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Preface  

The year 1995 marked the centenary of two events: (i) 26 November, 1895 is the date 
of birth of Bertil Lindblad, and (ii) 27 November, 1895 is the date on which Alfred 
Nobel signed his testament that led to the Nobel Prizes. In order to celebrate these 
events a Nobel Symposium (No. 98) was held from 30 November to 3 December, 1995 in 
SaltsjSbaden, Sweden, near Stockholm Observatory where Bertil Lindblad was active as 
Director during most of his scientific life. 

The topic of the Nobel Symposium, namely "Barred Galaxies and Circumnuclear 
Activity",  was attuned to the activities of the research group at Stockholm Observatory, 
led by Per Olof Lindblad who had recently retired. With the successful refurbishing of 
the Hubble Space Telescope, the completion of the Keck Telescope and the Very Long 
Baseline Array, and the imminent construction of the Very Large Telescope, the time 
was considered ripe for bringing together the leading authorities on the observational, 
numerical, and theoretical aspects of the bars in barred galaxies and their interactions 
with the circumnuclear regions near the cores of these often active galaxies. 

The Nobel Symposium was sponsored by the Nobel Foundation through its Nobel 
Symposium Fund. The invitations to attend were limited to about 30 scientists (by the 
symposium statutes of the Nobel Foundation). These included a son and two grandsons 
of Bertil Lindblad. There was an additional audience of about 40 other interested scien- 
tists and advanced students. The Scientific Organizing Committee consisted of Francoise 
Combes, Robert A.E. Fosbury, Steven JSrs~ter, Per Olof Lindblad, and Aage Sandqvist, 
the latter three of whom also served as the Local Organizing Committee. 

The Symposium was officially opened by Michael Sohlman, the Executive Director of 
the Nobel Foundation. After the opening, Alar Toomre gave some historical remarks on 
Bertil Lindblad's  work on galactic dynamics. The symposium then got down to business 
and the papers are presented in these proceedings in the order in which they were given. 
Two of the invited participants were unfortunately unable to attend the symposium, but 
one had already prepared the manuscript and we are happy to include it in this volume. 

The symposium banquet was held at the Stockholm Observatory, following aperitifs at 
the Observatory residence of Gunilla and Per Olof Lindblad (also formerly the residence 
of Bertil Lindblad). At this social event, George Contopoulos and Donald Lynden-Bell 
reminisced about their interactions with Bertil Lindblad. The following evening included 
a Stockholm Opera performance of Guiseppi Verdi's Requiem (which was given extra 
significance by being dedicated to the victims of the "Estonia") and a subsequent supper 
in the cellars of the eighteenth-century Old Stockholm Observatory. 

As always, a symposium means a large amount of work for many people, and we 
should like to thank all of them. We especially wish to express our gratitude to Anne- 
Marie Tannenberg for functioning as secretary and hostess of this Nobel Symposium. 

Sah, sj6baden, 31 May 1996 Aage Sandqvist 
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S o m e  His tor ica l  R e m a r k s  on Bert i l  L indblad ' s  
Work  on Galac t i c  D y n a m i c s  

Alar Toomre 

Massachusetts Institute of Technology, Cambridge, MA 02139 USA 

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

When I was asked by Per Olof Lindblad to reflect here for a few minutes on 
the main contributions to galactic dynamics made by his famous father whose 
100th birthday occurred on 26 November, I felt honored and delighted of course 
but  at first also overwhelmed by the magnitude of this task. Then I remembered 
that  I had felt even more overwhelmed two decades earlier when, after writing 
to Per Olof to request copies of just a few of Bertil Lindblad's papers to help 
me prepare an Annual Reviews article on theories of spiral structure, I received 
a hefty parcel containing about 55 reprints! 

Somehow I survived that  culture shock. In due course, I worked my way 
through that  entire collection, and read perhaps two dozen of those papers quite 
thoroughly. To be sure, even then I had already been familiar with a few Lind- 
blad items like his authoritative 1959 article in the Handbuch der Physik or his 
excellent Darwin Lecture from 1948. But it was this fresh round of self-inflicted 
reading that  really filled me with admiration for this man's persistence and gen- 
eral wisdom, and even with considerable sympathy for his occasional foibles, 
most notably his long obsession with leading spiral arms which in retrospect 
was surely a mistake. Eventually I gathered my impressions under the headings 
"Some of Lindblad's ideas" and "Nearly kinematic waves" onto four of the front- 
most pages of that  review (Toomre 1977), "to start  almost at the beginning". 

Even today, I still recommend those four pages to anyone eager to follow 
up on this history. I also recommend the wonderful obituary that  Oort (1966) 
composed soon after Lindblad's death following an operation less than a half- 
year before his 70th birthday, and likewise - -  for those who read Swedish - -  I 
recommend the warm biographical memoir that  Lindblad's long-term colleague 
Ohman (1975) prepared for the Swedish Academy of Sciences about a decade 
later. Those two knew Bertil Lindblad very well. I myself, alas, never met him. 

2 M a j o r  C o n t r i b u t i o n s  

Lindblad had essentially three triumphs in his long career on galaxy dynamics. 
The first occurred in the mid-1920s, when he was barely 30, whereas the other 
two came only when he was already in his 60s - -  a fact that  should encourage 
others who are getting on in years. His first and last tr iumphs were actually 



2 Alar Toomre 

rather shared discoveries, but the middle one was uniquely his own. All three 
dealt with disks in rotation. 

2.1 Rotat ion  of  the Galaxy 

One tends to forget these days that it wasn't always obvious that our Milky Way 
is a multi-component system supported against gravity largely by its rotation. 
There were real people involved in the long process of making this obvious, and 
those people were not only Kapteyn or Shapley or Str6mberg, but especially 
Lindblad and Oort. 

Those last two held a delightful tennis match of ideas on this subject during 
the years 1925-27, as reviewed in detail by P. O. Lindblad (1980) for a volume 
honoring Oort on his 80th birthday. Along with Kapteyn and Str6mberg shortly 
before those three most glorious years, Oort himself had become very interested 
in high-velocity stars, and in how they seemed to avoid what we now know to 
be the forward direction; yet by his own admission it never occurred to him that 
either this avoidance or the asymmetric drift of moderately "hot" stars could 
arise plausibly from the orbiting of various parts of our system around a distant 
center roughly matching that for Shapley's globular clusters. It took Lindblad 
(1925, 1926) to point out how neatly both those riddles of star streaming could be 
solved by the hypothesis of rotation combined with different amounts of pressure 
support from random motions. Oort was initially very skeptical, but within a 
year or so he swung around completely, in large part thanks to his own brilliant 
supporting evidence (Oort 1927a,b) on the shear flow and spatial rotation of 
nearby disk stars, as symbolized nowadays by the Oort constants A and B. 

Proofs of that first paper titled "Observational evidence confirming Lind- 
blad's hypothesis of a rotation of the galactic system" were transmitted by young 
Oort to the man 5 years his senior in a famous letter which simultaneously ex- 
pressed doubt that Lindblad would remember him from some brief past meeting, 
shame "that I had not been able to think of the explanation myself", and hope 
that here was '% paper in which you may be especially interested". Interested 
indeed, Lindblad (1927) soon swatted that ball back with extra spin from his 
side of the tennis court: It occurred to him in turn that even the curious ellip- 
soidal distribution of stellar random velocities parallel to the plane of our galaxy 
follows naturally from the idea that all these stars are in differential rotation, 
and he also pointed out that the ratio of those velocity axes agreed quite nicely 
with the ones implied by Oort's new A and B. With that, Lindblad introduced 
epicyclic motions into galaxy dynamics, though for years afterwards he avoided 
this Ptolemaic phrase and kept on referring to the epicycles only as "relative 
orbits". 

2.2 Dispers ion Orbits 

Most remarkably after that fine beginning, it took Lindblad not three further 
months or years, but three whole decades, to connect this implied epicyclic fre- 
quency ~ and the ordinary angular speed of rotation Y2 into the kinematic wave 
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speeds like I2-t-t~/m which we very much associate with him nowadays, especially 
when muttering phrases like "Lindblad resonances". 

It was not for a lack of trying. Indeed in several of his analytical papers 
from the 1940s and early 1950s Lindblad came fairly close to seizing upon such 
kinematic waves as something quite valuable in their own right. Of course, no 
one else did any better. For him, this proverbial penny dropped only when 21-cm 
rotation curves of our galaxy and M 31 began to indicate in the mid-1950s that  
the combination I 2 - n / 2  seems to remain reasonably constant over a surprisingly 
large range of interior radii. 

This news, which he himself sleuthed out and reported in Lindblad (1955, 
1956), prompted two excellent follow-on papers (Lindblad 1958, 1961) on the 
dynamics of what he called "dispersion" rings or orbits. He was hoping, it seems, 
that  the interstellar gas and/or  the colder stars would somehow aggregate on 
their own initiative into just a few such orbits in each galaxy - -  almost like 
some vastly expanded meteor streams. In retrospect, this dispersion theme never 
really panned out, but in the process Lindblad discovered something much more 
valuable: the essence of large-scale kinematic waves in a disk galaxy. 

2.3 D e n s i t y  W a v e s  

Even beyond such specific accomplishments, we remember Lindblad most of all 
for his tremendous lifelong struggle with trying to explain from Newtonian first 
principles the abundant spiral and bar structures of galaxies. 

Much of this work, in retrospect, amounts to a magnificent failure, since even 
in his finest technical papers like Lindblad and Langebartel (1953) on bar-making 
the hard analysis always seemed to peter out before reaching any true climax, 
and it was usually followed only by sketches, speculations and/or  - -  as still in 
that  case - -  a total  ambiguity as to whether the inferred spirals were leading 
or trailing! To be fair, such complex collective dynamics was perhaps too hard 
for anyone, no mat ter  how talented, in those mid-20th-century decades before 
computers, plasma physics, or any inkling of massive halos. 

And yet, once modern density-wave enthusiasm took hold from the mid-1960s 
onward, thanks especially to Lin and Shu but also to Kalnajs, Lynden-Bell and 
several others, it was possible for Dekker (1975) to reflect barely a decade later 
that  "all problems that  in later developments turned out to be important  in the 
theory of spiral structure had, in one way or another, already been touched upon 
or even studied by Lindblad". Her words remain remarkably true even today. 

For me, the best evidence on how close Lindblad actually came to grasping 
large chunks of the spiral problem resides in his two papers from 1963 and 
1964. With rather vivid diagrams, he speculated there "on the possibility of a 
quasi-stationary spiral structure". For him - -  much like for Lin and Shu soon 
afterwards - -  this involved material travelling from arm to arm of a supposedly 
bisymmetric wave pattern in an overtaking sense at the smaller radii, and yet 
backward relative to the same revolving pattern at the larger radii. His details 
were unconvincing, but no one can accuse him of missing the big picture. 
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3 F a r s i g h t e d  C o m m e n t s  

Sprinkled amidst the Lindblad papers are various other comments and asides 
which attest that  this man was often thinking far ahead of his time. Here are 
some of my favorites, to wrap up this summary using mostly his own words. 

Regarding galaxy mergers (of all things!), Lindblad (1926) noted in passing 
that ,  although infrequent, 

sharp encounters between nebulae ... must probably be considered as 
highly 'unelastic' and must tend to convert translational into rotational 
kinetic energy. An encounter of this kind may even lead to a fusion of 
the respective bodies. 

Similarly, though most of his struggles were with supposedly self-made spirals, 
Lindblad (1941) was open-minded enough to remark not only that  for 

the classical spiral M 51 ... it is very probable that  the tidal force of 
the well-known strong condensation at the end of one of the arms is 
to considerable extent responsible for the complete and beautiful spiral 
structure, 

but  also that  in the case of M 81 

it is possible that  the nebula M 82, situated 38' to the north of M 81, may 
have a certain influence on this system, if the two nebulae are actually 
neighbours in space, and not only form an optical pair. 

Lindblad (1950) was astonishingly early into wondering about off-center m = 1 
modes or instabilities, given that  

a wave of this kind means that  ... the centre of the coordinate system ... 
will be subject to accelerations. In many nebulae, e.g. in the large spiral 
M101, there appears to be a deviation from rotational symmetry  which 
may be due to this mode of variation. 

And perhaps most aptly, given the heavy emphasis on bars at this conference, 
Lindblad (1951) also wrote that  

the most promising approach to a solution of the problem of spiral struc- 
ture appears to be by way of the barred spiral nebulae. 

He went on: 

In the ordinary spirals ... a plainly developed barred structure may not 
appear, but there is likely to be a characteristic density wave s = 2, 
which causes a departure from rotational symmetry and which incites 
the formation of spiral structure by its disturbing action on the internal 
motions in the system. 

Translate that  to m = 2, and he could have been writing yesterday! 
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Formation and Evolut ion Mechanisms  of Barred 
Spiral Galaxies  

D. Lynden-Bell 

Institute of Astronomy, The Observatories, Cambridge CB2 0HA 

Abs t r ac t .  After reviewing the classical works on triaxial bodies with internal rotation 
six different proposals for the formation of bars are discussed. The way such bars 
respond to angular momentum loss to the spiral structure is also considered. Finally 
the Galactostrophic approximation is introduced and guiding centres are shown to 
follow Ergos curves. Lindblad-like epicyles about such curves yield a new integral for 
the stellar dynamics of barred galaxies. 

1 C l a s s i c a l  C o n s i d e r a t i o n s  

On receiving the invitation to this Nobel Symposium I thought  that  preparing 
for it would spur me to a renewed interest in a beautiful subject and allow 
me to finish work in hand with J. Barot on the Galactostrophic approximat ion 
for stellar orbits in rotat ing systems. In practice the giving of a new lecture 
course left me too little time, so this review will be an historical one putt ing 
the theory of the barred spirals into the context of the much older subject of 
rotat ing gravitat ing bodies. Nevertheless, some results on the Galactostrophic 
approximat ion are included since they give both a new integral of the equations 
of mot ion and a useful generalisation of Bertil Lindblad's epicyclic theory. 

One of the early works devoted to explaining the barred galaxies was pub- 
lished in the Stockholm Observatoriums Annaler for 1953 by Bertil Lindblad, 
whose birth we commemora te  in this symposium, and R.G. Langebartel.  Their  
Fig. 9 reproduced here as our Fig. 1 shows the m = 2 density wave to which the 
uniformly rotat ing stellar disc is unstable. It  shows the four whorls noted by the 
authors. 

Following Fridman (1994) these can be interpreted as cyclones top and bot-  
tom and anticyclones to the sides. Such an interpretation follows kinematically if 
one imagines the lines of vorticity drawn together with the mass concentrations 
and expanded apart  at the density minima. However, in the interpretation in 
terms of cyclones it is the gravitat ional well caused by the mat te r  concentration 
tha t  dominates over any excess pressure, so the high density regions are cyclonic 
with the Coriolis force balancing the excess gravity of the mat te r  there. 

This perturbed configuration not only gave rise to the first mention of density 
waves in the li terature and one of the early indications of a bar-like instability, 
but  gave also a pret ty  example for the Galactostrophic approximation to galactic 
orbits which we develop in Sect. 3. 
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~~. nticycione 

Fig. 1. The four whorls of the density wave m : 2. The direction of rotation of the 
x, y-system is counter-clockwise 

The classical theory of rotating bodies started with Newton's prediction of the 
oblate shape of the slowing rotating Earth. That  was followed by Maclaurin's 
discovery that a homogeneous fluid in rapid uniform rotation, under its own 
gravity, could be exactly spheroidal. Then Jacobi made the remarkable discovery 
that a : b was not the only solution for an homogeneous ellipsoidal body in rapid 
rotation. Indeed at each given angular momentum the Jacobi ellipsoid has lower 
energy and lower angular velocity whenever it exists. 

It is interesting to consider not only the angular momentum L but  also the 
equatorial circulation C of such bodies following Lynden-Bell (1965). 

L ~ 2 b2)~ (1.1) : -~M(a + 

? ? 
C ./ u .  dl = I c y  �9 dS = wrcab = 2~rcab (1.2) 

where r : curl u and the final equality is only true provided the system rotates 
uniformly. 

Notice that 

M C -  10r + (1.3) 

b is a function of ~ only, and minimises when a = b. 
Now consider a homogeneous rotating body whose density is increasing as it 

shrinks in size. L, C and M are all conserved, so if the system continues to have 
a uniform angular velocity (spatially) b_ must remain constant. 

d 
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Thus shrinking Maclaurin spheroids will keep a = b, they cannot enter the 
lower energy a r b Jacobi sequence without violating conservation of circulation. 
Of course a magnetic field or viscosity may allow such a transition but only on 
the timescale determined by the field strength or the viscosity and the latter can 
be impressively long (Lynden-Bell 1964). 

Of greater interest is the conundrum posed by a shrinking Jacobi ellipsoid 
because ~ changes along the Jacobi sequence. For an inviscid fluid L, M and C 
are all conserved yet the dimensionless 'control' parameter # = 
(L/M)2(GM)-4/3(Gp)I/3 is being increased with time as p increases. # also 

b decreases whereas we have increases along the Jacobi sequence but along that  
b shown by (1.3) that  Z must remain constant. So what happens as a Jacobi 

ellipsoid starts to shrink? 
The escape route from this conundrum lies through another remarkable clas- 

sical discovery opened by Dirichlet and Dedekind and explored more fully by 
Riemann and Chandrasekhar (1969). Dedekind showed that  bodies of precisely 
the same shapes as the Jacobi ellipsoids could have fixed orientations in space 
with their non-spheroidal shapes maintained by an internal flow bounded by 
that  ellipsoidal surface. It was Riemann who first explored the more general 
configurations of homogeneous bodies with any ellipsoidal shapes rotating with 
some pattern speed s (not necessarily along the angular momentum) within 
which there was an internM fluid flow. Indeed there is a beautiful theorem that  
any uniform inviscid fluid whose surface is initially ellipsoidal and whose inter- 
nal velocities are initially linear functions of positions will maintain both these 
properties for all time. This holds for liquid, shrinking liquids and zero pressure 
gas falling under gravity and rotation. 

Once we start shrinking an inviscid Jacobi ellipsoid it leaves that  uniformly 
rotating sequence and follows a constant C, constant L trajectory through the 
l~iemann ellipsoids. Thus its surface develops a pattern speed 12p different from a 
half of its internal vorticity and though its vorticity remains uniform it develops 
an internal flow which is no longer just uniform rotation. This difference between 
the pattern speed of the bar-like elongation and the circulation of the stars along 
their orbits within that  bar is the basis of all modern theories of bar formation. 

Here I will pay a tribute to a great figure of twentieth century astrophysics 
who died earlier this year. 

"If you go to work with Chandra take with you a problem closely related 
to what he is working on NOW. It is no good taking one concerning a subject 
he has already finished". Following these wise words of Guido Munch I took 
just such a problem to Yerkes in 1962, and my reward was Chandrasekhar's 
enthusiasm and delight at seeing how his new methods could be successful in 
fully time-dependent problems. 

Chandrasekhar and Norman Lebovitz had already been working on ellipsoidal 
configurations of equilibrium and their stability for several years. When I left 
CalTech the well known ELS paper on the collapse of the Galaxy was barely 
completed. Modelling that collapse as a pressureless spinning spheroid I had 
already shown that  it fell through a sequence of spinning spheroids (Lynden-Bell 
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1962) but I wanted to know whether any small departures from that shape would 
be exaggerated during the collapse. Chandra's virial tensor theorem proved a 
wonderful tool for discussing large scale perturbations into ellipsoidal shapes 
and I gained greatly from his enormous enthusiasm for such research. 

I found that a spinning collapsing spheroid was indeed unstable to becoming 
1 a Riemann ellipsoid with the ellipsoidal bulge rotating with a pattern speed ~2 

where the internal vorticity was 2~2. In such a configuration the fluid streamlines 
have two lobes and one turn relative to the axes turning with the pattern but 
there are no inner or outer (or corotation) Lindblad resonances. Thus the turning 
rate of the two-lobe-one-turn orbits in the perturbed flow is significantly faster 
than the (zero) pattern speed of unperturbed inner Lindblad orbits. 

My 1964 paper on this subject was followed up by Lin, Mestel and Shu (1965) 
who also discussed the non-linear development of such instabilities in the non- 
rotating case subsequently applied to cosmology by Zeldovich (1970). Work on 
the classical ellipsoids is far from over, see Christodoulou et al. (1995). 

Thus as a product of galaxy formation we may expect an elongated rotating 
body whose pattern speed is below its internal rotation rate. 

Whereas such elementary considerations might apply to the central regions of 
a galaxy the continued infall championed by Gunn will certainly add an extensive 
outer halo and outer parts with more angular momentum which will orbit around 
the centrM body at greater radii. 

There are close analogies between the circulation invariants around stream 
lines in fluid flows and the actions around corresponding orbits in stellar dynam- 
ics. 

C = / u . d l  / p . d q  = 4 Jj (1.4) 

For orbits with two lobes and one turn (inner Lindblad resonance type of 
closure) we have the fast action 

2J l = J r  

[At corotation closure we likewise have J! = JR] 
The invariant eccentricity of an orbit is defined by 

,~ ( 1 -  e2)�89 = (1 + JR~h) -1 = h/(J  l + ~H) 

(1.5) 

(1.6) 

Now torques on a bar due to the trailing spiral structure decrease h, the an- 
gular momentum, while leaving the fast adiabatic invariant J! (the circulation) 
unchanged. Thus from (1.6) such a torque will make bars thinner. It also makes 
them slow down because the pattern speed of the orbital lobes ~s dH = 

(Collett and Lynden-Bell 1987) decreases with h in the region where the orbits 
cooperate to form bars. 
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2 T h e  M e c h a n i s m  o f  B a r  F o r m a t i o n  

I shall list six mechanisms that  have been discussed separately in the literature 
although I regard several of these as redescriptions of the same process with 
different emphasis. 

1. Maclaurin-Jacobi-Riemann-Chandrasekhar. While Jacobi ellipsoids are cer- 
tainly elongated the fluid in them rotates uniformly with the pattern whereas 
real bars have internal streaming motions. Thus the true anMogues of bars in the 
classical works are the Riemann ellipsoids and, as we have seen, the simplest of 
all galaxy formation pictures - rotating collapsing material leads to such a con- 
figuration. It is natural to add Freeman's flat ellipsoidal stellar dynamical bars 
here as they have internal circulation and a significant pattern speed (Freeman 
1966). 

2. Density waves reflected through the centre. This concept of bars has been 
advocated by Lindblad, Lin and Toomre among others. While it is certainly true 
that  m = 2 standing waves have some bar-like pattern in the middle this can 
hardly be the explanation of the early type barred spirals where the bars can 
be strong with very little external spiral wave. It does appear to be true that  a 
galaxy with a core and an inner Lindblad resonance does not absorb all the wave 
so that  a significant returning wave is present. I believe Toomre will address the 
problems of such a view of bars. 

3. Interaction - Interaction with another galaxy that  passes by in the direct 
sense can certainly promote bar formation. Even at closest approach the inter- 
loper's angular velocity about the galactic centre is not normally large. There 
can be a tide that  interacts strongly at inner Lindblad resonance aligning the 
orbital lobes and as the interloper retreats taking some angular momentum from 
the oval so formed and so thinning it from an oval to a bar. Noguchi has seen 
bars generated in both galaxies of an interacting pair and I get the impression 
that  pairs of strongly barred spirals may be more common than chance would 
predict. The above mechanism which lowers h while keeping Jl fixed may be 
responsible. Toomre has been a prominent advocate of a tidal origin for many 
of the more prominent normal spirals. Whether the mechanism described as 3 
will promote strong lasting bars remains more problematical. 

4. Contopoulos (1980) has long advocated that  the distortion of circular orbits 
into rotating ovals due to a bar-like disturbance in the gravity field is the prime 
bar making mechanism. The correct form of distortion occurs within corotation 
and would end at inner Lindblad resonance if such resonances are encountered. 
Bars do rotate so that  they end before corotation which is usually a factor 1.2 or 
so further out. Whereas this description of what happens is correct it does not 
give us a clear reason as to why the bars and the associated corotations should 
be at the radii at which they are observed. 

