .  ~-- ( r / H )  2 is of order _> 10 2s which cuts off significant 

wind mass loss if the square bracket in the exponent does not become small. For 
this we have 

/ 1 ] 
1 -  3 ~ 1 3 +  --+ 1 for n--+O, - + 1 / ( 6 ~  2) for ~--+oo,  

and = 0.059 for a = 1 (24) 

Taking the whole accretion disk and its atmosphere as isothermal (which over- 
estimates the wind losses) one obtains 

Mw 27rr2poV~VK 1 VK 1 H 
Md = 47rar~H poVs2 " f ( a )  -- 2 a H / r  Vs f ( a )  = ( )2. f (~)  (25) 

where 
cosx(n)  { - ( ~ )  [ 1 -  / + - - - }  f (~)  = vr  ~ exp r 2 ~(1__~)3 ~ ]'3 21 1 +t; 

For values a = 1/3, H / r  = 10 -1'4 in the disk this gives 

(26) 

M~ 1 

]~d 10 
for ~ = 2 . 8 5 ,  but = 1 0  -13'4 for ~ = 1  (27) 

This illustrates that  sufficient curvature of the fieldlines is necessary to achive 
significant mass loss. Taking the asymoptotic opening angle 0, 

S 
tan v9 = - -+ 

Z 

as a guide for the enclosed flux fraction we find that  ~ = 3 corresponds to half 
the hemisphere above the disk filled with the expanding conical flux tube which 

1 of the total  expanding flux. This supports again should then contain roughly 
the flux distribution 

B ... Bo ( r / ro )  - n  

with n about  2 as argued before. We now change to spherical coordinates (r, 0, ¢). 
Higher up the flow passes the Alfv~n critical point 

Br vr = (2s) 

Up to that  height the magnetic field is dominant and enforces co-rotation 

v¢ ~- rY2p sin 0 (29) 

(v~ opening angle of flux tube). 
Together with continuity of mass 

-1M = 27r(1 - cos0)r2pvr 2 w (30) 
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and flux conservation 
Br27rr 2 (1 - cos tg) = BoTrr~ (31) 

(Bo vertical field component in the disk) one derives 

2 4 
B 0 r 0 1 (32) 

vr = 4(1 - cosO)Mw r -~ 

at r = rA, vv = VA. The magnetic field is dominant  below this point and near 
the Alfvdn-critical point supplies the work that  accelerates the wind through 
this region. In rough order of magnitude 

B~B¢ 7rr3 s in3  vqf2 g _ /~fw 1 (V 2 + V~) (33) 
47r 2 2 

(On the right handside we may also include additional terms of similar magni- 
tude, as the Poynting flux.) We assume that  in the critical point the magnetic 
field becomes significnatly inclined, Be ~ Br as it no longer is able to inforce 
co-rotation and that  v¢ falls below the co-rotational speed. From the condition 
of "frozen-in" magnetic field we have 

B e  = v¢ - rf2g sin 
(34) 

Br Vr 

1 rf2K sin ~9. From this and equation (32) one obtains fulfilled with v¢ ~ v~ -~ 7 

[" r , 3 B2oro 1 
(35) 

~ )~o = 2M~.f2p s i n tg (1 -  cos~9) 

(v__2r ~ 3 Bgro sin2 t9 
(36) 

v g /  -- 2Mwop ( 1 -  costg) 

for the position and speed at the critical point. It shows the dependence on 
fieldstrength and Mw, the latter being crucially dependent on the field topology 
near the disk surface, i.e. the flux distribution in the disk. 