5.1 suggested that  the region of bar formation was the region where orbital 
lobes could cooperate with one another (Lynden-Bell 1979). When an orbit with 
a lobe is subject to a gravitational torque urging it forwards it will gain angular 
momentum (at constant J ! )  but  this can lead to the pattern speed of the orbital 
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lobe decelerating as it does in the outer parts of the isochrone. However, in the 
regions that  form bars, gain in h leads to increase in lobe rotation rate/2s.  The 
mechanism proposed was for orbits with inner-Lindblad-type closure - i.e. two 
lobes and one turn. Such orbits not only attract  one another gravitationally but 
react to their mutual  attraction by congregating with their lobes aligned at the 
pat tern speed (or vibrating somewhat about that  rate). In the opposite case 
lobes will set perpendicularly to one another and so can not cooperate to make 
bars. Thanks to fine work analysing orbits in barred galaxy simulations (Sparke 
and Sellwood 1987) we now know that  bars are dominated by aligned orbits with 
two lobes and one turn just as this mechanism suggests. However, the mechanism 
was originally advocated as operating at or close to the inner-Lindblad-resonance 
of the underlying galaxy so the orbits with two lobes and one turn could exist at 
about the observed pattern speeds. While fine work on bar pattern speeds using 
gas shocks, as a diagnostic (Sanders and Tubbs 1980; Athanassoula 1990) have 
found most barred spirals have inner Lindblad resonances, nevertheless strong 
bars often rotate so fast that  no inner Lindblad resonances exist within the bars 
themselves. This led Sellwood and Wilkinson (1993) to dismiss the mechanism 
as irrelevant to the observed strong bars. Here I need your help - On the one 
side it seems that  all the requirements of the mechanism i.e. 2 lobes and one 
turn and/2s increasing with h are in fact met by the observed bars, nevertheless 
the/2p of the bars are such that  without the bar the orbits with 2-lobe-one-turn 
form will only close at a significantly slower pattern speed. There are two natural  
escape routes. One is to suggest that  the presence of the bar naturally accelerates 
the pattern speed as in the case of collapsing spheroids discussed earlier. The 
other is to say that  the considerably elongated orbits seen in bars are circular 
orbits violently deformed by the bar's forcing. Such an interpretation of strong 
bars would be a combination of Contopoulos' idea with the mechanism of lobe 
attraction. 

6. Almost all the above approaches start with a round galaxy and then look 
for reasons why it should become barred. I first heard of a totally different ap- 
proach from Collett. He suggests that  one might look to statistical mechanics for 
a reason behind the shapes seen. Thus an assembly of centrally pivotted gravitat- 
ing rods with some net angular momentum will fall into a bar like configuration 
if the energy is low but disperse into a disk when the energy exceeds some critical 
value at which a phase transition occurs. While it may be difficult to formulate 
the theory of bars in precisely this way I believe that there is sufficient t ru th  in 
the idea that  one should try such formulations. 

3 T h e  G a l a c t o s t r o p h i c  A p p r o x i m a t i o n  a n d  E r g o s  C u r v e s  

Analytical stellar dynamics is greatly aided by a knowledge of the integrals of 
the motion and it has been a long-standing frustration to me that  no integral 
other than the energy (Jacobi constant) can be written down for realistic barred 
configurations. There are two well-known special cases which though very spe- 
cial do give considerable insight. The elliptical disc configurations beautifully 
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constructed and explored by Freeman while he was briefly my student, and the 
exactly separable rotating potential discovered by Vandervoort (1979) and later 
more fully explored with Contopoulos (Contopoulos and Vandervoort 1992). The 
idea behind our development was given initial development by Prendergast even 
before Freeman's exploration of the exact elliptical discs. 

The equation of planar motion of a star relative to rotating axis in which the 
bar or more generally the potential is fixed is 

f i + 2 f 2  • R - -  Vr  + ~22R = V ~  (3.1) 

where 

l 2 2 4~ = ~ + ~f2 R (3.2) 

The lines of constant ~ for a barred potential are shown in Fig. 2. One first 
integral is the energy in the rotating axes often called the ]acobi constant 

E R  = _ ( 3 . 3 )  

Following Lindblad's treatment of nearly circular orbits we suppose that  
the motion of a guiding centre is considerably smoother than a typical orbit 
which contains also a gyration about the guiding centre motion. This gyration 
is typically elliptical with its long axis pointing along the local equipotential. 

At lowest order the galactostrophic approximation looks for the guiding cen- 
tre motion and neglects their smooth acceleration in comparison with the Cori- 
olis force. The motion of the guiding centres is at zero order determined by the 
balance between Coriolis force and V~. Thus solving for 1~ at zero order 

-- I ( V ~  x ~)(2 -2 (3.4) l k  

Since 1~ is perpendicular to ~7r the velocity is clearly along the lines of 
constant ~, the equipotentials, and the sense of motion is that  given by (3.4). 
Unfortunately, we can already see that  (3.4) is inconsistent with the exact con- 
servation of the energy unless [XT~[ = f(4~). The point is that  the star moves 

1 " 2 _ ~ implies [It[ constant around an equipotential so conservation of ~R = 
whereas (3.4) implies that  [~t I varies proportionally to 1~7~1 there. The equipo- 
tentials of Fig. 2 do not keep a constant spacing around each equipotential so 
[V~ I is not a function of ~. Thus we need a higher order approximation to 
replace (3.4) by something consistent with energy conservation. 

Let fi be the unit normal to an equipotential so fi = Vr  Let ~ be 
fi x ~ where ~ is the unit vector along the rotation axis. Then a guiding centre's 
velocity can be written 

~r = S~ + Nfi  (3.5) 

where we expect the component N across the equipotentials to be significantly 
smaller than the component S along the equipotentials. The equation of motion 
(3.1) can be rewritten 
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S~ + Nfi  + N ( v .  V)fi + S ( v .  V)~ - 2agN~ + 252Sfi = V4) (3.6) 

Now since fi and ~ are unit vectors the two v �9 ~7 terms are perpendicular to 
fi and ~ respectively. Further more since fi - ~ = 0 

f t .  [(v-V)~] + s .  [(v- V)fi] = 0 (3.7) 

Thus we may write 

( v .  V)g = K S f i -  K ' N f i  ( v .  ~7)fi = K ' N g -  KSg  

where the curvatures of the equipotentials and their normals are 

(3.8) 

and 

K = 

K' = V)n]-  

The components of equation (3.6) now take the form 

+ K I N  2 - K N S  - 2Y2N = 0 

1V + K S  2 - K ~ N S  + 211S = ]V~ I 

(3.9) 

(3.10) 

(3.11) 

So far the equations are exact and indeed multiplying (3.10) by S and (3.11) 
by N we recover the energy integral exactly. 

�89 2 + N 2) - ~b = ER (3.12) 

Before exploring the general case we see how the exact case in which the 
equipotentials have a fixed centre of curvature fits into our formalism. Evidently 
then K '  = 0, K = 1 /R  and N = /~ ,  so equation (3.10) reduces to h = 0 where 

h = R ( S  + P~R) = ~-~ S + = const (3.13) 

Thus the angular momentum about the curvature centre is exactly constant. 
This is true of all orbits but the guiding centre orbits have N = 0 and K constant 
along each of them. 

We now make the key approximation - for guiding centre motions N << S 
so the velocity is nearly along equipotentials. Writing So for the lowest approxi- 
mation to S we have So is small o ( g )  from (3.10) and from (3.11) 

KS~ + 2t9S0 -- IV4~I (3.14) 

This expression is readily interpreted, the speed So around an equipotential 
should be chosen so that the centripetal acceleration around the curvature (of 
the equipotential) together with the Coriolis acceleration are exactly the net 
effective gravity field in the rotating axes. 
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Solving for the speed So we find 

15 

1 [ Iv~l (3.15) 

Notice that  when K is neglected this reduces to the GMactostrophie expres- 
sion (3.4). Neglecting N 2 we now use this approximation to the speed to find 
the orbits of the guiding centres from the energy equation so the 'Ergos' curve 
of energy ER is g iven  by 

IVr - r  y) = ER 1 

,~(x, y) = 2  [~ + (KIV'~I + ~2)1/~12 
(3.16) 

Thus contours of s y) give the guiding centre orbits in this approximation. 
It is simple to go back to (3.10) and (3.11) with the zeroth approximation So for S 
and so find better approximations to any chosen order but J. Barot found (3.16) 
gave such good results anywhere near corotation that we could not distinguish 
computed guiding centre orbits from the Ergos curves. 

We show examples of the equipotentials Fig. 2 and the Ergos curves for the 
same potential as Fig. 3, on the same scale. 

/ 

Fig. 2. Equipotentials near corot~tion. The bar is vertical 
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Fig. 3. Ergos curves on the scale of Fig.2 

4 A d i a b a t i c  I n v a r i a n t s  a n d  I n t e g r a l s  f o r  E p i c y c l e s  

Small oscillations about the guiding centre orbits give us generalised Lindblad 
elliptic epicycles. They are oriented with their long axes along the equipotentials 
and their short axes across them as in Lindblad's nearly circular orbits but here 
the ratio of the axes of the elliptic epicyclic gyration slowly changes along the 
orbit. Although our method is perfectly general the principles behind it are best 
learned from the much simplified example in which the effective total potential 
4~ takes the form �9 = 1 TI~ 2 ~XlX where K1 varies weakly with y. The equations of 
motion take the form 

where 

- = 

+ 2Y2x 1 dK~ x2 ~ 0 
= Y  dy 

(4.1) 

(4.2) 

where C is small, hence 

~) + 2~x = C (4.3) 

J} - 2Y2(C - 2Y2x) = K~x (4.4) 
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SO 

J( + g2X = 0 (4.5) 

where 

= - ( 4 . 6 )  

and 

2#2C 
X = x g2 (4.7) 

Now K 2 and C vary little over one oscillation so we have an adiabatic invari- 
ant 

/ 1 
j : t c - l E ~ : t r  '2 : ~ER -~(X + n2X) ~-1 + "2 Ii~C2" (4.8) / 

In this expression ~ and K1 are known slowly varying functions of y, the 
distance along the equipotential x = 0, while C varies slowly. Normally one uses 
adiabatic invariants when the energy varies slowly. Here En  is an exact invariant 
and J is adiabatically invariant so expression (4.8) tells how C slowly varies with 
y to compensate for the changes in n and K1. Inserting the expression for C our 
integral for this case is 

K 2 
1 + 2] J = ~-I[E n + 

With a little extra complication due to the curvatures of the equipotentials 
this same method can be applied to all cases in which K, K ~ and IVOI vary 
slowly along the Ergos curve that  approximates the guiding centre motions. A 
fuller account of the method will be given in Lynden-Bell and Barot (1995). 
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Orbits  in Barred Galaxies  

G. Contopoulos, N. Voglis and C. Efthymiopoulos 
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Abs t r ac t .  We study ordered and chaotic orbits in barred galaxies. Both types of 
orbits are important in constructing self-consistent models. We have developed two new 
criteria for characterizing ordered and chaotic orbits, the stretching numbers (or short- 
time Lyapunov characteristic numbers) and the helicity angles (the angles between 
the current deviations from a given orbit and a fixed direction). The distributions of 
successive stretching numbers and helicity angles are the spectra of an orbit. These 
are invariant with respect to initial conditions in a chaotic domain. The helicity angles 
give the fastest method up to now for separating ordered and chaotic orbits. They 
are more efficient than rotation angles, which cannot always be defined. A comparison 
of our method with Laskar's frequency analysis method is made. In 3-D systems we 
define one spectrum for stretching numbers and three spectra for helicity angles. A 
clear distinction between Arnold diffusion and resonance overlap diffusion is made. 

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

This symposium is appropriately devoted to the leading galactic astronomer of 
our time, Bertil Lindblad. Lindblad was a pioneer and had an exceptional fore- 
sight. Three of his most  important  contributions, namely the theory of galactic 
rotation, the theory of epicyclic motions, and the density wave theory of spiral 
structure, are the basic elements of present-day galactic dynamics. I (G.C.) was 
fortunate to work under Professor Lindblad in 1956. Following his suggestions 
I worked on two related subjects. The first was a generalisation of the epicyclic 
theory, to include higher order terms (Contopoulos 1957) and the second was 
a first s tudy of the orbits in 3 dimensions (Contopoulos 1958). With  the help 
of P.O. Lindblad (who was one of the first to calculate galactic orbits with a 
computer)  I calculated two orbits numerically. These orbits were so unexpected, 
tha t  they led, later, to the theory of the third integral. I am deeply grateful to 
Bertil Lindblad for his inspiration and I am happy to devote the present s tudy 
of orbits in barred galaxies to his memory.  

2 O r d e r e d  a n d  C h a o t i c  O r b i t s  

A barred galaxy contains both ordered and chaotic orbits (Contopoulos et al. 
1989; Contopoulos and Grosbr 1989; Hasan and Norman 1990; Martinet  and 
Udry 1990) 1. If  the bar is not very strong the orbits along the bar are most ly  

1 The references are only indicative. Further references can be found in the papers 
cited. 
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ordered (Figs 1 and 2). Close to the center, the main family of periodic orbits is 
the family xl ,  consisting of nearly elliptical orbits along the bar. In many models 
the xl orbits develop a cusp along the x-axis close and beyond the 4/1 resonance 
(Fig. 1) but further out these orbits are unstable. Beyond the 4/1 resonance 
the dominant (stable) family of periodic orbits is 4/1, which contains elongated 
orbits near parallelograms 2. Both families, xl and 4/1, trap quasiperiodic orbits 
around them (Fig. 2), that support a self-consistent bar.When a bar is weak and 
tends to a circle, both families xl and 4/1 tend to circular orbits. Further out 

Fig. 1. Periodic orbits of the families zl, 4/1 in the Florida bar model (Contopoulos 
et al. 1989). The outer circle represents corotation 

along the bar, and close to corotation, we have families of periodic orbits like 6/1 
(Fig.l) ,  8/1, etc. There are also other families of periodic orbits, like 1/1, 3/1, 
etc, that  may be important  in some models (Contopoulos and Grosbr 1989). 
But the most important  families, as regards self-consistency of the bar, are the 
families z l  and 4/1. 

Close to the Lagrangian points L4, L5 near corotation there are two more 
families of stable periodic orbits, the short periodic orbits, like ovals, and the 
long periodic orbits, like bananas (Fig. 3). 

Beyond corotation, up to the outer Lindblad resonance, the main family 
of periodic orbits, Zl, is elongated perpendicularly to the bar. Considering the 

2 In other models (Athanassoula et al. 1983) the elliptic orbits xa become less elongated 
outwards and form near parallelograms, while the new family, 4/1, contains orbits 
with loops along the bar axis. The difference between the two types of models depends 
on the 48 component of the bar. We have shown (Contopoulos 1988) that for strong 
enough bars the arrangement of the families of periodic orbits is of the form of Fig. 1 
(loops for xl, parallelograms for 4/1). 
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Fig. 2. Quasiperiodic orbits trapped around the periodic orbits xl and 4/1. These 
orbits are tangent to the corresponding equipotentials (curves of zero velocity, CZV). 
The outer circle is corotation 
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Fig. 3. Elongated banana orbits around L4 and Ls (long period orbits), and short 
period orbits that appear for larger energi@s 

various effects that  support or tend to destroy the bar we found that  bars can 
extend up to corotation, but not beyond it in general (Contopoulos 1980). 

However, beyond corotation we may have a spiral, starting roughly at the 
end of the bar. In such a model the family xl consists of deformed circular orbits 
that  support the spiral from the outer - 4 / 1  resonance all the way to the outer 
Lindblad resonance (Fig. 4). 

Close to corotation the orbits are mostly chaotic. Such orbits are of 3 types (i) 
completely inside corotation (Fig.5), and along the bar (ii) completely outside 
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. . ' '  

Fig. 4. A set of stable periodic orbits in a spiral outside corotation, between the -4/1  
resonance and the -2/1  resonance (outer Lindblad resonance) that support the spiral 
(Model of Fig. 1) 

corotation forming rings (Fig. 6), and (iii) partly inside corotation, along the 
bar and partly outside corotation, along the spiral (Fig. 7) (Kaufmann and 
Contopoulos 1993). The area covered by such orbits is larger when the bar and 
spiral perturbation is larger. 

A strong bar is thin, while the equipotentials are broader. But chaotic orbits 
fill the whole area inside the equipotential corresponding to its energy, therefore 
they do not support a thin bar. This is probably the reason why the observed bars 
have an axis ratio larger than about 0.2. Thinner bars cannot be self-consistent 
(Martinet 1984). Furthermore thin bars are easily destroyed by the addition of 
an extra mass at the center of the galaxy (Hasan and Norman 1990). 

The chaotic orbits well outside corotation do not support the spiral or an 
extended bar. But the orbits close to corotation partly support the spiral (Fig. 
7) for very long times, of the order of 10 l~ years (Kaufmann and Contopoulos 
1995). 

Another mechanism that supports the spirals outside corotation is based on 
the behaviour of gas. Even in a model consisting of a bar plus a spiral outside 
the - 4 / 1  resonance (up to the outer Lindblad resonance), the gas bridges the 
region between corotation and the - 4 / 1  resonance (Contopoulos et al. 1989). 
The partial support of the spiral in this region by stochastic orbits allows the 
construction of long lived self-consistent bar-spiral models. Of course the spirals 
cannot last for ever, due to the existence of torques (Lynden-Bell and Kalnajs 
1972). But the torques allow the survival of the spirals outside bars for a suffi- 
ciently long time of the order of several 109 years (Gnedin et al. 1995). 

The role of chaotic orbits in galaxies has been overlooked in previous years, 
because of the success of integrable models, esp. St~ckel-type models (Lynden- 
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Fig. 5. A chaotic orbit completely inside corotation (Model of Kaufmann and Con- 
topoulos 1995; initial conditions x -- 2, ~ = 50 and Jacobi constant E j  = -191550) 
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Fig. 6. A chaotic orbit completely outside corotation (Model of Fig. 5; initial conditions 
x = -12.0, ~ -- 0 and Jacobi constant Ej = -198084) 

Bell 1962; Vandervoort 1984; de Zeeuw and Lynden-Bell 1985; de Zeeuw 1985; 
de Zeeuw et al. 1987; Hunter 1988) for elliptical galaxies. However these models 
are not rotating. 

The only known rotating Sts model (Contopoulos and Vandervoort 1992), 
besides the trivial homogeneous case, is not realistic. In general, rotating models 
are nonintegrable and they contain a large degree of chaos, especially near coro- 
tation. Furthermore recent studies of models with a density cusp at the center 
contain many chaotic orbits, and it seems impossible to construct such models 
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Fig, 7, A chaotic orbit near corotation that enters also in the the bar region (Model of 
Fig. 5; initial conditions x = 2, ~ = 50 and Jacobi constant E j  = -188500). This orbit 
partially supports the bar and the spiral outside corotation 

with only regular orbits. On the other hand Merritt and Fridman (1995) have 
constructed self-consistent models of elliptical galaxies (non rotating) with mod- 
erate cusps and a large proportion of chaotic orbits. But a very strong cusp may 
be inconsistent with a strong triaxiality. 

This result is consistent with studies of orbits in bars with a central mass con- 
centration, indicating the onset of chaos when the central mass is large, leading 
to the destruction of bars (Hasan and Norman 1990; Hasan et al. 1993; Norman 
et al. 1995). 

The study of nonplanar orbits in systems of 3 degrees of freedom is a subject 
of great current interest (Contopoulos et al. 1982; Pfenniger 1984; Contopoulos 
1986; Patsis and Grosb01 1995; Contopoulos et al. 1995). We will come back to 
this problem further on, when dealing with Arnold diffusion in 3-D systems. 

3 S t r e t c h i n g  N u m b e r s  a n d  H e l i c i t y  A n g l e s  

The traditional methods to distinguish between ordered and chaotic orbits are 
(a) the distribution of the consequents on a Poincar~ surface of section, and (b) 
the Lyapunov characteristic number (LCN), which is positive for chaotic orbits 
and zero for ordered orbits. A more recent method (c) based on a frequency 
analysis, was developed by Laskar (1990, 1993) and Laskar et al (1992). We will 
discuss later a fourth method (d), which seems to be the fastest of all, and is 
based on the "helicity angles". 

We consider a 2D-mapping on a Poincar~ surface of section, defined by the 
successive consequents (intersections of an orbit), and a small (linear) deviation 
~ ,  from every consequent x_i. 
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We define the "helicity angle", r as the angle between the direction o f ~  and 
a given fixed direction, say the axis x. At the same time we define a "stretching 
number" which is the logarithm of the ratio between two successive deviations 

a i = l n l  ~ ]- (1) 

The average value of ai, as the number of consequents tends to infinity, is the 
usual Lyapunov characteristic number (LCN). 

However, the LCN, being an average value, does not give all the essential 
information about a given dynamical system. Much more complete information 
is provided by the spectra of the stretching numbers and the helicity angles, i.e. 
the distribution of the values of ai and r (Voglis and Contopoulos 1994). 

Namely we calculate the quantities S(a)  and S(r 

S ( a ) -  d g ( a )  dN(r 
g d a  ' S ( r  Ndr  ' (2) 

where d g ( a )  is the number of values of a in the interval (a, a+da) ,  and dN(r  the 
number of values of r in the interval (r r + dr after N iterations. The values 
of S(a)  and S(r can be provided in the course of calculating the Lyapunov 
characteristic number without much extra effort. 

The spectra S(a)  and S(r are invariant (a) with respect to initial conditions 
along an orbit, (b) with respect to the initial direction of ~ (within certain limits 
in the directions; Contopoulos and Voglis 1996), and (c) with respect to different 
initial conditions in the same chaotic domain (or (c') with respect to initial 
conditions along the same invariant curve in the case of ordered orbits). These 
spectra provide much more information about a dynamical system than the LCN 
alone. A striking example is provided in Fig. 8. We consider two different maps, 
namely the standard map 

xi+l = xi -'b Yi+l 

Yi+ l  = Yi + g sin 2~rxi 

and the conservative H~non map 

Xi+l = 1 - K ' x ~  - Yi 

(rood1) (3) 

rood1) (4) 
Yi+I : bxl 

with b -- 1. 
Taking the same initial conditions and appropriate values of K and K '  we 

find a completely chaotic distribution of consequents in both cases with no con- 
spicuous islands of stability. The two figures look quite the same (Figs 8a,d). 
Furthermore the values of K and K ' were chosen is such a way that  the Lya- 
punov characteristic numbers are equal, LCN = 1.276. However, the spectra of 



26 G. Contopoulos,  N. Voglis and C. Efthymiopoulos 

8t l t  [ -7 .0 ,  Xo,,-e.1, Ytr-O.G 
~,. ~ " '  '~"" "~"  '~'"' '-' ! " '~'"" P' ' '%'" '  'I'; P'"", ,~, ~ ' % ' "  ?' ~ .  �9 

u~ 

0 . 5  

8.6 . . . . . .  : g l  0 . . . . . .  " - -  - - e l  t . . . . . . . . .  ~ . . . . . . . . .  ' "  . . . . . . .  8 2 8  l e  8 0  1 0  20"" 
a 

~ 

14"It J(,.G.321. X4.,~.t. Ytt.~.6 
" e - ~ e  -1.e, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  e~e l~e 2~e 3~e2 �9 

(e) 

1.G 1 . 6  

1 , 0  ,~ ,~1 .8  1 D ~  

U~ 

9 ,5  e.6 ~ _ J l  e ,6  

0,0 8.83 ...... �9 ~. . . . . . . . . .  ~ , , , , , , , . . . , , , , 1 ,  0.8 , "  . ' "  - . . . . .  0 2 0  1 8  0 8  1 0 2 8  3 0  
a 

:8Z'1; [ -7 .~ ,  Xe"~.l.  Ytt'~.6 
~ t  tE~ -1G0 -90 '~ . . . . . . . .  ' . . . . . . . .  * ~.18 8 . 1 0  I : : '  . . . . .  ' . . . . . . .  

(o) 
0 . 1 ~ .  

,.-,e.e6= a.e6 

r~ e.84 ~.84 

o . o 2  e, .e2 

- 1 ~  ' " 4 ~  . . . . . . .  ~ . . . . . . .  ' ~  . . . . . . .  "'~iN " ~  
p h i  

I t i :  K-6.321. X~0.1,  Yt=6.6 
-1~ -,e . . . . .  ~. ,e !% 

0.~16 ! . . . . . . . .  ' . . . . . . . . . .  J . . . . . . .  . ~ e  

(f) 

1 ~ 0 .  e 4  e . ~  

- lee ':~d . . . .  ~ "  
) h i  

F i g .  8. The  distr ibution of 8 • 104 consequents in the s tandard  map  K = 7, xo = 0.1, 
yo = 0.5, s = 1, s = 0) (a), and in the H~non map  ( K '  = 5.321 and the same 
initial conditions) (d),  and the corresponding spectra  of stretching numbers  (b,e) ,  and 

hehcity angles (c,f) 
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F ig .  9. One unstable asymptotic curve from the main periodic orbit  (of period 1) in 
the cases: a in the standard map (K = 7) and b in the H~non map ( K '  = 5.321, b ~- 1). 
The periodic orbit is marked by ~ large dot 
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Fig. 10. Two spectra of orbits, for the orbit of Fig. 5 and another orbit with the same 
Jacobi constant, calculated for 105 periods each (intersections with a Poincar6 surface 
of section). Stretching numbers (a) and helicity angles (b) 

stretching numbers (Figs. 8b,e) and helicity angles (Figs. 8c,f) are quite different. 
Thus the two chaotic systems are, in fact, quite different. 

The main difference between the two systems is the arrangement of the 
asymptotic curves of the unstable periodic orbits. In Fig. 9 we give one asymp- 
totic curve in each of the cases of Fig. 8. The asymptotic curves of Figs. 9a and 
9b are quite different. Thus, although the distributions of the consequents (Figs. 
8a,d) look similar, the asymptotic curves provide a very different underlying or- 
der in the phase space. The same order is provided by the asymptotic curves 
of all other periodic orbits, because the unstable asymptotic curves of various 
orbits cannot be intersected. 

The spectra of stretching numbers and helicigy angles can be applied to 
Hamiltonian systems, and in particular to barred galaxies. 

We have calculated many spectra in a model of a barred galaxy (Kaufmann 
and Contopoulos 1995) consisting of a disk, a bar, a spiral and a halo. 

In Fig. 10a we show two chaotic spectra of stretching numbers, and in Fig. 
10b the corresponding spectra of helicity angles, for the orbit of Fig. 5 and 
another orbit with the same value of the Jacobi constant, inside corotation. We 
notice that  the spectra are practically the same, i.e. they are invariant, although 
the initial conditions are quite different. Similar results for the orbit of Fig. 6 
and another orbit outside corotation (for the same Jacobi constant) are given in 
Fig. l l a ,b .  Finally in Fig. 12a,b we give the spectra of Fig. 7 and of another orbit 
partly inside and partly outside corotation (with the same Jacobi constant). In 
all cases the spectra are invariant with respect to the initial conditions for the 
same Jacobi constant. But the spectra for different Jacobi constants are different. 
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Fig. 11. Spectra, as in Fig. 10, for the chaotic orbit of Fig. 6, and another orbit with 
the same Jacobi constant 
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Fig. 12. Spectra, as in Fig. 10, for the chaotic orbit of Fig. 7, and another orbit with 
the same Jacobi constant 

4 R o t a t i o n  N u m b e r s  a n d  H e l i c i t y  A n g l e s  

One way to find the ordered and chaotic domains around a stable invariant point 
of a map  (a stable periodic orbit) is by calculating the rotat ion numbers of orbits 
s tart ing at different distances from the invariant point. The rotat ion number  is 
defined as the average angle (with the circle as unit between the vectors f rom 
the invariant point to successive consequents) of an orbit  in the Poincar~ surface 
of section (Contopoulos 1966). If  the orbit is on an invariant curve (KAM curve) 
the rotat ion number  is well defined. In an integrable system the rotat ion number  
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(rot) is always defined (Fig. 13a). The rotation curve (rot vs. z) has a constant 
value at an island, with ro t=2/3 ,  around a stable triple periodic orbit, while it 
has a vertical tangent at an unstable triple periodic orbit and at the boundaries 
of the island. 

But  when the system is nonintegrable there are regions where the rotat ion 
number  is not defined. In Fig. 13b these regions are close to the unstable periodic 
orbit  2/3 (marked by a cross) and at the boundaries of the islands. These are the 
regions where chaos appears. In reality there are infinite small intervals where 
the rotat ion number  is not defined, close to all the periodic orbits of the system. 
But as the set of KAM curves has a positive measure we have the appearance of 
a seemingly continuous rotation curve in Fig. 13b. In Fig. 13c, that  corresponds 
to a larger nonlinearity, only small intervals give the appearance of continuous 
rotat ion curves. In general the rotation number cannot be defined except for 
some periodic orbits and some small islands of stability in the chaotic domain. 
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Fig. 13. The rotation number (rot) as a function of x (Contopoulos 1966). a An in- 
tegrable case (schematically), b a slightly nonintegrable case, and c a strongly non- 
integrable case; some stable (*) and unstable (+) periodic orbits are marked. The ver- 
tical lines mark the unstable periodic orbit 2/3 in (a) and the ends of the (apparently) 
continuous rotation curves in (b) and (c) 
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Laskar et al. (1992) have overcome this difficulty by defining "a rotation 
number over a fixed number of iterations" (or a fixed time interval, 2T, in a 
continuous system). Such a "rotation number" always exists. But in the chaotic 
regions this "rotation number" varies wildly and is not a monotonic function of 
the distance ( x -  xo). Furthermore successive intervals 2T give different rotation 
numbers. These characteristics of the "rotation number" (or "fundamental fre- 
quency") have been used by Laskar et al. (1992) to define the chaotic domains. 
This method is much faster than establishing the nonexistence of the rotation 
number by taking large numbers of consecutive consequents, or calculating the 
Lyapunov characteristic number and finding that  it is positive. In one example 
the method of Laskar et M. (1992) requires 2 x 104 iterations versus 5 • 106 
iterations needed to calculate a reliable Lyapunov characteristic number. 

Laskar et al. (1992) developed a fast method, called numerical analysis of fun- 
damental frequencies (NAFF), to derive the fundamental frequencies of Hamil- 
tonian systems and similar dynamical systems, like maps, of 2 or more degrees 
of freedom. This method is more accurate than similar methods giving the fre- 
quency spectrum of a system by using Fourier transforms. Spectral methods 
were introduced in stellar dynamics by Binney and Spergel (1982) but they were 
well known to physicists and chemists long ago (e.g. Noid et al. 1977). 

One can define rotation numbers of higher order around any stable periodic 
orbit, e.g. in the island around the stable periodic orbit 2/3 of Figs 13 b,c 
there are closed invariant curves and periodic orbits with multiplicities that  
are multiples of 3. But it is sometimes impossible to define a rotation number, 
even for a periodic orbit. This applies to some families of periodic orbits, called 
"irregular families" (Contopoulos 1970). These families are not generated by 
bifurcation from a central family, but they appear at a "tangent bifurcation" 
as a couple of a stable and an unstable periodic orbit, at a finite value of the 
nonlinearity parameter and they do not exist for smaller values of this parameter.  

In some cases such families appear in the region of an island, when the 
invariant curves surrounding the center of the island have been destroyed, e.g. in 
the region with constant rotation number 2/3 of Fig. 13c appear periodic orbits 
with a very different rotation number. 

In many cases the successive consequents of an irregular periodic orbit cannot 
be arranged around an obvious "center" in order to define the average rotation 
number. In such cases the average (rotation number) depends on the choice of 
the center, which is arbitrary (Contopoulos 1980). 

The existence of irregular families of periodic orbits is not an exception, but  
a common phenomenon in chaotic systems. Such families appear near hetero- 
clinic points, which are the basic elements of the "interactions of resonances" 
and chaos. The existence of infinite periodic orbits near heteroclinic points was 
proven by Birkhoff. These families do not exist for small perturbations, when 
the heteroclinic orbits disappear. They are generated at a finite perturbat ion 
and are not produced by bifurcation from other preexisting families. In fact the 
heteroclinic orbits are asymptotic to different periodic orbits as t ---* oo and as 
t ---* - o o ,  therefore orbits in their neighbourhood cannot be multiples of the one 
or the other type of limiting orbits. 
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The number of irregular families is extremely large. It grows exponentially 
with multiplicity (like e'~), while the regular bifurcations grow like a power (like 
n 2) (Guckenheimer and Holmes 1983). 

The methods of the frequency analysis are not well suited for the irregular 
families of periodic orbits and their neighbourhoods. These methods give cor- 
rectly the chaotic domains, but the structure of the chaotic domains requires new 
methods of analysis. One such method is the study of the spectra of stretching 
numbers and helicity angles. 

The helicity angles are always defined, whether an orbit is ordered or chaotic, 
nonperiodic or periodic, regular or irregular. 

An important  property of the helicity angles is that  they allow the fast separa- 
tion of the ordered and chaotic domains, even faster than the frequency analysis 
method. 

The average value of the helicity angle < r > is the limit of the average 
< r >n, after n iterations, when n tends to infinity. The limit < r > = <  r >oo 
always exists, and it is the same in a connected chaotic domain, in the same 
way as the average stretching number < a > = <  a >co, which is equal to the 
Lyapunov characteristic number. In the ordered domains the value of < r > 
changes from one invariant curve to the next, and the variation of < r > is 
smooth, while we move inside an ordered domain (e.g. an island). 
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Fig. 14. The average values of the helicity angles < r >,~ for n = 104 in the standard 
map (K---5), for constant y = 0.34 and successive values of x with a step Ax = 0.001 
from x = 0 to x = 1 

If n is not very large the values < r >n have a dispersion around the average 
< r >. In Fig.14 we have calculated the values of < r >n for n = 105 along 
a line y = const, at successive values of z from z = 0 to x = 1 with a step 
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Ax = 0.001. This line goes both through a chaotic domain and an ordered island, 
composed (mostly) of invariant curves. In the chaotic domain the dispersion of 
the individual values of < r >n appears as noise around a well defined mean 
value < r >. In the ordered domain, on the other hand, the value of < r >n 
changes smoothly from one point to the next. But the most important  fact is 
that  the values of < r >,~ in the ordered domain differ considerably from the 
average value < r > of the chaotic domain and they change abruptly at the 
boundary of the island. Furthermore the dispersion in the ordered domain is 
smaller than in the chaotic domain. 
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Fig. 15. The helicity angles < Ar > for n = 10 (after the first 10 transient points) 
along the line of Fig. 14 

One can see some details in the ordered region of Fig. 14 that  look like local 
noise. These are due to secondary resonances inside the main island, namely 
islands, or locMised chaotic zones. These features are symmetric with respect to 
the center of the islands, thus they are not due to random noise. A more detailed 
scanning of the ordered region shows the details of the secondary islands and 
chaotic zones inside the main island. If we are only interested in distinguishing 
between the main ordered and chaotic domains we can take n much smaller than 
n = 104, namely n of order 10 only. In these cases the noise is larger, but  we 
can still distinguish between the chaotic and the ordered domains. This is shown 
in Fig. 15 which gives the average values of the differences Ar of successive 
helicity angles for n = 10 iterations (excluding the first 10 iterations which are 
just  transients). Despite the noise we can distinguish clearly the region of the 
island from the large chaotic domain. 

We conclude that  the method of the helicity angles gives a very fast separation 
of the chaotic and ordered domains, much faster than the frequency analysis 
method. 
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5 3 - D  S y s t e m s :  A r n o l d  D i f f u s i o n  

Spectra of stretching numbers and helicity angles can be defined also for sys- 
tems of 3 degrees of freedom. However there are some differences due to the 
larger dimensionality. We notice, first, that  the 6-D phase space is reduced to 
5-dimensions if the potential  is t ime-independent.  Thus a Poincar~ surface of 
section is 4-dimensional. As a consequence the deviation ~ is a vector in 4- 
dimensions, therefore it defines 3 helicity angles. Thus we have one spectrum 
for the stretching numbers and 3 spectra for the helicity angles. The spectra are 
always invariant with respect to the initial conditions along an orbit. Further- 
more the chaotic spectra are invariant both with respect to the direction of the 
initial deviation ~, and the initial conditions in the same chaotic domain. But 
the spectra of ordered orbits are invariant only if the initial conditions are on 
the same invariant surface and the deviation ~_ is on the same integral surface of 
the variational equations. Thus different initial deviations ~ may  give different 
spectra in the ordered cases. 

The most  impor tant  difference between systems of 2 and 3 degrees of freedom 
is Arnold diffusion. It  is well known that  in nonintegrable systems there is some 
degree of chaos at every resonance, namely near every unstable periodic orbit. 
However, in systems of 2 degrees of freedom, that  are close to integrable, most  
resonances are separated from each other by closed KAM curves and chaos is 
limited. Only for large perturbations,  when most resonances interact with each 
other, chaos is important .  On the other hand, in systems of 3 (or more) degrees 
of freedom the KAM surfaces do not separate the various resonances and there 
is always some resonance interaction that  leads to a slow diffusion of the orbits, 
called Arnold diffusion. Thus in 3-D systems there is no separation of the various 
chaotic domains and orbits that  are not exactly on a KAM surface gradually visit 
all parts  of phase space. 

But the t ime needed for Arnold diffusion is usually so extremely long that  it 
may  not have any practical consequence. Some authors (Chirikov 1979; Laskar 
1993) make a distinction between Arnold diffusion and resonance overlap diffu- 
sion which is similar to the diffusion in 2-D systems. 

This distinction is not quite clear, because Arnold diffusion itself is due to 
interaction of many  resonances. However, we will present evidence that  although 
there is a continuous transition from Arnold diffusion to resonance overlap dif- 
fusion the two cases can be clearly distinguished. 

As an example we consider a 4-D mapping 

K /~ sin 2~r(x2 - X l ) ,  X~ ---- Xl -~ Yl, Yl = Yl + ~ sin 2~'xl -- --gr 

(modl) 

If ~ sin 2~r(xl - x2), t i i sin 2~rx2 - - x 2 = x ~ + y 2 ,  Y 2 = Y 2 + ~  9r 

(5) 

which is similar to the mapping  on a Poincar~ surface of section of a 3-D system. 
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Fig.  16. The distribution of the projections of the consequents on the plane (xl, yl) 
(a) in an ordered case (initial conditions xl = 0.55, yi = 0.1, x2 = 0.62, y2 = 0.2, 
~1 = ~yl = ~y2 = 0, ~2  = 1, for K = 3 and fl = 0.3) and the corresponding spectra 
of the stretching numbers (b), and of the helicity angle $l (e), for l0 s iterations 

I f / ?  = 0 ( K  > 0) this m a p p i n g  is separa ted  into 2 independent  s t anda rd  
maps ,  which have bo th  an ordered and a chaotic domain .  I f  the coupling con- 
s tan t  fl is smal l  we have again  an ordered domain ,  if the init ial  condit ions (xz, Yl) 
and  (z2, y2) are in the corresponding ordered domains  of  the case fl = 0, and a 
chaotic  domain  if one pair ,  at  least, of  the initial  condit ions (say (x l ,  Yl)) is in 
the  corresponding chaotic domain .  The  dist inct ion between order and chaos is 
seen in Figs. 16 and 17, together  with the corresponding spec t ra  of  s t re tching 
num ber s  and  of one of the three helicity angles, i.e. the angle of  the projec t ion  of 
the devia t ion  ~ on the plane (Xl, x2) with the x2 axis. Each spec t rum is d rawn 
for 106 i tera t ions  wi th  a continuous line and the dots  represent  the  corresponding 
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spectrum for the next 106 iterations. The two spectra coincide exactly, demon- 
strat ing their invariance. The distribution of the consequents and the spectra in 

Fig. 17. As in Fig. 16 for a chaotic case (initial conditions xl = 0.1, yl = 0.5, x2 = 0.2, 
y2 = 0.6, and the other constants the same) 

Figs. 16 and 17 are quite different from each other. But one expects that  the 
distribution and the spectra of Fig. 16 are transient and after a long t ime they 
should tend to the distribution and spectra of Fig. 17. We found indeed such a 
transit ion for somewhat  larger/3, e.g. in Fig. 18 we find a transient spectrum 
(line a),which is almost  invariant for N < l0 s periods. But later the spect rum 
changes and tends to a truly invariant spectrum (line b) calculated for N = 10 7 
periods. 

The transition t ime is a function of/3, decreasing for larger /3. In Fig. 19 
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Fig. 18. The spectrum of stretching numbers for K --- 3,/1 = 0.30513 and the same 
initial conditions as in Fig. 17a, which are located in an ordered domain. Line (a) is 
a transient spectrum for N = 0.5 x 10 s periods and line (b) is the final spectrum, 
calculated for N = 10 r periods 

we give the logari thm of the transition t ime for the same initial conditions and 
many  values of/3. We see that  for/3 > j3r = 0.305124 the transition t ime can be 
represented by an exponential law 

log10 T = 4.94 - 4160(/3 - fie). (6) 

However, for/? < l?c the transition t ime is much larger than expected by Eq. (6) 
and for/3 < 0.30510015 it is longer that  10 l~ periods. 

Fig. 19 has a lot of noise indicating that  the law (6) is not exact, and small 
variations of/3 (or of the initial conditions) change the exact value of T. Never- 
theless the order of magnitude of T remains the same for each value of/3, and 
increases as ~ decreases. This increase is exponential if/3 >/3c, but is much more 
dramat ic  if/3 < tic. To give an idea of this increase, if we draw another straight 
line for the values of T when/3 </3c in Fig. 19 and extrapolate  we find T of the 
order of T = 10400 for/3 -- 0.3. (But there is no way to check if this est imate is 
correct). 

Thus we have clearly two quite different regimes of diffusion, that  we identify 
with Arnold diffusion when/3 </3r and resonance overlap diffusion when/? >/3c. 
The change from one regime to the other is continuous, but  the derivative d T / d / 3  

changes abrupt ly and discontinuously when/3 goes beyond the critical value/3r 
As a consequence, in most  eases we can safely ignore Arnold diffusion and 

make a clear distinction between ordered and chaotic domains in 3 degrees of 
freedom. Also the spectrum of Fig. 16 is practically invariant for extremely long 
times. This applies both  to the spectra of stretching numbers and helicity angles. 
Thus we can use the helicity angles in the same way as in systems of 2 degrees 
of freedom, to separate ordered and chaotic domains in phase space. 
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Fig. 19. The logarithm of the transition time from the ordered to the chaotic domain 
as a function of the coupling parameter 

In galactic dynamics, where the age of the Universe is of the order of 102-103 
orbital periods the phenomenon of Arnold diffusion is insignificant. All diffusion 
effects can be at tr ibuted to resonance overlap. But in plasma physics and accel- 
erator physics there may be cases in which Arnold diffusion is important .  

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

1) Barred galaxies contain both ordered and chaotic orbits. Chaotic orbits are 
mainly around corotation, but appear also near the center if the density is large 
there. Both types of orbits are important  in self-consistent models, e.g. chaotic 
orbits near corotation support the spirals emanating from the ends of the bar 
for long times, of the order of some 109 years. Chaotic orbits in systems with a 
cusp at the center play an important  role in the evolution of the bars. 

2) Two new methods for characterizing the orbits of a dynamical system, like 
a barred galaxy, are provided by the spectra of stretching numbers and helicity 
angles. The stretching number (or short-time Lyapunov characteristic number) 
is the logarithm of the ratio of successive deviations of two nearby orbits.The 
helicity angle is the angle between the deviation from a given orbit and a fixed 
direction. The distributions of the stretching numbers and helicity angles are the 
corresponding spectra. Their property is that  they are invariant with respect to 
initial conditions in the same chaotic domain. (In the case of ordered orbits 
the spectra are invariant only with respect to initial conditions along the same 
invariant curve). 

The spectra give much more information than the usual Lyapunov charac- 
teristic numbers. We give one example of two systems with the same Lyapunov 
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characteristic number and the same appearance of the distribution of their con- 
sequents on a Poincard surface of section, which have quite different spectra. 
Both systems are chaotic but their intrinsic properties are different, e.g. the 
asymptotic curves of their periodic orbits are very different. 

The spectra of chaotic galactic orbits are invariant for the same Jacobi con- 
stant, but they are different if the orbits are inside corotation, outside corotation, 
or both inside and outside corotation. 

3) We compare the helicity angles with the rotation angles around a central 
point. The average rotation angle after n iterations (if n --+ cr is the rotation 
number. This limit does not exist for chaotic orbits, but, following Laskar, one 
can define an average rotation angle for fixed n. This varies considerably in 
chaotic domains and in this way one can separate the chaotic from the ordered 
orbits. But in strongly chaotic systems the rotation angle may not be defined 
because there is no obvious center of the system (e.g. some irregular periodic 
orbits have no well defined rotation number). On the other hand the helicity 
angles are always defined and can provide the fastest method to distinguish be- 
tween order and chaos. The average value of the helicity angle is constant in the 
chaotic domain, but varies smoothly in an ordered domain (island). Short t ime 
averages show noise around the average in the chaotic case, but less noise in the 
case of islands. Thus even n = 10 iterations are sufficient to distinguish between 
chaotic and ordered domains. 

4) In the case of three degrees of freedom we define one stretching number and 
three helicity angles. The spectra are again invariant in the chaotic domain. 
On the other hand the ordered domains (regions containing many KAM tori 
in nonintegrable systems) contain small chaotic domains that  are not separated 
from the main chaotic domain but there is a slow diffusion (Arnold diffusion) 
that  joins all chaotic domains. Thus the spectra in the ordered domains are only 
transient. 

We studied two coupled 2D-maps, that represent the a surface of section of 
a system of three degrees of freedom. If the coupling is relatively large we found 
transient spectra that  lead to chaotic invariant spectra after a long time. But 
for a small coupling constant the diffusion time is so extremely long that  the 
transient spectra are invariant for all practical purposes. Thus we can again use 
helicity angles to distinguish between chaotic and ordered domains. 

5) We found that  there are two types of diffusion in systems of three degrees 
of freedom that  are clearly distinguished. One is the resonance overlap diffu- 
sion, which gives a diffusion time that  increases exponentially as the coupling 
parameter  decreases. The other is Arnold diffusion, which gives a much larger 
diffusion t ime for small couplings. The transition between the two regimes is 
sharp (Fig. 19). As a conclusion we can disregard Arnold diffusion in galactic 
dynamics, but resonance overlap diffusion may be important  in some barred 
galaxies. 
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Secular Evolut ion in Barred Galaxies  

3. A. Sellwood and Victor P. Debattista 

Rutgers University, Department of Physics & Astronomy, P O Box 849, Piscataway, 
NJ 08855, USA 

Abst rac t .  A strong bar rotating within a massive halo should lose angular momentum 
to the halo through dynamical friction, as predicted by Weinberg. We have conducted 
fully self-consistent, numerical simulations of barred galaxy models with a live halo 
population and find that bars are indeed braked very rapidly. Specifically, we find that 
the bar slows sufficiently within a few rotation periods that the distance from the 
centre to co-rotation is more than twice the semi-major axis of the bar. Observational 
evidence (meagre) for bar pattern speeds seems to suggest that this ratio typically lies 
between 1.2 to 1.5 in real galaxies. We consider a number of possible explanations for 
this discrepancy between theoretical prediction and observation, and conclude that no 
conventional alternative seems able to account for it. 

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

Chandrasekhar (1943) showed that  a massive object moving though a back- 
ground "sea" of light particles would experience a drag. The force is the grav- 
itational attraction by the wake produced by the motion of the massive object 
(see e.g., Binney and Tremaine 1987, w When the mass, M, of the perturber 
is much larger than that  of the individual background particles, the acceleration 
takes the form 

dvM 

where p is the background density and f is a function of the ratio of the per- 
turber 's  velocity, VM, to the (assumed isotropic) velocity dispersion, cr, of the 
background particles. For a Maxwellian distribution of velocities, this function 
is a maximum when VM ~-- 1.37c~. 

A similar process must occur as a massive bar rotates inside a halo. In this 
case, the bar creates a wake in the halo which lags the bar and the gravitational 
attraction between the bar and the wake produces a torque which removes angu- 
lar momentum from the bar and adds it to the halo. Weinberg (1985), adapting 
the perturbation theory approach of Tremaine and Weinberg (1984a), estimated 
the magnitude of the frictional drag force. Assuming a massive, rigid bar rotating 
in an isothermal halo, he concluded that  the spin-down time for the bar would 
be as little as five bar rotations, for reasonable parameters! 

Early low-quality, but fully self-consistent disc-halo simulations (Sellwood 
1980) had previously revealed a rapid loss of angular momentum to the halo 
once a bar formed in the disc, at a rate roughly consistent with Weinberg's 
prediction. To our knowledge, no other such simulations have been conducted 
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in the past 15 years; Combes et al. (1990) had only a bulge, not an extensive 
halo, of live particles, Raha et M. (1991) did not evolve their models for long 
enough, the "halo" particles of Little and Carlberg (1991) were confined to a 
plane, and the bar used by Hernquist and Weinberg (1992) was rigid and their 
model had no disc. We here report new fully self-consistent, simulations superior 
in many respects to those of Sellwood (1980), which were designed to reproduce 
the expected dynamical friction and to determine the secular changes to the bar, 
disc and halo in the long term. Athanassoula (work in progress) is conducting 
similar experiments using a direct N-body code on a GRAPE device. 