An upper limit to the strength M~ comes from the available accretion power 
in the underlying disk, 

2 GM/ro  G M M d  M , , , v ~ + v g +  3 
< (37) 

zrr02 2 - 47r r 3 

(]~/d the disk mass accretion rate) which gives a limit on the amount  of mass 
loss M~o that  a disk can sustain, 

2I)/w < 1 _ _ 1 (38) 
Ma - aar s02~° sin2~ 12 lar B_pAL% sin 2 ~9 12 

u t 2 M d [ 2  K 1--cosO vl.4rrPc~-~ 1--cosOJ 

The latter expression measures the magnetic energy density in terms of the 
thermal pressure P in a s tandard accretion disk. The tilt of the magnetic field 
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at the disk surface is derived from the magnetic work that energizes wind and 
magnetic energy outflow at the Alfv@n point. One obtains 

j 
The above limit on M~/MD inserted yields an upper limit on the magnetic 
stress, 

BrB¢ < 3 a H  p (40) 
47r - 2 r 

and near this limit a significant fraciton of the accretion energy is given to the 
magnetized wind. As derived before, whether this limit is reached depends on 
M~ and thus on the geometry of the magnetic field configuration as parametrized 
by ~, and thus on the flux distribution in the disk. 

We note that equation (38) does not constrict the value of the magnetic field 
strength but only the product MwB~. Thus one cannot exclude magnetic fields 
that become as strong as the disk pressure. 

Winds as discussed in this section presumable are the cause of cataclysmic 
variable winds and the phenomenon of missing radiative flux in these systems. 
With the field Ba provided by the secondary's magnetosphere at outer disk 
radius rd one obtains 

B~ = B2ro = 2 4 
- -  Bdrd = 3 ( 4 1 )  

4~rPa H M d g 2 g  Md(GMr3) 1/2 

for  B d  = 30 gauss, r d  = 10m4cm and Md = 10-gM®/yr. This is the value 
required for strong winds from the interior parts of accretion disks and is a 
surprizing coincidence. The observed wind speeds are of the order of the Kepler 
speed as required for strong winds. 

Further, "tilt" of the wind column (Verbunt 1991) would be a natural con- 
sequence of the unconnected wind magnetic field which is pushed ("diamag- 
netically") away from the secondary's magnetic field. A phase shift of maximal 
absorption by A¢ ~_ 0.2 - 0.3 (YZ Cnc, Woods et al. 1992) away from ¢ = 0.5 
expected for a symmetric magnetosphere might then be due to asymmetry in 
the spot distribution on the surface of the secondary. 

5 T i l t  i n s t a b i l i t y  o f  a d i s k  w i t h  a m a g n e t i z e d  w i n d  

A magnetized wind exerts breaking stress 

B~B¢ (42) 

o n  the two surfaces of the accretion disk. If an inner part of the accretion disk 
is tilted by a small angle v~ away from the vertical but its magnetic fields are 
confined by the surrounding fields of the untilted disk around like in a vertical 
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magnetic "channel" or tube, then the braking torque becomes unevenly distrib- 
uted over the surface of the inclined disk as the magnetic field tries to approach a 
force-free but torque transport ing configuration in this vertical channel. It does 
this when the magnetic equilibrium speed VA is larger than the speed VK of 
moving fiuxlines around the disk. This is the case below the Alfven critical point 
of the wind. 

To a first approximation this exerts a torque per unit surface that  increases 
the tilt, of 

2 BzB¢ O r cos 2 ¢ 
47r 

(from both sides together) where ¢ is the azimuthal angle in the disk counted 
from the line of nodes, i.e. the intersection of tilted disk plane with tha t  of the 
surrounding untilted one. 

On a ring of surface 27rrAr we obtain the torque A~Tm 

z3Tm = 27rr 2 ~ OAr (43) 

Given the angular momentum of the disk ring 

AI = 2~ Er4~K (44) 

one obtains a growth time for the tilt 

OAI 2 (H)2  4~PH/r (45) 
t m -  z~Tm - ~2K BrB¢ 

Growth only occurs if viscous damping does not exceed this excitation torque. 
The viscous evolution of tilted accretion disks is investigated in a series of papers 
by Pringle and other authors. Here we give a simple estimate. 