2 N e w  Simulations 

2.1 Init ial  Set -up and Numerica l  Detai l s  

We begin by setting up a disc-halo equilibrium. The disc particles represent 30% 
of the total mass and are laid down with the Kuz'min-Toomre surface density 
distribution 

~(R)  = Mq 1 +  (2) 
2~a 2 -~- 

We truncate this profile sharply at the rather small radius of R = 4a in order to 
limit particle loss from the grid at later times. We also disperse the disc particles 
about the mid-plane in a Gaussian fashion having a uniform rms thickness of 
0.4a. 

The remaining 70% of the mass is represented by the "halo" particles, a 
dynamically uniform population which could be thought of as comprising both 
a luminous bulge and a more extended dark halo. The halo particles are set in 
equilibrium in the manner first used by Raha et al. (1991). They are selected 
from an isotropic DF having a (lowered) polytropic form f = f [ ( - E ) m ] ,  with 
the limiting energy E = 4~,n, being the potential at some limiting radius. The 
combined disc and halo gravitational potential distribution to be used in this 
DF is determined iteratively in the manner adopted by Prendergast and Tomer 
(1970) and Jarvis and Freeman (1985). The polytropic index m = 1.5 in our 
case; n.b. this corresponds to a standard n = 3 polytrope, where m = n 32 
(Binney and Tremaine 1987). The resulting halo mass distribution is not far from 
spherical and, when combined with the disc, gives rise to the circular velocity 
curve in the mid-plane shown in Fig. 1. 

Having determined the potential of our initial mass distribution, we set the 
disc particles in motion. Their initial orbits are almost circular, but have enough 
random motion to maintain the vertical thickness and to set Toomre's Q = 0.1, 
in the case we focus on here. We have run other models in which Q > 1 at the 
start  and find that the essential results we describe here are independent of the 
initial Q value. 

Our simulations are performed on a 3-D Cartesian grid having 1293 cubic 
cells; the code used was described by Sellwood and Merritt (1994). We set the 
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Fig. 1. The circular velocity curve at the start of the simulation (solid curve). The 
separate contributions from the disc (dot-dashed curve) and bulge + halo (dashed 
curve) are also shown 

length scale a = 5 mesh spaces, and chose a t ime step for the leap-frog integration 
of 0.05 t imes the dynamical  t ime x/a/GM. We employ 300 K equal mass parti-  
cles, of which 90 K represent the disc. We adopt units such that  G = M = a = 1; 
the rotat ion period of a particle at the disc half-mass radius (R -~ 2.3) is about  
35 in these units. 

2.2 E v o l u t i o n  

This model is deliberately designed to be unstable and forms a strong, rapidly 
rotat ing bar within the first 100 dynamical  times. As soon as the bar forms, a 
strong torque develops that  begins to reduce the total  angular m o m e n t u m  of 
the disc and to set the halo into rotation, as shown in Fig. 2(a). Total  angular 
m o m e n t u m  is conserved, of course; almost all that  which is lost f rom the disc 
goes into the halo, the tiny remainder being carried away by escaping particles. 

A bi-symmetric  distortion is readily detectable in the distribution of halo 
particles which initially lags the bar by ,,~ 45 ~ . As the evolution proceeds, both 
the torque and the lag angle gradually decrease, until the rate of angular momen-  
tum transfer ceases almost  entirely by t -~ 1600, at which point the distortion in 
the halo has become aligned with the bar. 
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As usual, the bar suffers a bending instability in the early stages (e.g. Raha 
et al. 1991). It is first detectable at t -~ 250 and is over by t ~ 450. In this 
model, the bar amplitude is not greatly affected by the buckling instability and 
the torque on the halo is only slightly reduced by this event. 

The pattern speed of the bar also begins to decrease after its formation, as 
shown in Fig. 2(5). Fig. 2(c) shows that the angular momentum remaining in 
the inner part of the disc (where the bar resides) decreases in a similar fashion. 
The similar shapes of these two curves indicates that the bar has a positive mo- 
ment of inertia which is approximately, though not exactly, constant, justifying 
Weinberg's original assumption. 

It is interesting that the secular changes seem to end before the halo was 
brought to co-rotate with the bar. Late in the simulation, the mean angular 
rotation rate of the halo particles in the very centre is about half that  of the 
bar, but the rotation of the outer halo is characterised more by a constant 
mean orbital speed rather than by uniform rotation. The alignment of the halo 
distortion with the bar appears to indicate that  a large fraction of the halo 
particles are trapped into resonances with the bar. 

As evolution appeared to have almost ceased, we stopped the calculation at 
t = 2000, which corresponds to 40 rotation periods at the initial rotation rate of 
the bar. 

Our principal result is displayed in Fig. 3, which shows estimates of the bar 
length and co-rotation radius at many times during the run. The distance, DL, 
is that  from the centre to the Lagrange point on the bar major axis, and is 
determined from the potential and pattern speed at each instant. The semi- 
major  axis of the bar, aB, is estimated to lie where the m = 2 coefficients of a 
Fourier expansion of the particle distribution depart from the constant phase and 
linear fall-off in amplitude characteristic of the outer bar region. This definition 
is consistent with those adopted by many observers. 

The ratio DL/aB increases steadily from a value of--~ 1.3 at t = 200, reaching 
,-~ 3 by t = 1200. A large value of this ratio is quite unlike the values believed to 
pertain in real barred galaxies, as we review next. 

3 P a t t e r n  S p e e d s  o f  B a r s  i n  G a l a x i e s  

The only known technique to estimate the pattern speed directly from observa- 
tions was proposed by Tremaine and Weinberg (1984b). It has been successfully 
applied in just one case, the SB0 galaxy NGC 936: Merrifield and Kuijken (1995) 
considerably improved Kent's (1987) original measurement for this galaxy. It is 
to be hoped that  this technique will soon be applied to more galaxies, though it 
is unlikely to be successful for later Hubble types. 

The new spectroscopic and photometric data on NGC 936 yield an estimate 
of ~'~p sin i = 3.1 • 0.75 km s-1 arcsec-1, which when combined with Kormendy's  
(1983) estimated inclination i = 410 and rotation curve, places co-rotation at a 
distance of 69 + 15 arcsec from the centre of the galaxy. This is somewhat outside 
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Fig. 3. The time variations of DL (squares) and of aB (triangles) 

the visible bar which was estimated (Kent and Glaudell 1989) to end at about 
50 arcsec from the centre. For this galaxy, therefore, DL/aB = 1.4-4- 0.3. 

All other techniques to estimate this ratio in galaxies are indirect. The best 
such evidence comes from the locations and shapes of dust lanes; the extensive 
survey of hydrodynamical bar flows by Athanassoula (1992) led her to conclude 
that  DL/aB = 1.1 9= 0.1 would best account for the dust lane morphology in 
galaxies. Her work was, however, restricted to rather artificial Fetters bar models, 
which do not correspond well to the observed light distributions in bars. More 
recently Weiner (1996), P.A.B. Lindblad (this meeting) and others adopt mass 
models derived from the measured light distribution; preliminary results suggest 
that  bars are indeed rotating rapidly, and that  DL/aB > 1.7 seems to be firmly 
excluded. 

There is evidence (Binney et al. 1991; Weiner and Sellwood 1996; Kalnajs 
this meeting) that  the bar which is believed to reside in the Milky Way also has 
a high pattern speed, but the ratio DL/aB is not yet firmly established. 

Finally, it should be admitted that theoretical prejudice, which was originally 
the strongest "evidence" for fast bars (see Sellwood and Wilkinson 1993), has 
turned out to be almost worthless, since the bar in our simulation seems to 
survive quite happily with a low pattern speed! 
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While the above evidence could scarcely be described as overwhelming, it 
clearly favours values for DL/aB that are quite inconsistent with those we mea- 
sure from our simulation, at least after the first few bar rotations. 

4 W h a t  C o u l d  b e  W r o n g ?  

One's first reaction to such a puzzling result is to question whether it needs 
to be taken seriously. Of course it is reassuring that  the simulation behaved as 
theory had already predicted and that  similar results are also being obtained by 
Athanassoula (1996) using a quite different N-body method. But perhaps the 
model differs from real galaxies in respects which cause it to severely overestimate 
the importance of dynamical friction, or that something has been omitted which 
would counteract the behaviour. 

4.1 F r i c t i o n  O v e r e s t i m a t e d ?  

Chandrasekhar's formula (1), and Weinberg's analysis, indicates that  the decel- 
eration rate should be proportional to the bar mass and the halo density. Could 
either, or both, of these parameters be too large in our model? 

Bar Strength. It is widely believed that bars are massive features, at least 
in some galaxies. They are observed to give rise to strong non-circular motions 
in many well studied cases: good examples of strongly non-axisymmetric gas 
motions are seen in NGC 5383 (Sancisi, Allen and Sullivan 1979; Duval and 
Athanassoula 1983), NGC 1365 (JSrs~ter and van Moorsel 1995) and NGC 4123 
(Weiner 1996). A similar streaming pattern in the stellar motions in NGC 936 
was observed by Kormendy (1983). (It should be noted that  such streaming 
patterns are easily masked in galaxies where the bar lies close to one of the 
principal axes of the projected disc.) Such large non-circular motions seem to 
indicate a strongly non-axisymmetric potential, which in turn implies that  the 
bar has a significant mass compared with the axisymmetric components in the 
central parts of these galaxies. 

In order to be more quantitative, we have made a comparison between Kor- 
mendy's  (1983) slit observations of the barred galaxy NGC 936 with similar 
data  taken from our model at t = 250 projected and inclined as NGC 936. 
(This t ime was chosen because DL/aB Was close to the the value of 1.4 seen in 
NGC 936.) We estimate normalized m = 2 Fourier coefficients of both the radial 
and tangential velocities at fixed deprojected radii. Averaging over a range of 
radii near the end of the bar, we find we find the coefficients from our model are 
2.8 and 1.7 times larger, for the azimuthal and radial components respectively, 
than the same values in NGC 936. We conclude that our bar is perhaps twice as 
strong as that  in a typical barred galaxy, which may therefore have caused us to 
overestimate the spin down rate by a factor of two. 
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Fig. 4. The mean specific angular momenta of halo particles at t = 2000 

H a l o  M a s s .  On the other hand, our halo is nowhere near massive or extensive 
enough to give rise to a flat rotation curve beyond the disc edge (Fig. 1). Halo 
particles that  never come close to it would clearly be unaffected by the bar, but 
one would expect the halo out to radii several times the bar semi-major  axis 
(aB -- 3 for our bar) to be torqued up by the bar. Fig. 4 shows the mean specific 
angular momen ta  of halo particles at one instant late in the simulation, plotted 
as a function of radius, and indicates that  particles far out in the halo have 
in fact gained disproportionately more angular momen tum than those close in. 
Thus if we were to have run a simulation identical in most  respects but  having 
more mass in the outer halo to give a fiat rotation curve, it seems likely that  the 
bar would lose much more angular momentum.  The under-massive halo of our 
model therefore gives too little dynamical  friction. 

H a l o  C o r e  R a d i u s .  Although we do not expect the friction force on a strong 
bar to behave precisely as (1) would predict, that  formula does suggest that  
the braking rate should scale with the density and depend on the halo velocity 
dispersion. For an isothermal halo with a core, the velocity dispersion (assumed 
isotropic) is largely set by the circular velocity at large radii; there is therefore 
little freedom to juggle this parameter  for realistic halos. On the other hand, a 
halo having a larger core radius will have a weaker effect, but only to the extent 
tha t  friction arises from the inner hMo. 
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At the cost of eliminating any effective bulge component, we could decrease 
the central density of our halo (see Fig. 1). It cannot be decreased indefinitely, 
however, since the core radius of a realistic halo cannot be so large, relative to the 
disc scale, as to allow the rotation curve to decline significantly outside the disc. 
Thus observed asymptotically flat rotation curves require a minimum central 
halo density and a fixed velocity dispersion at large radii. Since we have already 
shown that  halo mass at large radii takes up most of the angular momentum, 
we do not expect that  a change to the central density, while keeping the halo 
mass fixed, will affect friction very much. Additional experiments to verify this 
expectation seem desirable. 

H a l o  R o t a t i o n .  Halos are not expected to have large angular momenta (e.g. 
Barnes and Efstathiou 1987). We have, nevertheless, tested the possibility that  
halo rotation could reduce the bar spin down rate by running two further sim- 
ulations, identical in all respects except that  in one case some fraction of the 
retrograde halo particles had their angular momenta  flipped to give a total halo 
angular momentum about half the maximum possible. We found the bar pat tern 
speed to drop by about the same amount in both and therefore conclude that  
dynamical friction is not significantly decreased by giving the halo even a large 
positive angular momentum. 

4.2 Ef fec t s  O m i t t e d ?  

S e c o n d a r y  B a r  G r o w t h .  Sellwood (1981) found that when a small bar formed 
within an extensive disc, it could grow in length due to trapping of additional 
stars into the bar as some angular momentum is removed by spirals in the outer 
disc. In his most extreme case, the bar's half-length approximately doubled from 
its initial value. Since the disc in our simulation was initially truncated at R = 4 
and the bar which formed had a semi-major axis of fully half the distance to the 
initial edge, the scope for significant secondary bar growth is severely limited in 
our present model. 

Could such substantial bar growth account for the small DL/aB ratios of 
real galaxies? We do not think it likely for two main reasons: first, the bar would 
have to grow continually which requires incessant spiral activity in the outer 
disc. This is manifestly not happening now in the SB0 galaxy NGC 936; the 
bar in this galaxy is likely to have formed some time ago and with little sign 
of spiral activity in the outer disc, it cannot have grown much recently. Yet a 
low value of DL/aB seems well established in this particular galaxy. The other 
reason is that  secondary bar growth makes the bar longer and stronger, which 
would increase dynamical friction and therefore have a less than totally beneficial 
effect. Preliminary results from a further experiment seem to confirm that  more 
extensive discs do not in fact lead to significantly smaller DL/aB ratios. 
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B a r  S p i n - u p .  Our simulations are purely stellar and ignore the effects of gas. 
It is well known that  the offset shocks on the leading side of the bar cause the 
gas to lose angular momentum. That  angular momentum is, of course, given up 
to the bar. However, the amount of angular momentum is quite insignificant, 
since the gas mass is already small and the lever arm associated with it is short. 

Radial inflows of gas are of slightly greater importance, however. Increases 
in the central mass concentration affect the potential in which the bar resides, 
and one consequence is an increase in the bar pattern speed (see also Kalnajs, 
this meeting). In Sect. 6.1 we give an example in which a substantial mass influx 
causes the bar pattern speed to rise by some 25%. This is helpful, but  on its 
own, utterly inadequate to reconcile our simulation with observations. 

5 A s s e s s m e n t  

Thus far we have demonstrated that Weinberg's theoretical prediction of strong 
dynamical friction is at least qualitatively confirmed and that  the bar is braked 
rapidly to an angular rate which is quite inconsistent with observed DL/aB 
ratios. We here list the possible solutions to this discrepancy between theory 
and observation that  have occurred to us or been suggested by others. 

1. Bars have low pattern speeds 
2. Bars are weak 
3. Bars grow in length as they slow down 
4. Bars are spun up - e.g. by gas inflow 
5. Bars have enormous effective moments of inertia 
6. The halo co-rotates with the bar 
7. Many halo particles are locked into resonance with the bar 
8. Bars do not last long 
9. Halos are not very massive 

The entire problem hinges on alternative 1 being excluded. The evidence for 
fast bars (Sect. 3) is not as strong as we would wish, and we are uncomfortable 
that  rather too many of our arguments rest on the assumption that  the early- 
type SB0 galaxy NGC 936 is typical. The evidence for massive halos is strongest 
for unbarred, late-type spiral galaxies (see Sect. 7). More data confirming both a 
high pattern speed and a massive halo in several barred galaxies would be most 
welcome. 

We have disposed of possibility 2 and argued that  3 and 4 are minor effects 
that  could do little towards removing the discrepancy. The moment  of inertia 
of the bar in our simulation, at least, is not large enough to prevent dynamical 
friction from slowing it; it seems unlikely that  the structure of real bars is suf- 
ficiently different to change this conclusion. Alternative 6 also does not deserve 
lengthy consideration - the angular momentum of the halo would have to be 
inconceivably large. 
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Alternative 7 is somewhat more interesting. Dynamical friction in our simu- 
lation all but ceases while the bar rotated significantly, which seems to indicate 
that  many halo particles have become trapped in resonances. This phenomenon 
deserves further investigation, but it is clear that it cannot provide a solution to 
our puzzle since friction ceases only after the bar pattern speed has dropped by 
a factor of five. 

The remaining two alternatives are much more radical, but have to be con- 
templated since no other solutions seem tenable. 

6 T r a n s i e n t  B a r s ?  

The possibility that  bars could disappear before dynamical friction had sufficient 
time to slow them down was first suggested by Hernquist and Weinberg (1992). 
In order not to violate the bound of DL/aB < 1.7 suggested by observation, most 
bars would have to be destroyed quite quickly - within 10 rotations, judging from 
our simulation. Thus, to maintain the observed substantial fraction of galaxies 
containing strong bars (e.g. Sellwood and Wilkinson 1993), this idea requires 
bars to form and dissolve more than once over the lifetime of a galaxy. A second 
attraction of such a radical idea is that  the fraction of galaxies containing strong 
bars, for which there is still no convincing explanation, represents a 30% duty 
cycle in the barred phase. Regenerating a bar in a disc where one has previously 
been destroyed presents a formidable problem, however. 

6.1 B a r  D e s t r u c t i o n  

Many authors have noted that bars are robust, long-lived systems that  are not 
easily destroyed. Our simulation provides yet another example; despite having 
lost some 2/3 of its angular momentum and having reduced its pattern speed by 
a factor of 5, it remains a strong bar, as shown in Fig. 5. Thus our simulation 
excludes the possibility, left open by Weinberg's analysis, that  bars simply would 
not survive such fierce braking. 

There are just two known ways to destroy bars: one obvious way is to hit 
the bar with a companion, the other is to have a build-up of mass at the bar 
centre. As Athanassoula (this meeting) presents a major study of bar-satellite 
interactions, we do not discuss them here. 

The effects of central mass concentrations have been explored extensively 
(Hasan and Norman 1990; Hasan, Pfenniger and Norman 1993; Wada and Habe 
1992, Friedli and Benz 1993, 1995; Heller and Shlosman 1994; Norman, Sellwood 
and Hasan 1996). The idea here is that  the gas driven towards the centre by the 
bar itself changes the gravitational potential within the bar to a sufficient extent 
that  the main orbit family (Contopoulos' family xl)  becomes chaotic, and the 
regular part  of phase space switches to the perpendicular x2 family. A self- 
consistent bar can no longer survive once this happens, and the bar becomes a 
spheroidal bulge (Norman et al. 1996). The precise central mass and degree of 
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Fig. 5. The projected distribution of disc particles at t = 2000 showing that a strong, 
butterfly-shaped bar survives. We have not included any bulge/halo particles 

concentration needed to achieve this has yet to be firmly tied down, but a few 
percent of the total  mass of the disc seems ample. 

Returning for a moment  to the point made in Sect. 4.2, we present Fig. 6 
to illustrate tha t  the simple process of forming a central mass concentration 
increases the bar pat tern  speed. This result is taken from the 3-D simulation by 
Norman et al. in which the mass build-up was mimicked by simply contracting 
a rigid spherical mass component containing 5% of the disc and bulge mass. 
The increase in pat tern  speed (by some 25% in this case) therefore cannot have 
been caused by external torques and is simply a result of the changing internal 
structure of the bar. 

6.2 Difficulties wi th  Regenerat ing Bars 

Destruction of a bar, either by the above mechanism or by interaction with a 
satellite, would leave the disc in a dynamically very hot state. The processes 
of both  its formation and destruction would disturb the disc stars into quite 
markedly eccentric orbits, making the disc quite unresponsive to the kind of 
large-scale collective instability needed to reform a bar. Since only gas can cool, 
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Fig. 6. The time dependence of the bar pattern speed in the 3-D model of Norman et 
al. (1996). The non-disc components of this model were rigid but the bar still slows 
through interactions with the outer disc until t = 100. Mass influx was mimicked by 
shrinking a rigid Plummet sphere component having 5% of the disc + bulge mass. The 
scale radius of this component decreased by a factor of 40 over the period 100 < t < 150, 
which caused the pattern speed to rise before the bar dissolved at t "~ 130 

the galaxy would require a long recuperation period in which a large supply of 
fresh gas led to the formation of a substantial  fraction of new stars on nearly 
circular orbits before the disc could become receptive to a new global instability. 
While the demands here seem excessive, this process could conceivably occur 
in the gas-rich late Hubble types; the theory would therefore appear  to predict 
an increasing bar frequency along the Hubble sequence that  is not observed 
(Sellwood and Wilkinson 1993). 

Furthermore,  if most  bars are destroyed by central mass concentrations, the 
galaxy will be made more stable. A high central density is precisely what  is re- 
quired to stabilize a massive disc (Toomre 1981 and this meeting). This is not 
a watert ight argument,  since it is not clear that  the galaxy would be absolutely 
stable no mat te r  how cool the disc, and bars could also be triggered by inter- 
actions (e.g, Noguchi 1987), but it adds considerably to the difficulties faced by 
the recurrent bar idea. 
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Since both methods of bar dissolution make a bulge, bars in bulgeless galaxies 
must therefore be their first which, unless they are rotating slowly, would be 
required in this picture to be young. It is perhaps interesting that most bulgeless 
barred galaxies are low luminosity galaxies. Unfortunately, it is unclear what 
observational data on such galaxies would be required to test the prediction of 
dynamical youthfulness. 

The idea of transient bars therefore faces extreme challenges. They would be 
reduced somewhat if one could argue that the first bar in a galaxy is braked by 
the halo, which is then sufficiently spun-up as to exert much weaker friction on 
a second bar. Some such wildly speculative idea is required if the regenerated 
bars alternative is to remain viable. 

7 L o w  M a s s  H a l o s ?  

The final possible alternative is that galaxies with fast bars lack massive halos. 
The best evidence for massive halos comes from the extended, flat tt I rotation 
curves in late-type, unbarred spiral galaxies (e.g. van Albada and Sancisi 1986). 
Occam's razor, together with current ideas of galaxy formation, suggest that  all 
galaxies should have flat outer rotation curves, but the supporting observational 
data  is still sketchy. Bosma (1992 and this meeting) concludes that  barred galax- 
ies generally do have extensive flat rotation curves. An exception for NGC 1365 
is claimed by JSrs~iter (this meeting, JSrs~iter and van Moorsel 1995), but depro- 
jection of the complex kinematic map of this strongly barred, asymmetric, and 
probably also warped galaxy is exceedingly difficult. The evidence for massive 
halos in early-type galaxies is also weak because they generally lack the gas disc 
which makes such a useful tracer of the potential in late-type systems. Van Driel 
and collaborators have attempted to address this issue by mapping the gas in 
those rare SO galaxies that are relatively gas rich, finding some evidence for flat 
rotation curve at large radii in the case of NGC 4203 (van Driel et al. 1988). 

We therefore think it likely that the circular velocity stays high at large radii 
in all galaxies, including those with fast bars. If this does not indicate a massive 
halo, then some alternative explanation for the phenomenon would need to be 
invoked (e.g. Milgrom and Bekenstein 1987). 

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

The pattern speed problem presented by dynamical friction between a bar and 
bulge/halo is becoming rather insistent. Most possible solutions seem unattrac- 
tive, some are excluded and others need to be stretched excessively. It is becoming 
increasingly difficult to find a tenable conventional explanation. 
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T h e  Fate of  Barred Galax ies  in In terac t ing  
and M e r g i n g  S y s t e m s  

E. Athanassoula 

Observatoire de Marseille, 2 Place Le Verrier, 13248 Marseille Cedex 04, France 

Abs t r ac t .  I use fully selfconsistent N body simulations to discuss two specific types 
of interactions between a barred target galaxy and a small companion. 

In the first type of interactions an expanding ring is formed, in a way similar to 
the formation of ring galaxies from a nonbarred target. Depending on the impact angle 
and position, the center of the bar may be temporarily offset from that of the disc. 