The viscous damping arises from vertical shear between Kepler velocities of 
tilted and untilted parts. This shear is proportional to cos ¢, 

Ovs~ O0 
0r - vK -~r cOS ¢ (46) 

With viscosity # the viscous torque working against the tilt on the circumferen- 
nce becomes 

H dO (47) T~ = 27rr 2 #vg  d---r- 

We parametrize the viscosity tt of the vertical shear 

2 P 

and take the torque difference over the ring width _dr to obtain 

A T v _ d T v A r = A r  d [ ~  H dtg] 
dr dr am --r r4P -~r (48) 
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For stationary accretion disks, 

H p ~ MdVK r_5/2 (49) 
r 47rc~r 2 

the bracket is proportional to r 3 / 2  dO If we take d___~ = ~_ we obtain 
d r  " d r  r 

ATv = 21rr2 Arc~mH po  (50) 
r 

Excitation occurs for ATm > ATv, or 

BzB¢ 
> 1 (51) 

47rOzm H p 

Though our estimates are rough they indicate that  for sufficently strong magnetic 
tension disks may become tilt unstable. We note comparing with the estimated 
upper limit on magnetic tension by exhaustion of accretion power, 

BzBy 3 
47raH p 2 

excitation would occur for 

c~m B~B¢ 3 
- -  < - -  < - ( 5 2 )  

4~c~HP 2 

Since we do not know the ratio of the c~-parameters nor the numerical reliability 
of our estimates the question of whether magnetized disks become tilt unstable 
must remain open. We will further on assume that  this is the case. It is interesting 
to note that  one is again in the strong wind range. 

6 D w a r f  n o v a  o s c i l l a t i o n s  

Dwarf novae in outburst  and stationary nova-like systems are observed to display 
small amplitude photometric oscillations in visual light and in X-rays (for a 
review see Warner 1995). These oscillations have periods from 10 to 100 see and 
intermediate Q value of 104 to 108. This makes them different form the low Q 
quasi periodic oscillations and high Q oscillation of DQ Her and intermediate 
polar systems. We suggest that  they result from the illumination of a tilted part  
of an accretion disk by accretion spots that  rotate  on the surface of the white 
dwarf. 

A characteristic variation of oscillation frequency during the outburst  of 
AH Her has been observed (Hildebrand et al. 1980) with shortest period near 
light maximum. This indicates tha t  the rotation speed of the presumed accretion 
spots varies with accretion rate. This would fit to the concept tha t  the accretion 
spot rotation rate is different from that  of the white dwarf but is frictionally 
coupled and thus lags behind Kepler motion by an amount  depending inversely 
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on the accretion (spin-up) rate. It also would place the accretion spot rotat ion 
away from the tilted direction of the disk and between this and the white dwarf 
rotation (which should be normal to the orbital plane). 

This seems necessary in order to obtain a varying illumination of the tilted 
disk as the visibility angle of the spot from the disk varies with the spot rota- 
tion. A spot rotating at the white dwarf surface in the tilted disk plane would 
not produce a varying illumination. It is noteworthy that  the oscillations were 
not visible around maximum of the visual light where the spot rotat ion plane 
presumably is most aligned with the tilted disk. 

The observed variation of the oscillation period during an outburst  is not 
compatible with a rotating spot of a white dwarf magnetic field. One would 
instead suspect magnetic spots formed by the magnetized aecreting matter .  

The precession of a tilted magnetized accretion disk within the fields of the 
surrounding untilted disk is discussed below. In the dwarf nova case it is too 
slow to affect the rapid dwarf nova oscillations. 

7 P r e c e s s i o n  o f  G R O  1655  

The galactic black hole binary GRO J1655-40 shows superluminal motion and 
jet precession with a period of 3 days (Tingay et al. 1995, Hjellming & R u p e n  
1995, Mirabel & Rodriguez 1996). This precession period is remarkable in view 
of the orbital period of 2.6 days (Baileyn et al. 1995). The system contains a 
7/l//o black hole and a secondary of 2.34M o (Orosz & Bailyn 1997). 