In the second type of interactions the companion is initially in a near-circular orbit 
in a plane either coinciding with the plane of the target disc, or at a small angle to 
it. The merging destroys the bar. The disc expands both in the vertical and the radial 
direction so that its shape remains that of a thin disc. If the orbit is at an angle with 
the target disc the latter undergoes an important tilt. 

1 Introduction 

It  is by now well established that  most galaxies are not isolated objects, but  form 
parts  of pairs, triplets, groups or clusters, and that  this affects considerably their 
dynamical  evolution (see e.g. papers in Wielen 1990, or Barnes and Hernquist 
1992). Our own Galaxy, being part  of a small group, is surrounded by a number  
of small satellites, of which the two most  massive ones are the LMC and the 
SMC. Andromeda,  the biggest galaxy in the Local Group, has also companions, 
of which M 32 is one of the most compact galaxies known. Studies of external 
galaxies also stress the existence of satellites around parent galaxies. Thus Holm- 
berg (1969), using Palomar  Sky Survey plates, found that  spirals have between 
one and five satellites within a projected distance of ~ 50 kpc and brighter than 
roughly -10.5 .  Similarly Zaritsky et al. (1993) find that  Sb/Sc galaxies have on 
average one galaxy brighter than - 1 5  within a projected radius --~ 250 kpc. 

The effects of interactions and mergings on the dynamics of disc galaxies 
has received a lot of attention in the last few years, particularly since computer  
advances now allow reasonable N-body simulations. Nevertheless the fate of bars 
in such interactions and mergings has been little studied so far. This paper  
will give preliminary results of a series of simulations designed to address this 
question. 

2 Simulations 

In all my  simulations the target  galaxy is barred. This was obtained by evolving a 
galaxy in isolation, start ing with a bar unstable Kuzmin /Toomre  disc embedded 
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in a Plummer halo of somewhat less than twice its mass and twice its extent. The 
scale lengths of the disc and halo at the start of the simulation are equal to 1. 
and 5. computer units 1 respectively. More information on the initial conditions 
and set-up procedure have been given by Athanassoula, Puerari and Bosma 
(1996, hereafter APB). The evolution of this simulation was followed long after 
the bar formed so that  comparisons between isolated and interacting discs at 
corresponding times would be possible. 

Five different companions have been used, all of them initially Plummer 
spheres, covering a wide range of concentrations as well as masses, from Mc/Md = 
0.1, or Mr = 0.035 (where Me, Md and Mg respectively the mass of the com- 
panion, target disc and galaxy), to Mr = 1.0, or Mc/Mg = 0.35. 

There is of course an infinity of possible companion trajectories, and I will 
here consider only two extreme types: For the first one the companion has ini- 
tially a velocity perpendicular to the target disc, i.e. v~ = v~ = 0. Obviously this 
is not true anymore when the companion hits the disc, nevertheless I will, for 
brevity's sake, call such passages and simulations "perpendicular" or "initially 
perpendicular". 

The second trajectory considered has a near-circular initial velocity in a plane 
which goes through the center of the target. I have so far considered only cases 
where this plane coincides with the plane of the disc or is at a small angle to 
it, not bigger than 15 ~ For brevity's sake I will call such passages "planar", 
although of course the orbit of the companion stays in a plane only if it was 
initially in the disc plane. As expected, the companion in such cases spirals 
inwards towards the center of the target, its distance from it decreasing initially 
slowly, and then, after it has reached higher density regions of the target, much 
faster. 

The simulations were made using direct summation on our GRAPE 3AF 
(e.g. Ebisuzaki et al. 1993) system. Upon completion the survey will consist of 80 
initially perpendicular orbits and an equal number of planar ones and uses 40 000 
particles for the target galaxy. To date not all simulations have been carried out 
and a yet smaller fraction has been analysed, so the results presented here are 
necessarily preliminary. On the other hand some of the most interesting cases, 
like those discussed in the last section, were repeated using 120 000 particles 
for the target. The number of particles in the companion varies between 1 400 
and 14 000 for the standard target disc and three times as many for the 120 000 
particle target. The mass of all particles in the simulation is the same. 

A wide variety of final configurations can be obtained from such encounters. 
Depending on the companion and orbit chosen, the encounter may result in a 
change of the pattern speed and amplitude of the bar, the formation of substruc- 
tures (like a ring, lens, or bulge), the formation of asymmetries, the destruction 
of the bar, or other. Here I will only discuss two of the above possibilities. 

1 All numbers given in this paper are in computer units. They can be converted to 
kpc, M o and Gyr using the scaling given in APB. 
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Fig. 1. Evolution of a ring formed by a central and vertical impact of a small compan- 
ion. Time is given in the upper left corner of each panel 

If a small galaxy hits the central regions of a disc, it will form a ring which is a 
density wave propagating outwards (Lynds and Toomre 1976; Theys and Spiegel 
1976, 1976; Toomre 1978), provided of course that  its relative mass and velocity 
are in a reasonable range of values. Selfconsistent simulations, sometimes inclu- 
ding gas as well as stars, have permitted a thorough study of such interactions 
for the case of nonbarred target galaxies (Huang and Stewart 1988; Appleton 
and James 1990; Hernquist and Well 1993; Struck-Marcell and Higdon 1993; 
Mihos and Hernquist 1994; APB), but not for barred galaxies, although the 
latter should also be victims of such impacts. The effect on barred targets was 
first addressed by APB, who presented three relevant simulations. The impacts 
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they studied are either central, or near the bar major axis, and in all three cases 
the trajectory of the companion forms an angle of roughly 45 ~ with the plane of 
the target. The impact drives the center of the bar away from the disc center, 
while the ring starts forming and expanding. During this stage the bar forms 
part of the ring. After some time the bar does not follow the expansion of the 
ring any more and falls slowly towards the disc center. Thus for a given time 
interval the result looks like a barred galaxy with a ring that  does not touch the 
extremities of the bar. 

Vertical and central impacts can lead to a different evolution, as is shown in 
Fig. 1. In this simulation a companion, of mass equal to one tenth the mass of 
the target galaxy, hits the disc at t = 17. At that  t ime the bar puffs up into an 
oval, and then a ring detaches itself from its edge. In this case and for a short 
t ime the bar gets bent by the impact, but does not form at any time part  of the 
ring as in the examples in APB. On the other hand at later times the result of 
the simulation is very similar to that  of the examples in APB, with a ring whose 
diameter is larger than the bar major  axis. 

Several instances from the evolution of such rings, as e.g. the snapshot at 
t = 30 for the simulation shown in Fig. 1, resemble barred galaxies with stellar 
diffuse outer rings. Nevertheless it is easy to make the distinction between ring 
galaxies and ringed galaxies spectroscopically, since the rings of ring galaxies 
have a considerable expansion velocity, while the outer rings in barred galaxies 
do not. 

4 I n i t i a l l y  N e a r - C i r c u l a r  T r a j e c t o r i e s  a t  a S m a l l  A n g l e  

w i t h  t h e  P l a n e  o f  t h e  D i s c  

Can bars be destroyed by interactions? Initially vertical passages, as those dis- 
cussed in the previous section, can indeed achieve this (Athanassoula 1996, and 
in preparation), but amongst all simulations analysed so far those where the 
bar disappeared suffered also a very important  thickening of the disc. Thus such 
interactions may not prove to be successful. In this section I will discuss a series 
of simulations with a different type of trajectory for the companion, namely such 
that  the companion starts in or near the plane of the disc on a near-circular or- 
bit. The aim will be to check the effect of such a trajectory on the bar and on the 
thickness of the disc. Such interactions, but for non-barred systems, have been 
recently discussed analytically by T6th  and Ostriker (1992), and with the help 
of fully selfconsistent simulations by Walker, Mihos and Hernquist (1996). One 
relevant simulation with a bar-unstable target was shown by Pfenniger (1991), 
unfortunately without much analysis. My simulations differ from it in that  they 
have a live halo and in that the target is initially barred. I did not start  from 
a non-barred disc galaxy, in which the bar would be triggered by the interac- 
tion itself, in order to avoid confusion between the effects of the overshoot and 
its af termath on the one hand and the effects of the interaction on the other. 
The target galaxy is represented by 120 000 particles, out of which 42 000 rep- 
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Fig. 2. Face-on view of the results of interactions discussed in Sect. 4. The scale in the 
greyscale plots is linear and the highest density parts are black and the lowest white. 
They were constructed using only the particles in the disc and companion, and not 
those in the halo. Note the difference in scale between the upper left panel and the 
other three 

resent the disc. The companion has a mass equal to that  of the disc, and is also 
represented by 42 000 particles. 

Figs. 2 and 4 compare the results of three simulations. In the first one (upper 
left panels in both figures) the target galaxy is evolved in isolation. In the second 
one (upper right) it is perturbed by a companion placed initially in the plane of 
the disc at a distance 20% larger than the outer cutoff of the halo (i.e. 12 disc 
scalelengths) and with a near-circular velocity. In the third one (lower panels) 
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Fig. 3. Distance of the companion from the center of the target (full line) and m = 2 
component of the density (dashed line) in arbitrary units. Both are given as a function 
of time 

the companion is initially placed in a plane at an angle of roughly 15 ~ with 
the plane of the disc. All three simulations have been carried out for the same 
time, sufficient for the companion to merge totally with the target and quasi- 
equilibrium to be reached. The face-on and edge-on views at this final t ime are 
compared in Figs. 2 and 4. 

From the upper panels of Fig. 2 we see clearly that the in-plane interaction 
is able to destroy the bar. How that  happens in time is given in Fig. 3 where I 
plot the distance of the companion from the center of the target as a function of 
time, as well as a measure of the m = 2 component of the density in the target. 
When the companion reaches the vicinity of the disc it starts inducing important ,  
albeit temporary, increases and decreases of the bar amplitude. Note, however, 
that  the bar is fully destroyed only after the companion reaches the center of 
the disc, presumably because it increases considerably the central concentration 
in the galaxy (Hasan and Norman 1990; Hasan, Pfenniger and Norman 1993; 
Friedli and Benz 1993; Friedli 1994; Sellwood 1996) 

Fig. 4 shows that,  as a result of the interaction, the disc has expanded consid- 
erably, as expected. This expansion concerns mainly the highest and the lowest 
density parts of the disc. An important  point to note is that,  due to the fact that  
the disc expands both radially and vertically, its shape remains that  of a thin 
disc. Thus such interactions can destroy the bar without unduly fattening the 
disc. One could, however, argue that  in-plane interactions should be relatively 
rare, the plane of the companion's orbit being in general at an angle with the 
plane of the target disc. It is thus essential to test whether the above result 
depends crucially on the fact that  the plane of the companion's orbit coincides 
with that  of the disc and whether orbits at an angle to it may cause more vertical 
heating, and larger relative thickening. 



The Fate of Barred Galaxies in Interacting and Merging Systems 65 

Fig. 4. Similar to Fig. 2, but the discs are now seen edge-on. The straight line in the 
lower left panel is at 15 ~ to the x axis. The greyscales were constructed using only 
the particles in the disc, and not those in the halo or the companion, to show best its 
outline. Note the difference in scale between the upper left panel and the other three 

The lower panels of Figs. 2 and 4 correspond to similar runs, but now the 
companion is initially placed in a plane at an angle of roughly 15 ~ with the 
plane of the disc and intersecting it along the y axis. The left panel is in the 
s tandard frame of reference, i.e. where the disc was initiMly on the (xy) plane, 
and the right one is in a frame of reference (zly~z~), determined by the three 
principM axes of the moment-of-inert ia tensor of the disc. This f rame gives a 
bet ter  est imate of the intrinsic thickness of the disc. As in the previous case the 
bar was destroyed by the merging. The plane of the disc undergoes an impor tan t  
tilt, so tha t  an impor tan t  percentage of the vertical energy of the satellite is 
converted to coherent motions in the disc, and the vertical heating is not as high 
as a straightforward application of the TSth and Ostriker analysis would have 
given. As in the previous example the disc has again expanded both radially and 
vertically, in a way tha t  its shape remains that  of a thin disc. 
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The companion looses only a small fraction of its mass. Most of it settles at 
the center of the target, contributing to a bulge population. Thus such mergings 
can drive an evolution of disc galaxies along the Hubble sequence. 

These simulations, albeit preliminary, show that it is possible for a companion 
to destroy the bar without destroying or unduly thickening the disc. A more 
quantitative analysis, together with the results of other similar simulations will 
be given elsewhere. 
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Abs t rac t .  The main results of H I studies of barred spiral galaxies are summarized. 
The question of dark matter in barred spirals is raised, and possible differences with 
respect to ordinary spirals are discussed. 

1 Introduction 

The inhomogeneous distribution of the main kinematic tracers, ionized and neu- 
tral hydrogen gas makes the determination of the global gas kinematics of barred 
spirals much more difficult than that  of ordinary spirals. For a lot of galaxies 
the best one can hope for is that the H I data provide a global rotation curve, 
while the Ha  data provide an estimate of the amount of peculiar motions di- 
rectly attr ibutable to the action of the bar. Only for a few galaxies complete 
kinematical information is available, e.g. NGC 1365, for which the Stockholm 
group has patiently collected a huge dataset over the years. 

Most of the older studies emphasize the presence of non-circular motions, and 
indeed it took a while to sort out the differences between non-circular motions 
due to in-plane oval or bar distortions from those due to warping of the H I disk. 
The distinction can only be made on the basis of collective effects: the effect of in- 
plane oval orbits leads to a velocity field where the kinematical major  and minor 
axes are not perpendicular, while the effect of tilted rings leads to a velocity 
field where the kinematical axes stay perpendicular (cf. Bosma 1978, 1981). 
Of course the distinction is not clearcut, since one can imagine a warped barred 
spiral. If the distortions are in the inner parts, I tend to favour the oval distortion 
interpretation, since strong optical warps are absent in most unperturbed edge- 
on galaxies. As is clear from the literature, even today there are suggestions based 
on velocity fields for strong warps within the optical image (as e.g. advocated 
for NGC 1365 in this meeting), where a simpler interpretation can be had if the 
optically visible material is thought to be planar. 

We will briefly review the results for the bright barred spirals, and ignore the 
small asymmetric bars in late type magellanic irregulars since their dynamics do 
not pertain much to the topic of this meeting. 

2 H I Distributions and Velocity Fields 

2.1 B a r r e d  G a l a x i e s  w i t h  D u s t  Lanes  

The prediction that  the dust lanes constitute the loci of shocks (cf. Prendergast 
1962, unpublished) has been difficult to corroborate. Only for two barred galaxies 
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a direct long slit emission line spectrum has shown the strong discontinuity in 
the velocities expected across a dust lane (Pence and Blackman 1982 for NGC 
6221 and Lindblad and JSrs~iter 1988 for NGC 1365). Indirect evidence comes 
from the spatial coincidence of enhanced radio continuum emission and the dust 
lanes in M 83 and NGC 1097 (Ondrechen and van der Hulst 1983; Ondrechen 
1985). Recent CO data show evidence for a strong concentration of molecular 
material in some dust lanes (e.g. Handa et al. 1990). 

In the late seventies the northern hemisphere barred spiral NGC 5383 served 
as a prototype for detailed studies at tempting to model non-circular motions 
due to a bar in a two-dimensional velocity field. Ha data by Peterson et al. 
(1978) showed strong deviations from circular motions and additional HI data 
by Sancisi, Allen and Sullivan (1979), which have much lower angular reso- 
lution, nevertheless permit ted to determine a rotation curve. Several detailed 
models were constructed (e.g. Huntley 1978; Sanders and Tubbs 1980; Duval 
and Athanassoula 1983), which reproduce the characteristics of the non-circular 
motions. A skewing of the isovelocity contours around the systemic velocity to- 
wards the bar, and a corresponding S-shape distortion in the kinematical major  
axis are the main features. Contrary to warps, the kinematical minor axis is not 
perpendicular to the kinematical major axis. The amplitude of the non-circular 
motions does not only depend on the strength of the bar, but also on angular 
resolution and the viewing angle (cf. Fig. 41 of Athanassoula 1984). 

Improvements in the gas flow codes (e.g. van Albada 1985), and extensive 
calculations of the orbital families in the corresponding potentials, have lead to 
the formulation of strict conditions for which shocks resembling the observed 
dust lanes can occur (Athanassoula 1992a,b). These include the realization that  
the presence of an x2 family of orbits is not only necessary, but that  a sizeable 
extent is needed. However, when the shock velocities are very high, the amount  
of shear is so large that molecular clouds would not have the time to assemble 
(cf. ~lhabbs 1982; Athanassoula 1992b). This might explain the large variety in 
appearance of the dust lanes and OB-associations : the absence of the latter 
could just indicate the regions of high shear so that the dust lanes are there, but 
not the molecular gas and their associated regions of star formation. 

Several southern hemisphere galaxies have now been studied in detail. The 
best data is for NGC 1365. The Ha data by Teuben et al. (1986) clearly indicate 
that  an inner Lindblad resonance is present in this galaxy, in agreement with 
the gas flow studies. H I studies are available from Ondrechen and van der Hulst 
(1989) and JSrs~iter and van Moorsel (1995). The latter have been complemented 
by optical spectra, and modelled in detail with a potential derived from near 
infrared imaging by Lindblad et al. (1996). 

NGC 1097 shows strong H I emission in the outer arms, and weak emission in 
the bar region (cf. Ondrechen et al. 1989). The velocity field indicates deviations 
from circular motions in the bar region, as in NGC 5383, as well as strong 
local deviations associated with the outer arms. Unfortunately, the presence of 
a companion perturbs the outer disk of this galaxy, hence no detailed model has 
yet been attempted. The continuum emission shown by Ondrechen and van der 
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Hulst (1983) indicates not only shock regions in the straight dust lanes leading 
the bar, but, at the SE side, also at the edge of the bar making a sharp angle 
with the main dust lane. This behaviour of the shocks can also be seen in some 
of the simulations by Athanassoula (1992b). 

A study concerning NGC 1300 (England 1989, 1990), who finds that the 
HI here also is very strongly concentrated in the arms, has only obtained a 
qualitative agreement between the modelling and the data, partly due to an 
unfavourable viewing angle of the bar. 

2.2 Barred Galaxies with Inner Rings 

These galaxies are less well studied, in part because the bar itself is devoid of Ha 
and H I emission. A H I study of NGC 1398 (Moore and Gottesman 1995) only 
allows an attempt to derive a pattern speed from the rotation curve data, but no 
unique answer has been obtained. Likewise, NGC 3992, studied by Gottesman et 
al. (1984) and modelled by Hunter et al. (1988), does not have H I emission in the 
central parts including the bar, although there is normal H I emission in the disk. 
The velocity field does show the expected deviations from circular motion. On 
the other hand, Broeils (1992) presents a H I study of NGC 6674, amidst several 
studies of ordinary spiral galaxies. The bar in this galaxy seems relatively weak, 
although there is some sign of non-circular motion due to the bar. 

Ryder et al. (1996) studied the galaxies NGC 1433 and NGC 6300, and again 
try to derive pattern speeds, on the assumption of rings being associated with 
resonances. For NGC 1433, which has several rings, the solution seems to be 
clearcut, but the determination of the inclination makes the result uncertain. 

2.3 Ord ina ry  Galaxies wi th  Oute r  Rings and Oval Distortions 

A few ordinary spirals (i.e. not classified as barred spirals) are identified as having 
oval distortions, based on distinct signatures in their velocity fields (cf. Bosma 
1978, 1981). 

NGC 4736, already a favourite object for study during P.O. Lindblad's early 
numerical work (Lindblad 1960, 1974), is one of the best examples. The early 
H I data (Bosma et al. 1977b) showed H I in an inner ring, an outer ring, and in 
the main body in between. Since the kinematical axes were not perpendicular 
and since the major axis changes its position angle with radius, it was concluded 
that the main body has an oval shape. More recent data have by and large 
confirmed this picture (Mulder and van Driel 1993). Infrared data reveal an 
additional small bar inside the inner ring (cf. MSllenhof, Matthias and Gerhard 
1995). Thus this galaxy has two pattern speeds, one associated with the inner 
bar, and the other one with the oval. A similar situation exists for NGC 1068 
(cf. Bosma 1992). 

New VLA B-array 21-cm HI data of NGC 4151 by Mundell et al. (priv. 
comm.) fully confirm the main result from previous work by Davies (1973), 
Bosma et al. (1977a) and Pedlar et al. (1992), that the main body of this galaxy 
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is a fat bar. Boksenberg et al. (1995) find from HST data evidence for a central 
mass concentration of about l09 M| in the inner few arcsec. Compared to the 
total mass of 2 �9 1011 M| (H0 = 50 km s -1 Mpc -1) enclosed within the outer 
ring radius, this means that a central mass concentration of 0.5 % of the total 
mass out to the outer radius, or equivalently, of order 2% of the disk mass within 
the bar radius, has not managed to scatter the xl-orbits of the bar sufficiently 
to decay it. 

The data for NGC 4258 (van Albada 1980) show strong indications for the 
presence of a bar, and the outer arms could then be thought of as a pseudoring. 
This is most clearly visible in the image of the H I distribution. The kinematics 
show all the signs for the presence of a bar. The interpretation for this galaxy 
has been obscured somewhat by the issue of the anomalous arms. Evidence for 
a central black hole in this galaxy has been presented by Miyoshi et al. (1995). 

Also in this category is NGC 1808, which appears to have a fat bar containing 
spiral filaments, and two outer arms forming a pseudo ring, which makes this a 
good case for a O-galaxy (in other words, an oval distortion). Koribalski et al. 
(1993) construct a tilted ring warp model to their H I data. However, the higher 
angular resolution (but poorer sensitivity) H I data by Saikia et al. (1990) quite 
clearly show that there are significant non-circular motions entirely consistent 
with the idea of the main body of this galaxy being a fat bar. 

Finally, NGC 7217, discussed in detail by Verdes-Montenegro et al. (1995) 
and Buta et al. (1995), presents the simultaneous presence of three rings (a 
nuclear ring, an inner ring and an outer ring). The H I is predominantly in the 
outer ring, but there is little deviation from axial symmetry. A single pattern 
speed of 86 km s -1 kpc -1 fits the positions of the rings as resonances, yet no 
clear-cut bar has been found in optical images. It is possible to develop a scenario 
in which the bar in this galaxy could have decayed, while the rings still persist 
(cf. Athanassoula 1996). 

2.4 Barred Galaxies with  Outer Rings 

Van Driel (1987, cf. van Driel and van Woerden 1991 for a summary) made an 
extensive study of early type disk galaxies, some of them being barred galaxies 
with outer rings. In most cases the H I is almost absent from the bar, and mainly 
concentrated in the outer ring, although sometimes extending beyond it. 

For true SB0 galaxies there seems little relation between the H I emission 
and the main optical image : the H I is often mostly in an annulus outside the 
optical disk, and the kinematics indicate that its spatial orientation differs from 
the main body. This holds for NGC 2787 (Shostak 1987), NGC 4262 (Krumm 
et al. 1985) as well as for several ordinary SO galaxies (cf. van Driel and van 
Woerden 1991). For NGC 3941 (van Driel and van Woerden 1989), however, the 
outer H I ring is more or less in the same plane as the optical disk. 

For slightly later types most of the H I does coincide with an outer optical 
ring. In NGC 1291 and NGC 5101 little or no H I emission is found in the bar 
region itself (cf. van Driel, Rots and van Woerden 1988). NGC 1291 is seen very 
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face-on, and the tt I is mainly concentrated in the outer ring, with some extended 
emission beyond it. The velocity field suggests that this outer H I is in a warped 
disk. The inner edge of the H I ring coincides with the inner edge of the outer 
ring seen in optical images. In the central parts very strong X-ray emission has 
been detected (Bregman, Hogg and Roberts 1995). For NGC 5101 the results 
are rather similar, with extended H I emission beyond the optical ring. Here the 
velocity field is more regular, and a rotation curve could be derived (see below). 

For the rather obscured SA(r)0/a galaxy NGC 7013 Knapp et al. (1984) 
find the H I emission mainly in two rings, and a velocity field which shows the 
characteristics of an oval distortion, even though the authors postulate an inner 
ring out of the main disk plane. Work on a few later type ringed SB galaxies 
has been reported by van Driel and Buta (1991). In the (R')SB(rs)ab galaxy 
NGC 2273 the H I is mainly in the outer ring and the rotation curve is flat. In 
the (R)SB(rs)bc galaxy NGC 6217 there is H I in the inner parts, mainly in the 
inner ring, and in the outer ring and beyond. The kinematical major  axis does 
not coincide with the major axis of the outer ring, indicating a possible intrinsic 
elongation of the latter. 