An inclined accretion disk filling 0.7 of the primary Roche lobe would precess 
in the gravitational field of the secondary with the much longer period of 17 times 
the orbital period. Thus the precession must be internal to the disk-black hole 
system. 

The secondary star has evolved off the main sequence and displays a F3IV to 
F5IV spectral type (Orosz & Baileyn 1997). It is convective and like in . the  
late-type secondaries one expects dynamo magnetic fields. We do not know 
their strength nor surface distribution but  assume again magnetic spots of pres- 
sure equipartition field strength. We estimate an atmospheric pressure of P 
102'5dyn/cm 2 for this star and a starspot magnetic field of 

B,  = 4vQTP~P = 60gauss (53) 

The same scaling as for the cataclysmic binary system (same mass ratio) yields 
a magnetospheric fieldstrength at the accretion disk of 

Bd = 0.5gauss (54) 

We now assume that  such fields become concentrated as in the case of cataclysmic 
variables and ask whether the tilting instability of the inner accretion disk can 
be reached. We then investigate what precession period would result. 

The rapid evolution of the secondary toward the red giant state sustains a 
large mass overflow rate of order 1 0 - T M o / y r  which we take as scaling parameter .  
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The disk around the 7 M ®  black hole then becomes radiation pressure dominated 
for 

r < 1099~/l__~/21~?/Ta2/21cm , (55) 

where M-7  is the mass accretion rate in units of 1 0 - T M o / y r  and ~.4 the opac- 
ity in units of the electron scattering opacity. This derives from the s tandard 
accretion disk theory and a-friction. 

From the same considerations of hydrostatic support  and radiative energy 
t ransport  together with a-parametr izat ion for the frictional stress 

T = a P  (56) 

(Shakura £: Sunyaev 1973) one obtains the following estimates for scaleheight 

3 ~M 
H -  4~ c ' (57a) 

surface density 

temperature  T 

16c 2 
2 - (57b) 

9a~2  ~ K  M ' 

T 4 _ c2[2K 
4 a a ~  (57c) 

(a Stefan-Boltzmann constant), radiation pressure 

C[2 K 
P r -  3a~ (57d) 

and density 
327rc 3 

= (57e)  
P 2 7 a ~ 3 M 2 ~ K  

A radiation pressure supported disk is unstable to viscous and thermal  instability 
("Lightman-Eardley" instability) if friction is coupled to total  (~  radiation) 
pressure but stable for coupling to gas pressure. The disk in this binary system 
seems to extend inward beyond r = 109'9cm and irradiation from central energy 
release would keep the outer disk temperature  at values above 104K preventing 
dwarf nova type instability. We take this as indication that  (~-coupling to the 
gas pressure describes this disk appropriately. 

We may then use the above estimates for the disk quantities with 

c~ = a ~ f  f = c~oPg/ P~. (58) 

where ~- = a0Pg is the assumed frictional stress. 

G = Tp (59) 
# 

is the gas pressure (~ gas constant, # molecular weight). Thus ( ~ / /  is a small 
quantity. 
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We then obtain the following values 

{ 32~T ~ 4/5 c 2 (N/#)4/5 (60) 

'~ ~0  K 

CDK 1 
P ~  - -  - -  ( 6 1 )  

3t~ O@ff 

We can now evaluate the precession time tp of tilted disk in the surrounding 
fields. The disk ring of surface 27rrAr and thickness 2H permeated by a magnetic 
field B constitutes a magnetic dipole of moment  

m = B H r A r  (62) 

which, inclined to a surrounding field, also of strength B by angle v~ feels the 
torque 

Tp = B • rn = B 2 H r A r O  (63) 

and precesses with period 
2:,tit9 

t p -  Tp (64) 

where I = 27rr3g?KFAr is the angular momentum. After further algebraic trans- 
formation this becomes 

167r ( H ) a f 4 7 r P a e f f  H ) (65) 
t p -  ~r~KO~ef f ~k B 2  

The last expression with B 2 replaced by B~B¢ is the term that  must be of order 
unity if the tilting instability is to work and for efficient wind acceleration Be 
becomes comparable to Bz = B. 