2.5 S B c  G a l a x i e s  

For these galaxies, the bar does not extend to the radius beyond which the 
rotation curve flattens off. Such is the case for NGC 925 (Wevers et al. 1986), 
NGC 1073 (England et al. 1990), NGC 3359 (Ball 1986, 1992) and NGC 4731 
(Gottesman et al. 1984). In these galaxies the bar is not very strong, not even 
in H I , and the bulk of the H I is found in the disk. These galaxies prove difficult 
to model, and the only a t tempt  made is for NGC 3359 (Ball 1992). However, a 
model with only the observed bar taken into account does not describe correctly 
the deviations in the velocity field and the presence of the stronger spiral arms. 

3 D a r k  M a t t e r  i n  B a r r e d  S p i r a l  G a l a x i e s  

The absence of a Keplerian drop-off in the rotation curve at large galactic radii 
constitute the most solid evidence for the presence of dark mat ter  in spiral 
galaxies. For recent reviews on this subject, see e.g. Bosma (1995) and Sackett 
(1995). Due to the inhomogeneous nature of the HI and Ha emission in barred 
spirals, and the presence of strong non-circular motions, their rotation curves 
are not determined with the same accuracy as those for ordinary spirals. Yet it 
remains interesting to see whether the behaviour of the rotation curves of barred 
spirals is different from those of ordinary spirals. The notion is sometimes held 
that  barred spirals are the result of the bar instability in disk galaxies (which 
could well be true), and thus might not have a lot of dark mat ter  (which is not 
necessarily true). This arises from misunderstanding one aspect of the historical 
development of the dark matter  problem: initially, a dark halo was proposed 
to help cure the bar instability in disks. What  matters  here is the dark mat ter  
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in the halo acting on the disk. Any dynamically hot component inside the disk 
radius will help, but any halo mass outside the disk radius will not contribute. 
Thus the stabilizing influence of a bulge should not be underestimated. Likewise, 
the presence of a hot disk (perhaps dark) may help to cure the bar instability 
(cf. Ostriker and Peebles 1973, Athanassoula and Sellwood 1986). 

In an early compilation (Bosma 1978, 1981), the oval galaxies NGC 4151, 
NGC 4258 and NGC 4736, and the barred spirals NGC 5383 and M 83 do not 
stand out in the behaviour of their rotation curves : they are about as flat as the 
others, and if all the mass is in the disk, local mass-to-light ratios become very 
high in the outer parts (cf. Bosma and van der Kruit 1979). The shapes of the 
rotation curves of barred spirals observed more recently do not differ much from 
those observed for ordinary spirals : the predominant characteristic is that  most 
rotation curves are rising, flat or slightly declining, just like the rotation curves 
of ordinary galaxies. In most of the modelling work a dark halo component 
has been included. For a few objects, in particular NGC 3992 (Gottesman et 
al. 1984) and NGC 1073 (England et al. 1990), the rotation curve might be 
abruptly declining in the outer parts, but the uncertainties are rather large due 
to a poor signal-to-noise ratio. On the other hand, the extreme warp around 
M 83 outlined by Rogstad et al. (1974) suggests the occasional presence of an 
extended H I envelope also around barred spirals. 

The RSB(rs)0/a  galaxy galaxy NGC 5101 (van Driel, Rots and van Woerden 
1988) is a good candidate for not needing a dark halo. The H I is distributed 
mainly in the outer ring and beyond it. The velocity field is rather regular, and 
permits the derivation of a rotation curve, though the inclination correction is 
rather uncertain. The rotation curve declines, and can be fitted entirely with 
an exponential disk with a scalelength corresponding to the optical scalelength 
derived from the B-band photometry given in Lauberts and Valentijn (1989). 
However, since outer rings tend to be blue, the B-band scalelength may overes- 
t imate the scalelength of the bulk of the mass in the disk. Thus a K-band image 
of NGC 5101 seems needed to assess whether the rotation curve for NGC 5101 
really can be fitted without the need for a dark halo. Van Driel et al. (1988) re- 
mark that  a warp of only 8 ~ in the outer H I disk is needed to keep the rotation 
curve flat. 

JSrs/iter and van Moorsel (1995) argue for a Keplerian decline of the rotation 
curve in NGC 1365. To achieve this, they propose that  the inclination of the 
galaxy increases drastically from 40 ~ to 55 ~ over the outer third of the optical 
disk. Such a large warp within the optical radius is seldom seen in other galaxies 
(cf. Sanchez-Saavedra et al. 1990), and one can only imagine how odd this galaxy 
will look if the inner parts are seen edge-on. In view of the presence of non- 
circular motions due to the bar, their treatment of the two-dimensional velocity 
field may not be correct. If no warp is assumed, the rotation curve declines much 
less, and the conclusions about the dark matter  in NGC 1365 would be different. 
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4 Concluding Remarks 

As function of Hubble type, the H I distribution in barred disk galaxies thus 
shows a progression, in the sense that  for early Hubble types, SB0/a - SBa, the 
HI is predominantly distributed in the outer ring and sometimes beyond, for 
intermediate types, SBb, the H I is frequently absent from the central parts, but 
otherwise distributed throughout the disk, while for SBc and later there is also 
H I in the central parts. The rotation data are in general consistent with the need 
for dark matter  in and around barred spirals, just as for ordinary spirals. 

Acknowledgments. Thanks are due to Lia Athanassoula for frequent discussions 
about barred spirals. 
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HI Observat ions  of  a Sample  of  Barred Spirals 

Helmuth Kristen 

Stockholm Observatory, S-13336 SaltsjSbaden, Sweden 

Abs t rac t .  We select a sample of barred spiral galaxies in order to test previous find- 
ings concerning NGC 1365. We discuss results regarding NGC 1300 and NGC 1365, as 
well as new VLA 1 observations of NGC 613, NGC 1350, and NGC 2263. The H I halos 
of the investigated objects are found to be compact. The effect of companions on the 
H I extent is illustrated. 

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

The Stockholm Galaxy Group has through a number of years conducted a case 
study of the barred spiral galaxy NGC 1365. The study consists of multiple 
wavelength observations in combination with numerical modeling, a prime tool 
for the investigation of galactic dynamics (see these proceedings). This galaxy 
has several characteristics: Strong non-circular motions indicate a strong bar. 
There is a large decline in rotational velocity at large radii. Furthermore, it 
lacks an extended H I halo, i.e. the extent of the neutral atomic hydrogen (H I) 
corresponds to the size of the optical disc. 

By extending the acquired methods to a carefully selected sample of barred 
spirals, our aim is to test the universality of these findings. In Sect. 4 we discuss 
H ~ observations of NGC 1365 as well as NGC 613, NGC 1300, NGC 1350, and 
NGC 2263 (Table 1), all part of the mentioned sample. The extent of the H I is 
particularly interesting since it has in some cases been found to trace the dark 
mat ter  (cf. Broeils 1992, hereafter B92). 

2 Se lec t ion  

We selected a sample with the following criteria: 

- Type: Barred systems with numerical Hubble type 2-5 (SBab to SBc), as 
defined in the Third Reference Catalogue of Bright Galaxies (de Vaucouleurs 
et al. 1991, hereafter RC3) 

- Inclination i > 20 ~ in order to select systems suitable for velocity mapping. 
- D(0) > 2', i.e. a d iameter /beam ratio ~ 6 in VLA C-array, to provide suffi- 

cient spatial resolution. 

1 The VLA is operated by Associated Universities, Inc., under contract with the Na- 
tional Science Foundation 
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These criteria were applied to the electronic version of the RC3, extracting 261 
out of the over 23 000 entries. Moreover, in order to avoid non-selfconsistent sys- 
tems, we checked against optical irregularities, indicative of recent interaction. 
In addition we checked against companions, since there might be considerable 
HI interaction without any obvious perturbations in the optical (e.g. Yun et 
al. 1994). We inspected 1~215 1 ~ fields extracted from the Digitized Sky Sur- 
vey (Association of Universities for Research in Astronomy, Inc. 1993, 1994), 
in combination with the multi-wavelength information available on the NASA 
Extragalactic Database. 

It should be noted that  the aim of this study is to investigate the similarities 
and differences of a number of comparable objects, not to select a sample that 
is 'complete'  in a statistical sense. 

Table 1. Global parameters 

NGC 613 NGC 1300 NGC 1350 NGC 1365 NGC 2263 

R.A. (2000) 1h34m17~:5 3h19m40S'8 3h31m08~'4 3h33m36~:6 6h38m28~:3 
Dec. (2000) -29o24'58 '' -19~ '' -33o37'44 '' -36~ '' -24~ '' 
Revised type (1) .SBT4.. .SBT4.. PSBR2.. .SBS3.. PSBR2.. 
T (Hubble type)(1) 4.0 4.0 1.8 3.0 2.1 
V~j (km s -1) 1475-t-5 (1) 1573+10 (2) 18904-9 (1) 1632• (4) 27434-2 (5) 
Position Angle (o) 120 (1) 267• (2) 0 (1) 220 (4) 143 (1) 
Inclination (~ 41 (1) 35• (2) 58 (1) 55 (3) 54 (1) 
fSdv(Jykms-1)(6)45.8• 29.3• 22.6• 141.0• 

(1) de Vaucouleurs et al. (1991) 
(2) Lindblad, P.A.B et al. (19961) 
(3) Lindblad, P.O. (1978) 
(4) JSrss and v. Moorsel (1995) 
(5) Bottinelli et al. (1992) 
(6) Huchtmeier and Richter (1989) 

3 H I  O b s e r v a t i o n s  a n d  R e d u c t i o n s  

Observational parameters are listed in Table 2. All data were edited and cali- 
brated within AIPS (Astronomical hnage Processing System - developed by the 
NRAO). Data were Hanning-smoothed, either online or following observations. 

Preliminary maps were used to determine the line-free channels. With the 
AIPS task UVLIN we performed a linear fit to the visibilities of the line-free 
channels with a subsequent continuum subtraction of the line channels in the 
UV plane. 
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Table 2. VLA observations 

NGC 613 NGC 1350 NGC 2263 

Date 10/94 10/94 10/94 
Array configuration CnB CnB CnB 
Length (minutes) 330 248 325 
R.A. pointing center (2000) lh34ra15s-0 3531m10S.0 6h38m30S'0 
Dec. pointing center (2000) -29~ t~ -33~ -24~ I~ 
Velocity band center (km s -1) 1475 1890 2740 
Velocity range (km s -1) 1145 - 1805 1560 - 2220 2410 - 3070 
Velocity resolution (km s -1) 10.42 10.42 10.42 
Number of channels 63 63 63 
Beam FWHM (~') 22.13x14.33 22.29x13.79 23.33• 

Normal weighting was used for mapping in order to improve the signal-to- 
noise ratio by suppressing longer baselines; a trade-off against the higher resolu- 
tion provided by uniform weighting. The AIPS task MX was used for mapping. 

De-convolution was accomplished by cleaning (HSgbom 1974) using the AP- 
CLN task in AIPS. An initial cleaning of the complete maps was performed in 
order to locate the areas containing flux in each of the velocity channels. These 
areas were then used to define 'clean-boxes' in a second deconvolution run, clean- 
ing the channel maps down to 2a. Since the initial clean-run already delineates 
the areas of detected flux, the concept of clean-boxes only marginally influences 
the extent of H I. Total fluxes were estimated combining the cleaned and residual 
fluxes, not with equal weight, but with a weight factor of the ratio clean beam 
size/dirty beam size, since beam sizes differ both between dirty and clean maps, 
and between different channel maps (JSrs~ter and v. Moorsel 1995, hereafter 
JvM). The results are data cubes with true units Jy/clean beam. In the case of 
existing single dish values, fluxes were found to converge well. 

A cube spatially convolved to a much lower resolution was used for defining 
an upper threshold for blanking areas, preventing noise from influencing the sub- 
sequent moment calculations. The total flux in the blanked cubes only differed 
from the non-blanked by the order of one percent, so virtually all flux was con- 
served in the process. Finally moment maps were created by the XMOM task in 
AIPS. 

4 Resul ts  and Discussion 

We here discuss previous observations of NGC 1300 (England 1989) and NGC 1365 
(JvM) as well as the new observations of NGC 613, NGC 1350 and NGC 2263 
(see previous section and Fig. 1). 
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Fig.  1. VLA H I observations. From left to right: NGC 613, NGC 1350, and NGC 2263. 
HI contours correspond to 1 and 3 times the 100 K km s -1 inclination-corrected 
isophotes 

4.1 B a r  S t r e n g t h  

Fig.  2. H I maps of NGC 1300 (left) and NGC 1365 (right). The combined HI and 
optical velocity fields are superposed. The dashed black line indicates the P.A., the solid 
grey line shows the orientation and length of the bar. Note the 'Z'-shaped distortion 
of the isovelocity curves across the bar region in NGC 1365 

In two cases so far, NGC 1300 (Lindblad and Kristen 1996) and NGC 1365 
(Lindblad et al. 1996b), we have performed gas dynamica l  model ing in order to 
investigate such elusive entities as bar  strength,  pa t te rn  speed, and the locat ion 
of  resonances associated therewith.  NGC 1300 and NGC 1365 are similar in a 
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number of aspects. Both are barred spirals of  intermediate type. They feature 
a prominent bar with offset dust lanes, a compact H ] halo, and a depletion of 
H [ in the bar region. The latter has made us combine the H I velocity field with 
optical measurements  (Fig. 2). 

Deviation from circular mot ion in the bar region is a measure of bar strength. 
However, alignment of the bar with the position angle (P.A.) may hide asymme-  
tries in the isovelocity curves. The absence of major asymmetries in the velocity 
field of NGC 1300 differs significantly from the strong 'Z'-shaped distortion of 
the isovelocity curves in NGC 1365. In this case, our simulations indicate that in 
NGC 1300 the bar potential is indeed weaker than in NGC 1365. Furthermore, 
in NGC 1300, the close alignment of the bar with the major axis, combined with 
the lower H I resolution, in effect hides the non-circular velocities. This illus- 
trates the importance of conducting dynamical  simulations when interpreting 
observations. 
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Fig. 3. Rotational velocities of NGC 613, NGC 1300, NGC 1350, and NGC 2263. The 
error bars indicate the r.m.s, of the velocity fit 
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4.2  R o t a t i o n  C u r v e s  

NGC 1365 features a 40% decline in rotational velocity at large radii. :lvM 
fit a 3.9 �9 1011 M| Keplerian to the outer part  of the rotat ion curve. In con- 
trast,  NGC 613, NGC 1300, NGC 1350, and NGC 2263 only show weak declines 
(Fig. 3). Rotat ion curves were extracted by fitting the velocity fields with tilted 
ring models. This was done with the AIPS task GAL. 

4.3 T h e  H I  D i a m e t e r  

Fig. 4. Illustration of the H I diameter measurement in the case of NGC 613. Left: 
HI map of NGC 613. The inclination corrected HI flux is averaged along 10~-thick 
concentric rings indicated by the overlay. The units on the axes are arcseconds offset 
from the optical centre. Right:  The resulting flux as a function of radius. We determine 
the H I diameter at D1.82 and DHI (see text). The bars indicate the r.m.s, of the flux 
in each ring; a measure of the patchiness of the H I 

The flux as a function of radius is determined by averaging the total  flux in 
inclination corrected 10" thick concentric rings. In order to facilitate compar-  
ison with literature, we determine the diameter  of the H I face-on flux density 
isophotes at two levels: D1.82 (corresponding to 1.82•176 atoms cm -2,  100 K 
k m / s  or 1.44 M| pc-2), and DHI (1 M o pc-2). The results are given in Table 3. 
The error est imate of the listed H I isophote diameter is an assessment of the 
uncertainty associated with the patchiness of the HI  distribution (Fig. 4). D(0), 
as listed in RC3, is the optical diameter of the face-on-corrected 25 mB arcsec -2 
isophote along the major  axis, compensated for extinction. The average diame- 
ter ratios Dls~/D(O) and DHI/D(O) for the five galaxies investigated here, are 
1.1=t= 0.1 and 1 .2+ 0.1 respectively (1~ r.m.s.). Bosma (1981, hereafter Bos81) 
and B92 find Dl.s2/D(O)= 2.2=t= 1.1 and DHI/D(O) = 1.8 + 0.4 respectively, for 
samples of various types. This indicates compactness of the H I halo in the five 
galaxies discussed here, admit tedly a small sample. 
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T a b l e  3. Results 

Dl.s2 Dm Optical Diameter D(0) D~.s2/D(O) DHr/D(O) fSdv (Jy km s -~) 

NGC613 5.4'4-0.3' 5.8'4-0.3' 5.5'4-0.1'(1) 1.04-0.1 1.14-0.1 37.6(3) 
NGC13007.0'4-0.3' 7.5'4-0.3' 6.2'4-0.3'(1) 1.14-0.1 1.24-0.1 43.2(2) 
NGC13505.7'4-0.3' 6.0'4-0.3' 5.3'4-0.1'(1) 1.14-0.1 1.14-0.1 14.4(3) 
NGC 1365 12.3'4- 0.6' 12.7'=E 0.6 ' 11.2 '4- 0.1 ' (1) 1.14-0.1 1.14-0.1 161.5(2) 
NGC 2263 4.2'4- 0.2' 4.6'4- 0.2' 3.2'4- 0.1' (1) 1.34- 0.1 1.44- 0.1 18.8 (3) 

(1) de Vaucouleurs 
(2) JSrs/s and v. 
(3) This study 

et al. (1991) 
Moorsel (1995) 

For comparison, Bos81 provides a Dl.s2/D(O) of 1.9+0.9 for SA + SAB 
galaxies and 2.7+ 2.0 (1.9-4-0.7 disregarding NGC 3109) for SBs. B92 gives a 
Dm/D(O) of 1.9• for SA + SABs and 1.6• for SBs. Thus, Bos81 and 
B92 show no clear connection between diameter ratio and the presence of bars. 

Broe i l s  sample .  'Samplel '  in B92 consists of short aperture synthesis H I ob- 
servations of about 50 spiral galaxies of various types. Discerning which galaxies 
in the Broeils sample are isolated by applying the same criteria as in Sect. 2, 
indicates a spread in It I diameters in the presence of a companion (Fig. 5). 
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0 
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r ~ r g 

A v e r a g e =  1.72 

2 3 4 
D m / D ( O )  

DruiD(O) with companion 

Average= 1.97 
a=0.84 

2 3 4 
DHI/D(0) 

F i g .  5. The  Broeils sample divided into galaxies wi thout  and with detected compan-  
ions, respectively 
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5 C o n c l u s i o n s  

- Among the five barred spiral galaxies discussed here, only NGC 1365 features 
a strong decrease in rotational velocity at large radii. 

- The five investigated galaxies all have compact H I halos. A natural next 
step is to further investigate a possible connection between the H I halo in 
isolated spirals and the development of bars. 

- The extent of H I seems to be influenced by companions. We thus conclude 
that  companions are an important aspect of understanding the H I distribu- 
tion in galaxies. 
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Abstract. We perform two-dimensiona], time dependent, hydrodynamical simulations 
of the gas flow in a potential representing the barred spiral galaxy NGC 1365 using the 
FS2 code originally written by G.D. van Albada. We find good agreement between ob- 
servations and models, both concerning the morphology and the velocity field. Contrary 
to observations, the pure bar perturbed models cannot drive an inner arm across coro- 
tation. Models having both a bar and spiral perturbing potential reduce this problem, 
thus suggesting the existence of massive spiral arms in NGC 1365. 

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

1.1 Hydrodynamical  Simulations of  Barred Spiral Galaxies 

Several authors have explored the field of gas dynamics in barred systems using 
different approaches. One of the aims of these investigations was to compare the 
model gaseous response, due to some assumed underlying stellar gravitat ional  
field, with observed gas density distribution and kinematics of barred galaxies. 
The gas is known to respond in a highly non-linear way, and therefore should 
give clues to dynamical  parameters  like the mass distribution, existence and 
positions of principal resonances and thereby the pat tern speed. 

Sanders and Huntley (1976) came to the conclusion that  the natural  response 
of any differentially rotating gaseous disc to an oval-like perturbat ion in an ax- 
isymmetr ic  force field is to form a two-armed trailing spiral wave. The streamlines 
of the gas in their calculations are consistent with particle orbit theory in the 
epicyclic approximation far from resonances. 

Besides the gaseous spiral arms, one often observes in barred galaxies narrow 
offset dust lanes, si tuated at the leading edges of the bar (assuming trailing 
spiral arms). Prendergast  (1962, unpublished) suggested that  these features are 
due to shocks in the gas. Similar shocks show up quite naturally in gas dynamical  
calculations (e.g. Athanassoula 1992). 

Direct comparisons with the observed H I morphology and velocity fields have 
been done for e.g. NGC 1300 (England 1989), NGC 3359 (Ball 1992). In these 
simulations the observed bar was used to constrain the mass distribution of the 
perturbation.  Their major  drawback is that  they are not able to reproduce the 
observed spiral pat tern without adding an ad hoc oval component  to the model 
mass distribution in order to maintain the spiral response out to large radii. 
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Fig.  1. The total tt I column density map of NGC 1365 from JvM, with the CO 
(2-1) contours from Sandqvist et al. (1995) overlaid (left), together with the 
optical IIIa-J ESO 3.6 m prime focus plate of NGC 1365 (r ight) .  The line of 
nodes and the bar major axis are marked as the straight lines running through 
the centre 

1.2 T h e  G a l a x y  N G C  1365 

The high resolution VLA H I total column density map of NGC 1365 from JSrs~iter 
and van Moorsel (1995, hereafter JvM), together with the CO (2-1) contours 
from Sandqvist et al. (1995), and an optical image of NGC 1365 are reproduced 
in Fig. 1. The bar in NGC 1365 is strong, with prominent dust lanes running 
along its front edges. Both the optical and H I spiral arms are well developed and 
have a tendency to turn inwards at the outer edge of the galaxy. Their struc- 
ture appears at first look very symmetric. A closer look reveals multiple spiral 
arms and significant deviations from strict bisymmetry. The CO molecular gas 
is strongly concentrated to the nucleus and, further out, tends to be aligned with 
the dust lanes along the bar. 

The velocity field in the intermediate and outer regions of NGC 1365, is 
obtained from the It I observations, and in the bar region from optical long slit 
measurements (JSrs~ter et al. 1984; Lindblad et al. 1996, hereafter L96). The 
combined optical and H I velocity field is presented in Fig. 2. A mosaic image of 
NGC 1365 in the J-band is used to derive the gravitational potential of the bar 
and of the main spiral structure. 

The aim of the present paper is to compute the gas response to a model 
potential, obtained from a combination of a J-band image and the observed 
rotation curve of NGC 1365. Our goal is to let the input parameters for the 
calculations be determined as far as possible by observations. The observations 
will also serve as the data set with which the results of the computations will be 
compared. 
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Fig. 2. The observed H I and optical hybrid radial velocity field, after subtraction of 
the systemic velocity, V~y~ = +1630 km s -1. The contour interval is 20 km s -1 and the 
zero radial velocity is marked by the thick contour 

2 Input Potential 

2.1 R o t a t i o n  Curve  and  A x i s y m m e t r i c  P o t e n t i a l  

The H I rotat ion curve, derived by JvM, is the basis for our input rotat ion curve 
for the region 120" < R < 400". Thus the warp advocated by JvM has been 
taken into account and our models have been projected onto the sky using the 
variable warp orientation parameters,  PA]on(R) and i(R), as derived by JvM. 

In strongly non-axisymmetric  galaxies like NGC 1365 the azimuthally aver- 
aged observed rotation curve is not a good description of the underlying axisym- 
metric potential  in the bar region since the streaming is highly non-circular. By 
altering the numerical values for the model input rotat ion curve until the ob- 
served velocity and morphological constraints were met,  we obtained the final 
rotat ion curve. 

2 . 2  P e r t u r b i n g  Poten t ia l  

We will perform two different types of simulations: one where the perturbing 
potential  arises from the bar only, and one where we include a spiral component.  
We base the observed rotat ion curve on the axisymmetric  potential  as described 
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Fig. 3. The BM density contour map overlaid on the total column H I density map 

above, while using the observed J-band surface brightness to extract the per- 
turbing potential. Since there are two different origins for the potentials, we need 
to couple them in some way. 