Evaluation of the last equation, taking this factor as unity, gives 

r = 108cm (66) 

for a resulting precession period of 3 days. 
At this radius the value of B must be about  

B = (47rPaefyH) 1/2 = (MY2K/r)  U2 = 106'2Ml_~Xgauss (67) 

which translates to a value of the secondary's magnetosphere near the disk rim 
of 

Ba = B ~d = ~gauss (68) 

which is close to the value Ba ~ 1 gauss estimated for the magnetosphere.  
In view of the assumptions that  had to be made one cannot consider these 

estimates as a proof for a magnetic precession of a tilted inner accretion disk in 
GRO 1655. But the numbers at least to not seem to exclude this possibility. 
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8 C o n c l u s i o n  

We have argued for the advective concentration of magnetic flux in the inner 
accretion disk which entered the disk from the surrounding magnetosphere of 
the companion star. This appears to account for speed and mass loss rate of 
observed winds and missing energy in cataclysmic variable systems. We show 
the possibility of a magnetic disk tilting instability and suggest a relation to the 
dwarf nova oscillation phenomenon. Finally we show that  the same instability 
may account for the anomalous precession period of GRO 1655. 

R e f e r e n c e s  

Baptista R., Steiner J.E., Home K., 1996, MNRAS 282, 99 
Blandford R.D., Payne D.G., 1982, MNRAS 199, 883 
Camenzind M., 1986, A&A 156, 137 
Drew J.E., 1987, MNRAS 224, 595 
Drew J.E., 1991, in Structure and Emission Properties of Accretion Disks, eds. C. 

Bertout, S. Collins, J.-P. Lasota, J. Tran Tkanh Van, Editions Fronte~res, Gif sur 
Yvette, 331 

Hildebrand R.H., Spillar E.J., Middleditch J., Patterson J., Stiening R.F., 1980, ApJ 
238, L145 

Hjellming R.M., Rupen M.P., 1995, Nature 375, 464 
Mauche C.W., Raymond J.C., 1987, ApJ 323, 690 
Mirabel I.F., Rodriguez L.F., 1996 in RSntgenstrahlung from the Universe, Internat. 

Conf. on X-Ray Astronomy and Astrophysics, eds. H.U. Zimmerman et al. (MPE 
Report 263), p.111 

Nitta S., 1994, PASJ 46, 217 
Orosz J.A., Bailyn C.D., 1997, ApJ 477, 876 
Pringle J.E., 1993, in Astrophysical Jets, eds. M. Livio, C.P. O'Dea, Cambridge Uni- 

versity Press 
Rutten R.G.M., van Paradijs J., Tinsbergen J., 1992, A&:A 260, 213 
Sakurai T., 1985, A&A 152, 121 
Sakurai, T., 1987, PASJ 39, 821 
Shakura N.I., Sunyaev R.A., 1973, A&A 24, 337 
Shmeleva O.P., Syrovatskii S.I., 1973, Solar Physics 33, 341 
Spitzer L., 1962, Physics of fully ionized gases, 2nd ed., Interscience, New York 
Tingay S.J. et al., 1995, Nature 374, 141 
Tout C.A., Pringle J.E., la Dons C., 1993, MNRAS 265, 25 
Verbunt F., 1991, Adv. space Res II, (11)57 
Warner B., 1996, Cataclysmic Variable Stars, Cambridge Astrophysics Series Vol. 28, 

p.42 
Woods J.A., Verbunt F., Collier Cameron A., Drew J.E., Piters A., 1992, MNRAS 255, 