To obtain this coupling we will assume that the observed axisymmetric 
Fourier component of the J-band surface brightness represents the axisymmetric 
mass distribution giving the rotation curve in the radial interval 120" < R < 
200 ". The mass to luminosity ratio, M/Lj, obtained this way defines the relative 
bar potential Abar = 1.0, which is kept as a variable parameter thus allowing for 
different M/Lj in the disc and the bar. 

3 R e s u l t s  

3.1 A B a r  -t- Disc  Mode l ;  B M  

We will here present what we consider to be a rather successful bar + disc model, 
hereafter BM. 

The model BM has a pattern speed of/2p = 20 km s - l kpc  -1 giving the main 
resonance radii Rmrt = 27", RcR ----- 145" = 1.21Rbar, and ROLR = 216". We 
have chosen a relative bar amplitude of Abar = 1.2, and the axisymmetric forces 
in the model are represented by the adopted rotation curve. 
O u t e r  A r m s  a n d  CR.  In Fig. 3 we see the gas response of BM, as a contour 
plot on the gray scale H I total column density map. The outer SW H I arm is 
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Fig.  4. The optical radial velocity field in the inner R < 100" of NGC 1365 (a), 
and the corresponding BM velocity field (b). The bar major  axis (PA=92 ~ and 
the galaxy minor axis (PA=130 ~ are marked by the straight lines. The thick 
contour corresponds to the zero velocity, and the contour interval is 20 km s -1 

well fitted by the model out to a radius of ,-~ 240 % The fit to the NE H I arm is 
of lesser quality, but still acceptable. Outside this radius the model arms bend 
inwards earlier than the H I arms. The discrepancy can be explained in terms 
of the warped disc, which makes the determination of the observed apparent 
rotation curve somewhat uncertain here, and also complicates the projection of 
a model to the same orientation as NGC 1365 (but see Sect. 3.3). 

The outer model arms form just outside CR, where the orbit orientation has 
become perpendicular to the bar major axis, and start to twist towards being 
parallel to the bar major axis when outside the OLR. This twisting is responsible 
for the orbit crowding outlining the outer arms in BM. 

I n n e r  A r m s  at  t h e  E n d  o f  t h e  Bar .  BM has inner trailing arms emanating 
from the ends of the bar at R ,-~ 110 % The radial position, along the bar major  
axis, for this arm feature does not depend noticeably on the pattern speed and 
bar potentiM amplitude, but  is sensitive to the adopted physical length of the 
bar. Increasing the bar length pushes the position of the arm outwards in the 
galaxy, i.e. the inner arms are directly associated with the ending of the bar. 

The inner H I arms basically show a ring or square structure approximately 
at the radius of model CR. This structure is reproduced to a large extent by 
BM. However, there is H I gas tracing the inner bright optical arms across CR in 
contradiction to the inner arms in model BM, where the arms tend to become 
parallel to the CR circle as it approaches CR. Thus, in our bar + disc models the 
observed behaviour cannot be reproduced. In order to drive a gaseous arm across 
CR we adopt a perturbing potential having both a bar and a spiral component.  
The results of this approach are discussed in Sect. 3.2. 
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The Bar Region and Offse t  G a s  Lanes .  The morphology in the bar region 
of NGC 1365 is dominated by the offset gas lanes situated on the leading side 
of the bar major  axis and by the CO concentration in the central region. The 
observed dust lanes in NGC 1365 are fairly well matched by the corresponding 
gas lanes of model BM. The model gas lanes require an ILR to be present, in 
good agreement with the results of Athanassoula (1992). 

The observed and BM radial velocity fields for R < 100" are shown in Fig. 4. 
Outside R ~ 10 ", the observed contours are consistent with motion along twisted 
elliptical orbits, inclined with respect to the bar major  axis, as found in BM. The 
observed zero contour follows the bar major  axis out to -~ 50 ", again consistent 
with the streaming in BM. Outside R ,,~ 50"  the BM model orbits become 
increasingly more circular when approaching the projected bar end at ,-- 90 ~, 
which is reflected by the zero velocity contour approaching the minor axis of the 
galaxy. This trend is clearly seen in the observed velocity field. 

3.2 A Bar -t- Disc A- Spiral Model; BSM 

The J -band  image shows that  the bright star forming optical arms are super- 
posed on stellar density enhancements. This is in agreement with the conclusions 
of Elmegreen and Elmegreen (1985) from their sample of 16 barred galaxies. In 
order to investigate the effects of an additional spiral perturbing potential  we 
extract  a representative spiral potential  from the J -band  image, and compute a 
new set of models containing both a bar and a spiral potential.  

The main parameter  values for the best fit bar + disc + spiral model (here- 
after BSM) are: ~2p = 18 km s - l k p c  -1,  Abar = 1.2 and Aspiral = 0.3. The 
rotat ion curve is the same as for model BM. 

A value of Aspiral = 0.3 means that  the M/Lj ratio for the spiral luminosity is 
30% of the M/Lj ratio for the b a r ,  and the pat tern speed ~2p = 18 km s - l k p c  -1 
gives the main resonance radii at RmR = 30",  RcR = 157" = 1.31Rb~r and 

ROLR = 232". 
The gas response of BSM is presented in Fig. 5 as a contour plot, overlaid 

on the gray scale H I total  column density map.  
The problem of driving the inner spiral arm across CR is reduced when 

including the spiral component.  In BSM the inner a rm follows the observed 
H I and optical arms out to approximately R -- 190", thus across model CR 
at R -- 157", and then turns towards being parallel to the outer main arm. 
This turning of the model arm is not consistent with observations, where the 
optical bright a rm joins the main HI  arm at R ,,~ 250 ". The reason for this 
discrepancy could be that  our surface density Fourier components are truncated 
at R ,,~ 200 ", which is the limit of our J -band  image. 

3.3 Model  Using a Modified Rotat ion  Curve; BSM2 

There is one region where the fit of models BM and BSM to the H I density is 
not satisfactory and that  is the outermost  part ,  R > 240".  This could have been 
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Fig. 5. The BSM density contour map overlaid on the total column H I density map 

expected since both part  of our data  and our numerical code are not adequate 
for that  region. Our code is planar and two-dimensional, while NGC 1365 seems 
to have a sizeable warp in its outer parts,  which also affects the derivation of 
the rotat ion curve. To check what effect a small change in the rotat ion curve 
could have on the model, we ran some models with a somewhat  less abrupt  fall 
of the rotat ion curve thereby lowering the effect of the warp. Figure 6 shows the 
density response for a model fairly similar to BSM, hereafter BSM2, overlaid on 
the H I density gray scale plot. The rotation curve has been raised by less than 
10 km s -1 (i.e. within the observational uncertainties) in the region between 
220,1 < R < 3401,. One can see a very substantial  improvement  of the fit of the 
outer southern arm in the outer parts,  proving that  such a fit is indeed possible. 
It  is thus possible to obtain a satisfactory fit of the outer a rm using only the bar 
and spiral forcing rotating at the same pat tern speed. 

4 Conclusions 

We show tha t  the density and velocity structure of NGC 1365 may  be reproduced 
on most  scales with a rather simple model. The bar potential  shape, and the 
rotat ion curve outside R > 120'1, have values directly from observations. In 
the inner region R < 120 ii we use a rotation curve that  is consistent with the 
observed optical slit velocities to the first order, when the perturbat ions of the 
bar have been taken into account. The pat tern  speed has a value in BM and 
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Fig. 6. The BSM2 density contour map overlaid on the total column H I density map 

BSM that  puts CR at a radius 1.21Rb~r < RcR < 1.31Rb~r, where Rbar = 120" 
is the optical semi major axis of the bar. This is in agreement with the value 
R c a  = (1.2 + 0.2)Rbar found by Athanassoula (1992). The spiral potential in the 
models has the same spatial location and spatial shape as that  of the observed 
bright optical arms in the J-band image. The better fit achieved with BSM 
compared to BM suggests the presence of massive spiral arms in NGC 1365. 
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Abs t rac t .  Today we have numerous pieces of evidence suggesting that galaxies evolve 
dynamically along the ttubble sequence through various processes, sometimes over 
much shorter periods than the standard galaxy age of 10 - 15 Gyr. Linking this to the 
known mass components provides new indications on the nature of the galaxy dark 
matter. Bounds on the amount of dark stars can be given along the spiral sequence, 
and the existence of large quantities of yet undetected dark gas appears as the most 
natural option. The recent recognition of the fractal structure of the cold interstellar 
gas turns out to provide not only a possible solution why much gas can be very cold 
and clumpy down to very small scales, so hard to detect, but also points toward the 
generally ignored but fundamental problem of applying statistical mechanics concepts 
to systems with long range interactions. 

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

Until recent years the concepts prevailing in understanding galaxy evolution have 
been largely dominated by the ELS scenario (Eggen, Lynden-Bell and Sandage 
1962). This scenario favors a nearly synchronous and rapid (~  100 Myr) forma- 
tion of the galaxies at a particular early time in the universal expansion. As a 
consequence, the galaxy properties of today, such as their typical scale and mass, 
must depend directly on the initial conditions fixed by the physical state of the 
Universe at the "galaxy formation epoch". 

In this context the only subsequent significant evolution in galaxies to be 
discussed was then the slow changes in the stellar populations. The 2-body re- 
laxation was the only dynamical evolution process to consider, but was known 
as much too slow to be relevant in galactic systems. Hence dynamical processes 
could be ignored. 

Since then major progresses of direct relevance, in observations as well as 
in theory, occurred, which resulted in a gradual shift in the meaning of galaxy 
evolution. It suffices to recall that  basically all the advances in non-linear dynam- 
ics, including the recognition of the fundamental r61e of chaos, have been made 
since, and computer simulations of galaxies had then just begun, in particular 
the pioneer simulations of P.O. Lindblad (1960). 

Today, the ELS scenario is no longer tenable as such for several reasons ex- 
plained below, even though this is still not perceived so in many fields loosely 
connected with stellar and galactic dynamics. This comes partly from the ELS 
scenario itself which led people believing that  after the "galaxy formation epoch" 
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dynamics could be safely ignored. Galactic dynamics remained perhaps under- 
developed, and instead much more efforts were invested in understanding the 
stages preceding the hypothetic brief "galaxy formation epoch". 

A disagreement between the ELS scenario and more recent works appears 
in simulations of the Universe at several 100 Mpc scale (see e.g. White 1994). 
In such simulations nothing like homogeneous collapses do occur, instead hier- 
archical clustering proceeds at all the computable scales with different speeds. 
This implies that galaxies, exactly as stars, form in different regions of the sky 
asynchronously. The formation process covers several dex of time-scales, so not 
only the free-fall time, but merging and later infall epochs belong to it. For many 
galaxies the formation/evolution should be considered as not terminated even 
now. The galaxy age looses its original meaning because the aging, traced by 
various observables, may occur at widely different speeds. 

A central aspect not considered in the ELS picture is the likely coupling 
of dynamics with star formation and stellar activity. In recent years the large 
far-infrared emission of spirals, which is even largely dominating the light in 
starburst galaxies, was still found substantial particularly over the "late" part of 
the spiral sequence. The far-infrared emission, which comes mostly from UV and 
visible stellar light absorbed and recycled in the FIR by dust, is consistent with 
the also recent recognition of the partial opacity of the optical region of spirals 
(e.g. Davis et al. 1993). It turns out that the total stellar power is comparable 
to the power that dynamics can exchange (Pfenniger 1991b). 

The coupling of star formation and dynamics via a feed-back mechanism in 
the disk has been discussed several times (Quirk 1972; Kennicutt 1989). The 
interesting aspect of this coupling is that the systematic global properties of 
galaxies are then no longer necessarily linked to the initial conditions of forma- 
tion. As for stars, the galaxy properties are then more directly dependent on 
their internal small scale physics, i.e. star formation and ISM physics. This may 
solve the old problem of the absence of galactic scale structure at the radiation- 
matter decoupling epoch. The galactic scale would result mainly from the proper 
balancing of star formation effects and dynamics during the active star formation 
phases. 

The Hubble sequence represents most probably an incomplete sample. In par- 
ticular many low surface brightness galaxies may well be missed (e.g. Bothun et 
al. 1990). However, within several tens of Mpc much of the galaxy mass should 
be detected once stars shine, since the stellar giant population is directly de- 
tectable for several Gyr. Thus, whenever fast morphological changes do occur to 
normal galaxies, they imply mostly changes of type within ~he Hubble sequence. 

The general properties of the Hubble sequence have been progressively ac- 
cumulated (e.g. de Vaucouleurs 1959; Broeils 1992; Roberts and Haynes 1994; 
Zaritsky et al. 1994), and are well known by now. In order to extract useful 
information from this "zoo", we must consider only the most general proper- 
ties, keeping in mind that galaxies form a variety of objects with different ages 
and aging speeds. For example mergers certainly cause morphological changes 
at speeds which depend on the fortuitous strength of the interactions. 
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In isolated gravitating systems the scale should not matter. Yet, the total 
galaxy mass is in average increasing by a factor 100 from Sm to Sa, with large 
fluctuations. On the other hand, during hierarchical clustering (see e.g. White 
1994) the initial large fluctuations condense faster than the small ones. So the 
mass trend is more indicative about the history of clustering than about the 
specific evolution of isolated galaxies. Because of the large mass fluctuations for 
a given type, to understand the evolution of galaxy types irrespective of the total 
mass, one should therefore consider quantities relative to the mass. 

The following list summarizes the main trends and scale-independent prop- 
erties along the spiral sequence from Sm to Sa, that are useful for the discussion. 

Specific kinetic energy /z  
Bulge-disk ratio / z  
Symmetry /2 
Detected gas ",~ 

Dark matter  "N 
Metallicity /2 

Vm~x ~ 70 ~ 300 km s-1 
Lsph/ Ltot .,~ 0 --* 0.6 

MHI+HJMtot ~ 0.10 --* 0.07 
MHI+H2/Mstars ~r 1.4 ~ 0.1 
Mdark/Mlum ~ 10 ---* 1 
12 + log(O/H) ~ 8.3 -0 9 

2 S e n s e  o f  E v o l u t i o n  f r o m  I r r e v e r s i b l e  P r o c e s s e s  

In fact, already a systematic sense of the evolution is clear by making a list of 
the major irreversible processes known in spirals. Each of them gives a possible 
criterion and a sense of aging. 

1) The energy dissipation in gravitating systems is measured by the present 
amount of kinetic energy, which equals the minimum energy the system had to 
release in order to reach the present bounded state. In spirals the rotation speed 
is an excellent indicator of the dissipated energy since the rotation curves vary 
slowly with radius. Because disks are systems having lost a maximum of energy 
while conserving angular momentum, further energy dissipation necessarily im- 
plies dissipation of angular momentum, which is best achieved by some mass 
transport and breaking of axisymmetry. Bars and spiral arms are just a mani- 
festation of this necessity. The energy factor already indicates clearly that  the 
Sa side of the spiral sequence is energetically more evolved than the Sm side. 

2) Building a central bulge or spheroid from the heating of the disk, by 
whatever process (as reviewed in next Sect.), is also an irreversible process, 
because once stars initially in a disk are heated up, there is no way to cool them 
back toward circular orbits. Thus from the stellar dynamical point of view Sa 
galaxies with big bulges are more evolved than bulgeless Sm galaxies. 

3) Overall if galaxian shapes are some form of attractor, the degree of orga- 
nization and symmetry toward these shapes is a sign of evolution. Clearly the 
spiral sequence looks increasingly organized and regular in the sense Sm to Sa, 
which is also the sense in which the spiral pitch angle decreases. 

4) The transformation of gas into stars in cold clouds is mainly an irreversible 
process, since star formation locks most of the mass in stars for time-scales longer 
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than the galaxy ages. So the ratio of star to gas is a tracer of evolution, and Sa's 
are thus more evolved in this respect than Sm's. In this context, it is remarkable 
that  the dark matter  fraction varies systematically along the spiral sequence, 
decreasing to non-problematic values on the Sa side. 

5) Obviously related to the previous criterion, the nucleosynthesis within 
stars is also irreversible, the more metal rich and dusty galaxies have a longer 
history through the internal activity of their stars. Sa's are more enriched than 
Sm's, which again indicates a sense of evolution. 

In summary, the only consistent sense of aging along the spiral sequence 
is from Sm to SO. This is consistent with the hierarchical clustering scenario 
in which massive lumps collapse faster than light ones, explaining why Sa's 
are simultaneously more massive and more evolved than Sd's. The important 
consequence is that  proto-galaxies would then be mostly bulgeless gas rich disks 
like Sm-Sd's, or even pure gas disks, instead of the galaxies with a bright initial 
bulge as envisioned in the ELS scenario. 

3 E v o l u t i o n  f r o m  D y n a m i c s  a n d  O b s e r v a t i o n s  

Contemporary to the ELS scenario, Safronov (1960) and Toomre (1964) realized 
the unexpected fact that  gaseous and stellar disks with too close to circular mo- 
tion are gravitationally unstable with respect to radial perturbations. So energy 
dissipation with angular momentum conservation brings first collapsing gravi- 
tating systems toward disk shapes with an increasing fraction of kinetic energy 
in rotational motion. But subsequent dissipation brings disks ineluctably toward 
a global instability. In brief, a reason had been found that  disk galaxies may be 
dynamically unstable, and so may evolve with dynamical time-scales. 

Shortly hereafter computer simulations of stellar disks (e.g. Miller and Pren- 
dergast 1968; Hohl and Hockney 1969) made it possible to simulate the non- 
linear phase of disk instability. They showed a systematic tendency to produce 
a robust bar. These results illustrated an example of major and fast morphology 
change (within a couple of rotational periods) of galaxy type from non-barred 
to barred 1 . 

The other significant proposition in the 70's came from Toomre and Toomre 
(1972) in which ellipticals may result from the merging of spirals or other el- 
lipticals. Another case of a major and fast change of galaxian morphology was 
put forward. Despite much resistance this scenario appears today as the most 
natural way of forming ellipticals, although it is not necessarily the only one. 
In fact, the more a galaxy is violently shaken, for whatever reason, the more it 
ends up like an elliptical. 

In the 80's the bar phenomenon was investigated in more depth. From obser- 
vational material, Kormendy (1982) pushed forward the idea of secular evolution 

1 Incidentally, the emergence of the still alive idea of hot and round dark matter halos 
to prevent the formation of bars appears today to have started on a pseudo-problem: 
already then, but even more later, it was known that most spirals are barred. 
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in barred galaxies. The reason why bars do exist in the first place was understood 
by studies of their periodic orbits in the plane (Contopoulos 1980; Athanassoula 
et al. 1983) and in 3D (Pfenniger 1984). It was discovered that bars may evolve 
into boxy bulges via vertical resonances boosting bending instabilities transverse 
to the plane (Combes and Sanders 1981; Combes et al. 1990; Raha et al. 1990). 
It became also clear that chaotic orbits are playing an important role in bars 
(Pfenniger 1984, 1985). Later it was understood how the accretion of only a 
few percents of mass within the Inner Lindblad Resonance (ILR), either by dis- 
sipation of gas (Hasan and Norman 1990; Pfenniger and Norman 1990) or by 
dynamical friction of galaxy satellites (Pfenniger 1991a), may rapidly destroy a 
bar into a spheroidal component of similar size. This led to an increased con- 
fidence that many of the complex non-linear events and morphologies observed 
in galaxies, as well as in N-body simulations, can be interpreted, and even pre- 
dicted, via the knowledge of the underlying periodic orbits (Pfenniger and Friedli 
1991). These studies of bars showed that even isolated galaxies must also be seen 
as dynamical evolving structures, with possible short evolution phases. 

In recent years more work has completed the above picture. Secondary bars 
(Friedli and Martinet 1993), gaseous and star formation effects (e.g. Friedli and 
Benz 1993, 1995), interactions with external galaxies and mergers (e.g. Barnes 
1992) continue to be investigated. In any case, these additional complications 
make it even harder to freeze galaxy morphologies beyond a few Gyr. The obvious 
requirement is then to understand the time-sequence of galaxy morphologies. 

Independently of dynamics, several observational results strongly indicate 
rapid galaxy evolution, either secularly or by bursts: 

1) An often quoted alternative scenario to ELS is the one of Searle and 
Zinn (1978). From halo stellar cluster abundances these authors arrived to the 
conclusion that the Milky Way stars did form inside-out over several Gyr. 

2) In galaxy clusters the Butcher-Oemler (1978) effect (Rakos and Shombert 
1995) shows that galaxies are increasingly bluer at higher redshifts. Furthermore, 
the morphology-radius relationship (Dressier 1980; Whitmore 1993) shows that 
the majority of galaxies at the cluster periphery are spirals, as in the field, 
but these are replaced by lenticular and then ellipticals at smaller radii. To 
a dynamicist this relationship means that spirals do not survive one or a few 
center crossings, because galaxies must move within a cluster, and on rather 
elongated orbits. If correct, this relationship reveals directly the spiral morpho- 
logical evolution caused by environmental disturbances. Either spirals end in 
part as ellipticals, and/or they are largely dissolved and contribute to the hot 
cluster gas and its metallicity. Studies of compact groups and mergers also show 
that interactions boost internal evolution (e.g. Mendes de Olievera and Hickson 
1994). 

3) Finally, the high resolution images of the Space Telescope show directly 
the galaxy morphologies at high redshifts (Dressier et al. 1994). Several Gyr in 
the past galaxies were more frequently irregular and disk-like than bulge-like, 
contrary to expectations from the ELS scenario. 
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Fig. 1. Composition diagram along the spiral sequence. The thick line separates the 
detected matter from the dark matter. Here the dark stellar-like objects (DS) are 
assumed to be proportional to the stars. The arrows indicate that the DS mass is an 
upper limit and the dark gas a lower limit 

4 C o n s t r a i n t s  f r o m  a n  E v o l u t i v e  S p i r a l  S e q u e n c e  

If we take the published da ta  about  the ratios of the different known mat t e r  
forms along the spiral sequence (e.g. Broeils 1992 for the stars and H I; Young 
and Knezek 1989 for H2 derived from CO emission), we can solve for the mass 
fraction of each component: stars, H I, H2 from CO, and the rest - dark ma t t e r  
(for more detail, see Pfenniger 1996). We obtain the composition diagram of the 
spiral sequence shown in Fig. 1. 

Now, if spirals do evolve along the sequence from Sm to SO, then several con- 
straints follow (Pfenniger et al. 1994). We must  consider that  stars or jupiters  are 
made f rom the gas and lock most  of it for >> 5 - 10 Gyr, and that  for dynamical  
reasons little accretion (less than a few % in mass) can occur transversally to a 
stellar disk without heating it to too high values (T6th and Ostriker 1992) ~. 

Most of the usual dark mat te r  candidates such as CDM particles, neutri- 
nos, jupiters, brown dwarfs, and black-holes, are inconsistent with the spiral 
sequence properties including dynamical  evolution, mainly because the transfor- 
mat ion  of galaxies by dynamical  evolution from one Hubble type to the next 
(including the changes of stars and dark mat te r  fraction) can be fortuitous and 
sporadic. Particularly during mergers, sensible t ransformation processes of the 
above mentioned dark mat te r  candidates should remain unrelated to large-scale 
dynamical  changes. For example it would appear ad-hoc tha t  decaying neutrinos 

2 But gas accretion is more acceptable at the disk periphery since angular momentum 
can be absorbed there, fitting with the generally warped H I disks. However, if any 
later massive ax:cretion would occur in the outer disks during evolution, then the mass 
fraction in the outer disks would increase from Sm to SO, contrary to observations: 
the rotation curves change from raising to declining when proceeding from Sm to SO 
(e.g. Broeils 1992). 
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(Sciama 1990) would adapt their decay rate to the fast transformation implied 
by a merger, or that  mergers would be able to evaporate selectively collisionless 
particles, preferentially the dark ones. 

But since the star fraction increases from Sm to Sa in a proportion exceeding 
the detected gas content, everything happens as if dark matter  is transformed 
into stars, i.e. a substantial fraction of dark matter  should be dark gas. We 
have explained elsewhere (Pfenniger and Combes 1994) the many reasons why 
today we can consider this conservative candidate, for long totally neglected, 
as worth to be more investigated. As summarized in next Sect., we extrapolate 
towards small scale (,,~ 100 AU) and colder (,,- 3 K) temperature the observed 
fractal structure of molecular clouds in the optical disks, and apply this to outer 
H I disks. 