237 



Subject and Object Index 

accretion disk instability 93, 268 
advection dominated accretion 16,209, 

240, 281,320 
advection of angular momentum 120, 

173, 181 
AGN 67, 77, 216, 235,250,272, 281, 

320,329, 333, 334 
AGN, accretion disk 222 
-- ,  disk corona 223 
-- ,  emission mechanism 219 
-- ,  illumating flux 222 
-- ,  irradiated disk 224 

Balbus-Hawley instability 109,117, 123, 
148, 150, 161 

binary evolution 89 
black hole 1, 7, 8, 11, 21, 22, 32, 46, 55, 

67, 82, 91,307, 320,338 
-- ,  mass determination 26 
-- ,  massive 237, 240, 329 
-- ,  rotating 209, 211 
-- ,  supermassive 285 
blue bump 78, 217 
boundary layer 52, 125, 131 
bremsstrahlungs temperature 52, 55 
broad line region, BLR 329, 331 

cataclysmic variable 92, 103, 125 
close binary system 182 
Compton process 15, 48, 69, 226,316, 

346 
Compton process, inverse 77, 226 
cooling process 69, 321 
corona 320 

disk, eccentric 95, 98 
-- ,  magnetically threaded 154 
-- ,  magnetized 109,164, 166, 170, 171, 

329 
-- ,  magnetoviscous 173, 179 
-- ,  preeessing 98, 182, 338 

-- ,  protostellar 131, 155, 182 
-- ,  tilted 338 
-- ,  warped 182 
disk instability model 41, 92, 93 
dwarf nova outburst 92, 123 
dwarf nova oscillations 338 
dwarf nova quiescence 108 
dynamo 114, 119, 177 

elliptical galaxy 240 
emission lines 331 
EUV spectrum 256 
EUV emission lines 286 
evaporation 67, 320 

flux variability 87, 250, 254, 291,319, 
329,330, 334 

FR-I radio galaxy 240 
FR-II radio galaxy 240 

Galactic Center 199,206,216,281,308, 
320 

--, accretion disk 302 
--, gas kinematics 293 

hardness ratio 5 
hydrodynamic simulation 154, 182,320 

instability, magnetorotational 161 
-- ,  thermal 94, 97 
- - ,  tidal 96, 97 
illumination 77, 314 
irradiation of disk 89, 265,329 
IR spectrum 286 

jet 32, 162, 182, 196, 338 

Kerr metric 79, 84, 85, 209, 243 

low mass X-ray binary 1, 28, 89 

magnetic field 2, 109, 116, 119, 154, 
173, 181,206, 301 

-- ,  vertical 135, 148 



354 Subject and Object Index 

- - ,  poloidal 161, 167 
magnetic shearing instability 135, 150 
mass transfer instability 41 
Milky Way 281 
millisecond pulsar 91 
molecular cloud 308 

neutron star 1, 3, 11, 49, 91, 199 

observations 
- -  ASCA 17, 46, 60, 236,242,310,  331 
- -  EXOSAT 331 
- -  GINGA 1, 30 
- -  GRANAT 47, 48, 52, 60, 199 

HST 235, 240 
- -  IUE 331,332 
- -  MIR/KVANT 23, 46, 47, 48 
- -  ROSAT 17, 242,250, 272 
- -  VLBI 243 
- -  XTE 62,200 
optical emission lines 103, 260 

photon index 13, 15 
precession 191, 195, 338 
pulsar 199 

QPO 31 
QSO 272 
quasar, radio-quiet 276 

radiative transfer 70, 103 
radio spectrum 286 

Seyfert galaxy 285 
Seyfert 1 galaxy 77, 250 ,262 ,272 ,330  
Sgr A* 283, 310 
--, mass 293 
--, morphology 291 
spectral states soft/hard i, 7, Ii 
spectral variability 218, 250 
Shakura-Sunyaev standard disk 58, 127, 
173, 189, 224, 273, 320 
Stark broadening 103 
SU UMa stars 93 
synchroton radiation 286 

topology of disk solutions 321 
transient outburst 2, 17, 36 

transient source 32 
T Tauri stars 154, 182 
turbulence 181 
- - ,  dynamo generated 109, 113 

U Gem stars 92 
UV absorption lines 261 
UV spectrum 83, 216 

viscosity, causal 125 
- - ,  turbulent  113 
viscous stress 115, 127, 210 

warm absorber 221,230, 250, 258, 262 
wind from disk 162, 167, 332 
WZ Sge stars 100 

X-ray binary 21, 199 
- -  burst 202 
- -  burster 51 

- -  emission lines 235 
iron lines 235, 236, 308 

- -  flux variability 7, 21, 28, 45 
- -  nova 55 
- -  outburst  267 
- -  pulsations 199 
- -  source states 28 
- -  spectral variability 45, 52, 55, 67, 73 
X-ray spectrum 1, 21, 36, 45, 67, 73, 

77, 83, 216, 250, 252, 259, 272, 
308,314 

- - ,  sof t /hard 45, 49, 218 
- - ,  ultrasoft 11, 28 
X-ray transient 199, 320 

sources individual 
1E 1740.7-2942 52, 308 
3C 273 216, 244 
4U 1608-52 12, 18, 31, 50 
4U 1705-44 50 
A 06020-0 8 
A 0535+26 23 
Aql X-1 12 
Cen X-4 18 
Cir X-1 31 
Cyg X-1 11, 21, 30, 31, 52, 57, 60 
GRO J1744-281 199 



GRO J1655-40 338 
GRS 1716-249 47, 59 
GRS 1915+105 21, 32 
GS 1124-68 10, 16, 30 
GS 2000+25 10, 16 
GS 2023+33 16, 23 
GX 339-4 36, 55 
Her X-1 182 
HH34* 196 
KS 1730-312 46 
LMC X-2 4, 6 
LMC X-3 10 
MS1 303 
M87 240 
MCG-6-30-15 237 
Mrk 1298 262 
NGC 1068 304 
NGC 3227 25 
NGC 4051 252 
NGC 4151 332 
NGC 5905 250, 267 
Nova Oph 1993 58 
Nova Per 1992 55, 56 
RX J0119.6-2821 263 
RX J0134.3-4258 264 
RX J1225.7+2055 263 
RX J1239.3+2431 263 
Sco X-1 23 
T Leo 106 
U Gem 103, 104 

Subject and Object Index 355 



A u t h o r  Index  

Abramowicz M.A., 320 
Appl S., 209 
Brandenburg A., 109, 135 
Brunner H., 272 
Campbell C.G., 109, 173 
Canizares C.R., 240 
Churazov E., 36, 45, 308 
Collin-Souffrin S., 216 
Di Matteo T., 240 
D6rrer T., 272 
Dumont A.M., 216 
Duschl W.J., 281 
Fabian A.C., 235, 240 
Fink H., 250 
Friedrich P., 272 
Gilfanov M., 36, 45 
Henri G., 77 
Horne K., 103 
Hummel W., 103 
Hwang U., 240 
King A.R., 89 
Kley W., 125 
Komossa S., 250 
Larwood J.D., 182 
Lund N., 199 
Marsh T., 103 
Meyer F., 338 
Miiller C., 272 
Nelson R.P., 182 
Nordlund/~, 135 
Ogitvie G.I., 135, 161 
Osaki Y., 92 
Papaloizou J.C.B., 125, 182 
Peitz J., 209 
Petrucci P.O., 77 
Reynolds C.S., 240 
Sazonov S.Y., 199 
Spruit H.C., 67 
Staubert R., 272 

Stehle R., 154 
Stein R.F., 135 
Sunyaev R., 36, 45, 199, 308 
Tanaka Y., 1 
Terquem C., 182 
Torkelsson U., 135 
Trudolyubov S., 36 
Ulrich M.-H., 329 
van Paradijs J., 21 
Wood J.H., 103 