Others did also arrive to the conclusion that  much more gas should exist in 
spirals. Toomre (1981) argued that  the cold dynamics and chaotic structure of 
Sc's require much more gas than observed to maintain their structure. Also, just 
to sustain the present star formation rates over several Gyr, Sc's require much 
more gas (Larson et al. 1980). This is the "gas consumption problem". 

However, not all the dark matter in spirals is necessarily dark gas. Just 
the fact that  S0's and ellipticals are dynamically evolved systems, apparently 
at the end of the gas-to-star transformation process, with about 40% of dark 
matter  rather hints toward the presence of non-gaseous components such as 
white dwarfs, brown dwarfs or jupiters, called dark stars (DS). Another per- 
fectly plausible "candidate" can be simply an increasing fraction of dust toward 
earlier types, increasing the mass-to-light ratio of the optical disks. Anyway, if 
we assume that  a special population of DS pre-exists a galaxy (the same rSle 
would be played by CDM particles), its maximal fraction is determined by the 
final SO stage. Before the final stage the difference must be gas to make future 
stars. If instead we assume that  DS's or dust form proportional to the stars as 
galaxies evolve, the fraction of dark gas needed to form these DS's or normal 
stars hidden by dust is correspondingly increased. For the Milky Way (an SBbc) 
the fraction of DS's or obscured stars would be at most 40% in the first case, and 
at most 20% in the second case (see Fig. 1). The second case is more compatible 
with the present loose constraints from the micro-lensing experiments toward 
the LMC. 

5 N a t u r e  o f  t h e  I n t e r s t e l l a r  G a s  

So, do we understand the interstellar gas at all? Actually the theory of the 
interstellar gas is still in a very primitive shape; it was known long ago that  the 
typical state of the interstellar gas is fundamentally inhomogeneous in density 
and temperature. Supersonic turbulence is the rule, a poorly understood state. 

In the recent years observations have shown that  the interstellar gas is better 
described with fractal geometry. Molecular clouds display a fractal structure 
over at least 4 dex, from 0.01 pc up to ,-, 100 pc (Scalo 1985; Falgarone et 
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al. 1991). This is very different from the classical description of the gas with 
a mass spectrum of fiducial homogeneous clouds ( d N / d M  ,,. M -1 7  as for a 
stellar population). In molecular clouds clumps are made of N sub-clumps, and 
so on, with N observed to be ,~ 5 -  10. Unlike the classical view, the spatial 
positions of the clumps at a given scale are then correlated, not random; clumps 
are fragmented in smaller, denser, and colder sub-clumps. 

Gravity is estimated to be important  throughout the scales of the observed 
fractal. Anyway, when stars form gravity is important  also at much smaller scale. 
In some cases, such as in the nearest planetary nebula (Helix), cold and dense 
"cometary globules" as small as the solar system are directly resolved (Meaburn 
1992); this shows that  ~< 5 K clumps that  small can exist. Then the Larson (1981) 
size-line-width relation (~r or r ~176  in molecular clouds allows us to derive the 
fractal dimension D of the mass distribution (M(r)  or rD): D ~ 1.6 - 2.0. 

A fractal dimension below 2 has major implications for interpreting obser- 
vations with devices having a restricted dynamical range of measurable column 
density (typically < 2 - 3 dex, Scalo 1990). Such instruments are likely to be 
blind to the higher density and colder material covering only a tiny fraction 
of the sky. In a physical fractal with D < 2 the projection properties depend 
directly on the smallest scale at which the fractal behavior stops. 

By extrapolating the observed properties of the fractal cold gas down to the 
coldest admissible temperature around 3 K, the smallest scale at which gas can 
gravitationally fragment is of the order of the solar system size. Since there is 
no reason why the observed clumpiness in nearby molecular clouds should not 
be universal, we consider it reasonable to assume that  outer H I disks may be 
also just  the warm "atmosphere" of a colder and massive molecular component 
at the bot tom scale of a fractal distribution. This solution fits well the known 
proportionality of H I and dark matter  in spirals. 

Indeed, the reason we are able to observe molecular clouds in CO is that  they 
lie in the optical disks where stars have enriched the ISM. In contrast, outside 
the optical disks, the quasi-absence of CO emission in H I disks does not imply 
the absence of H2, while the widespread presence of rapidly cooling HI in low 
excitation regions ask for a general explanation for their mere survival over many 
Gyr. 

Broadly, the fractal interstellar gas looks like a system in a phase transition 
with long range correlations. Phase transitions are states for which thermody- 
namical principles fail. Thermodynamicists  (e.g. Jaynes 1957) are well aware 
that  systems dominated by gravity (i.e. systems that  are Jeans unstable) are 
incompatible with the axioms of thermodynamics. Long-range interactions pre- 
vent energy to be extensive (proportional to the volume), a basic hypothesis in 
statistical physics. Oddly, this fundamental restriction is mostly ignored by as- 
trophysicists. When thermodynamic concepts are applied to gravitating systems, 
paradoxes, such as negative specific heats, immediately occur (Lynden-Bell and 
Lynden-Bell 1977). Strictly, such a concept as fundamental as the temperature  
can not be used, since it is undefined. Further, hydrodynamics in galaxies is also 
on shaky foundations because hydrodynamical equations require not only differ- 
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entiable flows, so no fractal distributions, but also that the higher moments of 
Boltzmann's equation must be closed with an equation of state, which remains 
undefined if the proper gas statistical physics is yet unknown. The purpose of 
these remarks is to point out the present huge ignorance about cosmic gas in 
every situation where gravity dominates the interactions and no local thermal 
equilibrium (LTE) is established (gravitating optically thin media). 

6 Conclusions 

Galactic dynamics, and in particular the study of bars, forces us to see disk 
galaxies as evolving structures, with possible short time-scales. Taking into ac- 
count today's observational and theoretical constraints, the only possible sense 
of evolution is from Sm to SO. During galaxy evolution everything happens as if 
dark matter in galaxies is transformed into stars, that is, dark gas is required. 

A possible solution to the dark matter problem in galaxies is that gas in outer 
disks clumps along a fractal structure down to solar system sizes. The smallest 
clumps are then very dense and cold which makes them presently hard to detect. 
A sizable amount of dark or obscured stars can also be argued just from the fact 
that evolved galaxies (Sa-S0's) still contain about 40% of dark matter. 

Further understanding about galaxies, such as the conditions of star forma- 
tion, requires a better characterization of the fractality of the cold gas. Obviously, 
such advances would also have deep consequences for cosmology. Unfortunately 
the extent of our ignorance about the fundamental statistical processes active 
in gravitating gases has been and still is insufficiently appreciated. I hope to 
complete soon a work bringing some insight into this problem. 
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Rings,  Lenses, Nuclear Bars: the Fundamental  
Role  of  Gas 

Francoise Combes 

DEMIRM, Observatoire de Paris, 61 Av. de l'Observatoire, F-75014 Paris, France 

Abs t rac t .  Spiral galaxies evolve through angular momentum transfer from the center 
to outer parts; stars are participating to this evolution but quickly heat up through 
gravitational instability to reach a hot quasi steady-state in the absence of gas. The 
latter is then the motor of evolution, and is at the origin of the formation of secondary 
structures, as rings, lenses or bars within bars. The evolution can be self-regulated, 
since too much gas concentration weakens the bar, and star-formation locks the gas 
in the disk, slowing the gas inflow to the nucleus. We show how fast-rotating nuclear 
features can halt the evolution during a short time. 

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

That  the gas is fundamental for the evolution and morphology of spiral galaxies 
is quite obvious in observations. As soon as a spiral galaxy becomes deficient 
in gas, it also becomes smooth and featureless, like a lenticular. Even in a very 
small amount,  a few percent of the total mass, the gas component is necessary to 
maintain the spiral structure (e.g. Sellwood and Carlberg 1984; Toomre 1990). 
For the latter to be constantly renewed and to explain the frequency of observed 
spirals, a disk has to be considered still growing at the present epoch through 
gas accretion. Secondary structures, as rings and nuclear bars are observed in 
gaseous spiral galaxies (e.g. Buta 1986, 1992); rings are the sites of enhanced 
star-formation, they are conspicuous by their blue colours (Buta and Crocker 
1991, 1993). 

While the gravitational instabilities of a purely stellar disk have been widely 
studied, mainly through simulations, and begin to be well understood, the situ- 
ation is much more open for a self-gravitating disk composed of stars and gas. 
Even when a stellar disk is stabilized against axisymmetric instabilities (Toomre 
criterion, 1964), it can be the site of spiral and bar instability (e.g. Sellwood 
and Wilkinson 1993), together with z-instabilities (e.g. Combes et al. 1990a). 
These heat considerably the stellar disk, that  can then no longer sustain spiral 
structure. Instabilities can be suppressed by reducing the effective self-gravity 
of the stellar disk, either through the addition of a hot bulge or halo (Ostriker 
and Peebles 1973), or through disk heating, i.e. increasing the velocity dispersion 
(Athanassoula and Sellwood 1986). 

The behaviour of a self-gravitating disk of both stars and gas, even if the 
latter represents only a small fraction of the total mass, presents much more 
variety and complexity. Due to the dissipation, the gaseous component remains 
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cool, and evacuates the heating due to the gravitational instabilities: spiral struc- 
ture can then be continuously renewed (e.g. Sellwood and Carlberg 1984), even 
in the stellar disk. Criteria for stability are more complex, the gravitational 
coupling between gas and stars making the ensemble unstable, even when each 
component would have been separately stable (e.g. Jog and Solomon 1984; Bertin 
and Romeo 1988; Elmegreen 1994). Gravity torques exerted on the gas produce 
strong radial flows, and gas can accumulate at Lindblad resonances and form 
several rings (e.g. Schwarz 1981; Combes 1988). The strong gas concentration in 
the nucleus can destroy stellar bars (Friedli and Benz 1993), after having some- 
times triggered a nuclear bar within the main one (Friedli and Martinet 1993). 
This bar destruction can be explained by an increase of chaotic orbits in the 
stellar bar (Hasan and Norman 1990). The copious inflow of gas into the nuclear 
region may be one of the main sources of nuclear activity in galaxies (Phinney 
1994). 

When the gas possesses too much self-gravity, however, it forms lumps through 
Jeans instability, and the lumpiness of the gas can scatter the stars, randomize 
their motions, and prevent any bar formation (Shlosman and Noguchi 1993). 
While the gas is triggering bar instability when it represents only a few percent 
of the total mass, it can play the inverse role when its mass is above ~ 10%. 

Galaxy evolution is therefore a complex problem, involving many interact- 
ing physical components: collisionless stars, dense clouds, diffuse gas. The total 
system is governed by self-gravity, dissipation, phase transitions between the 
various components: dense clouds heated in diffuse gas, or star-formation lock- 
ing up the dissipative component, and re-injecting energy in the medium. Along 
the evolution, matter  tends to concentrate towards the center, after the angular 
momentum has been transported outwards. This is done essentially through spi- 
ral waves developing in the disk, since viscous torques are inefficient. We show 
here how the gas component has a fundamental role in this transport, essentially 
because it is a cold component, very sensitive to spiral waves. Unfortunately, the 
detailed physics of the insterstellar medium is not yet well known, and there are 
many reasons to suspect that the galaxy evolution depends significantly on the 
gas behaviour. 

Observations show that the gas component is a multi-phase medium, span- 
ning a wide range of densities and temperatures. To drastically simplify, we 
can consider two distinct forms - dense, cold and clumpy molecular clouds and 
warm diffuse gas - with different spatial distribution but having comparable 
total masses. The two aspects of the gas component have been studied in the 
literature: ensembles of interstellar clouds that  undergo collisions, but do not 
behave as a fluid (Schwarz 1981, 1984; Roberts and Hausman 1984; Combes and 
Gerin 1985). The collisions take place mainly along spiral arms. This method de- 
scribes essentially the molecular gas component. The response of the diffuse gas 
in barred potentials was also explored (Ituntley et al 1978; Roberts et al. 1979; 
Sanders and Tubbs 1980; van Albada and Sanders 1982; Prendergast 1983; van 
Albada 1983; Contopoulos et al. 1989; Athanassoula 1992). In these calculations 
the gas was considered as a fluid, submitted to pressure forces, and undergoing 
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shocks. In most cases, the gas self-gravity was not considered. Already in these 
two kinds of work, results appear to be very different: resonant rings are easily 
formed in the first point of view (dense gas clouds), while thin shocks along the 
bar can form only in the diffuse gas. 

In this review, we first describe how the angular momentum can be transfered 
in a disk galaxy, then compute quantitatively the efficiency of the phenomenon, 
through an efficient "gravitational viscosity". It is shown that  viscous torques 
are negligible at a galactic scale with respect to gravity torques. Gas inflow 
towards the center helps the formation of lenses through bar weakening, and we 
show that  this is a self-regulating process. Also the formation of nuclear bars or 
nuclear waves (m = 1 or m = 2) can halt for some dynamical times the rapid 
gas inflow. 

2 A n g u l a r  M o m e n t u m  Transfer 

This is the basis of the secular evolution, we will describe the relevant phenomena 
successively in the stellar and gas components. 

2.1 S t e l l a r  C o m p o n e n t  

In a pioneering paper, Lynden-Bell and Kalnajs (1972) have shown how spiral 
waves can carry angular momentum (A.M.), and that  only trailing spirals can 
carry it outwards, which explains the predominance of trailing waves in observa- 
tions. For a steady wave, stars can exchange angular momentum at resonances 
only: they emit A.M. at inner Lindblad resonance, while they absorb at corota- 
tion and outer resonance. They also show that,  while stars do not gain or lose 
angular momentum on average away from resonances, they are able however to 
transport  angular momentum as lorries in their orbiting around the galactic cen- 
ter. When they are at large radii, they gain A.M., while they lose some at small 
radii: even if the net balance is zero, they carry A.M. radially, and the sense 
of this lorry transport  is opposite to that  of the spiral wave. This phenomenon 
can then damp the wave, if the amplitude is strong enough. Lynden-Bell and 
Kalnajs (1972) noticed that this damping phenomenon became negligible for 
small wavelengths, i.e. when kr >> 1. 

This A.M. transport  has been investigated recently by Zhang (1996), who 
puts forward another point of view: due to the phase-shift between the stellar 
density and the potential of the spiral wave, gravity torques are exerted by the 
wave on the basic state stars, and stars gain or lose angular momentum, even 
away from resonances. This is the consequence of a kind of dissipational pro- 
cess, corresponding to small-angle seatterings of neighboring stars in the spiral 
arm. This process transforms ordered motions into disordered ones (resulting 
in increased velocity dispersion, or large epicycle amplitudes), and when collec- 
tive effects are taken into account, secular modifications of the stellar orbits can 
result: they can lose energy and angular momentum inside corotation. 
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This might appear incompatible with a quasi-steady wave, since in the coro- 
tating frame, the Jacobi integral is conserved. However in the presence of a collec- 
tive dissipation process induced by the spiral potential/density phase-shift, this 
conservation law, which is derived for the non-self-consistent orbital response in 
an applied spiral potential, is found to be violated in the N-body simulations. 
Zhang (1996) has shown that the stellar density azimuthal profile steepens with 
time during the initial wave growth process, indicating the presence of large-scale 
gravitational shocks, which is likely to be the underlying mechanism responsible 
for the spiral-induced collective dissipation. The result is a secular and global 
redistribution of mass: stars inside corotation lose A.M. and move to smaller 
radii, which steepens the radial density profile in the disk. This has been ob- 
served during many N-body simulations of a stellar disk, that has obtained a 
long-lived spiral pattern (e.g. Donner and Thomasson 1994). 

The A.M. transport is not only due to propagating wave packets, of negative 
A.M. density, that transport angular momentum outwards, with their group ve- 
locity directed inward (Toomre 1969). The spiral patterns formed in the N-body 
calculations on unperturbed disks appear to be unstable spiral modes, which re- 
main for much longer than a wave travel time, and do not disappear through 
winding at ILR, but through heating of the disk (Donner and Thomasson 1994). 

Express ions  for the  Torque  and  Phase-Shif t .  It is obvious that the torque 
exerted by the wave on particles is a second order term, since the tangential 
force ~ is first order, and has a net effect only on the non-axisymmetric term 
of the surface density Z1 (r, 8). The torque T(r) applied by the wave on the disk 
matter in an annular ring of width dr, can be expressed by: 

T(r) = rdr /-Zl(r,O) O--~-dO 

(Zhang 1996). 
On that formula, it is easy to see that the torque vanishes if the density and 

potential spiral perturbations are in phase. But there must be a phase-shift in 
the general case, according to the Poisson equation. The potential is non-local, 
and is influenced by the distant spiral arms. So the sign and amplitude of the 
phase-shift depends on the radial density law of the perturbation. It has been 
shown by Kalnajs (1971) that the peculiar radial law of r -3/2 for an infinite 
spiral perturbation provides exactly no phase shift. The phase-shift is such that 
the spiral density leads the potential if the radial falloff is slower than r -3/2, 
and the reverse if it is steeper. 

Now in a self-consistent disk, the phase-shift given by the Poisson equation 
must agree with that given by the equations of motion. Through the computation 
of linear periodic orbits in the rotating frame, Zhang (1996) has found that the 
forcing consists of two terms in quadrature, and that the phase shift ~ of the 
orbit orientation with respect to forcing potential has the expression: 
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-2~2 
tan(m6) 

(~2 - S2p)kr 

This shows that  in the WKBJ approximation, the phase shift is negligible 
(kr >> 1), and that  it changes sign at corotation. The fact that  the torque is 
a non-linear effect, and vanishing in the WKBJ approximation, may explain 
why it was neglected before, but it has a quite important effect in galactic 
conditions. Inside corotation, we expect that  the density leads the potential, and 
the contrary outside corotation. These predictions have been confirmed through 
N-body simulations by Zhang (1996), as for the sign of the phase-shift on each 
side of the corotation. The amplitude of the phase-shift appears quite high, up to 
200 . The existence of the phase-shift is no surprise of course, but the amplitude 
of 5 was not suspected to be so high. 

I have reproduced a comparable N-body simulation (2D polar grid PM with 
105 particles), and reported the Fourier analysis results in Fig. 1. In this simu- 
lation, initial parameters were chosen such as to stabilize the stellar disk with 
respect to bar formation, through the presence of an analytical bulge component 
of mass equal to the mass of the self-gravitating stellar disk. A bar developed 
yet, but was delayed until 2 �9 109 yr, i.e. ~ 20 dynamical times. In the mean 
time, a spiral wave developed, and remained for several dynamical times. Its 
power spectrum revealed a well-defined pattern speed, at least up to corotation 
(~  7 kpc). We can see in Fig. 1 that the phase-shift between stellar density and 
potential is indeed quite high, up to 28 o inside corotation, where it is the most 
meaningful. 

E x c h a n g e  o f  A .M.  B e t w e e n  Pa r t i c l e s  a n d  Wave.  Previous studies had ne- 
glected the exchange of energy and angular momentum between particles and the 
wave outside resonances (Lynden-Bell and Kalnajs 1972; Goldreich and Tremaine 
1979). This interaction is mediated by the graininess of the particles, which un- 
der the local gravitational instabilities in the spiral arms, can scatter particles 
and produce dissipation (Zhang 1996). When this was not taken into account, 
it was believed that  the torque induced by the phase-shift was exactly compen- 
sated by the advective term of torque coupling between the wave and particles, 
which implied no net angular momentum exchange between the wave and the 
basic state stars. 

It was found in Zhang (1996, II) that the total torque coupling integral 
of an unstable spiral mode has a characteristic bell shape, with the peak of 
the bell near the corotation radius. Due to this particular shape of the torque- 
coupling integral, an unstable spiral mode is able to deposit negative angular 
momentum in every annulus inside corotation, en route of the outward angular 
momentum transport, and positive angular momentum outside corotation. This 
radial profile of the total torque coupling is in fact what allowed the spontaneous 
growth of a trailing spiral mode. Moreover, as the wave reaches nonlinear regime, 
an increasing fraction of the deposited angular momentum by the spiral wave is 
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Fig. 1. Results of the Fourier analysis of the stellar density (crosses) and potential 
(full lines) in a purely stellar N-body simulation, while a spiral structure rotates in the 
disk. Plotted here are the phases of the pattern at each radius�9 The density leads the 
potential almost everywhere inside corotation. The perturbation was weaker outside 
corotation 

being channeled to the basic state by the spiral gravitational shock; and finally, 
at the quasi-steady state of the wave, all of the deposited angular momentum 
goes to the basic state, since by the very definition of the quasi-steady state the 
wave should not grow any further�9 We can note that this collective dissipation 
process and angular momentum transport, induced by the phase-shift between 
density and potential, is inexistent for a bar. The latter can therefore be robust 
and long-lived in a collisionless ensemble of particles (galaxy disk without gas). 

It is interesting to note with Zhang (1996, II) that the wave damping through 
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and where a bar develops. The phases of the gas pattern are indicated by asterisks, 
while crosses indicate the stars, and the full lines the potential. Now the potential is 
in phase with the stellar density in the bar, and leads the density in the spiral outside 
corotation 

collective dissipation processes makes spiral structure join the class of problems 
of non-equilibrium phase transitions, where an ordered structure can form spon- 
taneously, and increase the speed of entropy evolution in the underlying systems. 

2.2 Gas Component  

The mechanism of the A.M. transfer for the gas is the same that was previously 
described: the gas settles in a spiral structure which is not in phase with the po- 
tential. Gravity torques are exerted by the wave on the gas. The dissipation here 



108 Francoise Combes 

is of course different, since the gas radiates away its energy. The gas component 
is then maintained cool and responsive to new gravitational instabilities. This 
is the source of more drastic secular evolution, with the possibility of the whole 
gas component inflowing towards the center. 

The gas response in a barred potential has been tackled through many sim- 
ulations by several authors (e.g. Sanders and Huntley 1976; Schwarz 1981) and 
can be understood in terms of periodic orbit families in a bar potential (e.g. 
Combes 1988). The sign of gravity torques also change at corotation. They can 
change also at ILR, according to the shape of the 12- n/2 precession-rate curve. 

Figure 2 shows the relative phases of the gas and stellar component with 
respect to the total potential, in an N-body simulation, while a bar was devel- 
oping, with its external spiral structure at the same pattern speed. There is now 
a negligible phase-shift of the stellar density with respect to the potential in the 
bar, while there is a slight gas phase-shift. In the arms, outside corotation, the 
potential leads both components, but the phase-shift is always larger for the gas. 

What is the actual role of dissipation? In an axi-symmetric galaxy, viscous 
torques would also transfer the A.M. of the gas towards the outer parts, but the 
time-scale would be longer than a Hubble time at large radii (Lin and Pringle 
1987a). Gravity torques are then directly responsible for the gas inflow, and dis- 
sipation prevents the gas heating, and maintains the non-axisymmetric features 
required for gravity torques (Combes et al. 1990b). That is why the global gas 
behaviour should not depend much on the gas hydrodynamics, and the point 
of view adopted: gas as a fluid or as ballistic colliding clouds. In details it is 
not quite true, the two approaches lead to different results: the characteristic 
shocks along the dust lanes in a barred galaxy are reproduced only with the 
fluid approach, and all the variety of resonant rings are better obtained with the 
sticky particles approach. The reality must be in between, when the multi-phase 
property of the gas is taken into account. We want now to quantify the effects 
of gravity torques by estimating an equivalent "viscosity" parameter. 

3 G r a v i t a t i o n a l  V i s c o s i t y  

Already Lin and Pringle (1987a) proposed to define a "viscosity" parameter 
to account for the redistribution of A.M. due to gravitational instabilities. The 
length scales L of the disturbances that can grow through self-gravity are in the 

2 

range Lj < L < Lcrit, where Lj is the Jeans length ~ ~ (vs is the velocity 
dispersion and Z the surface density), and Lcri t  is the size beyond which the 

a~ (~ is the rotational frequency). The size over which shear stabilizes: Lcri t  "~ 

the angular momentum can be transferred is then of the order of Lcr i t ,  and 
the time-scale is ~ 12 -1, so that they prescribe an equivalent "gravitational 
viscosity" of 

2 
Lcri t  . " , - 2  2 ~"~- 1 

//eft ,'~ ~ ~ t~ v s ,~" 
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This formulation, analogous to the ~ parameterization of Shakura and Sun- 
yaev (1973), with ~ ~ Q-2 allows them to find similarity solutions, where S is 
a power law in radius. 

In real galactic disks, star formation must be taken into account, and can 
play a regulating role. There is no doubt that  the star-formation rate is related 
to the gravitational instabilities, as noticed by Kennicutt (1989), and therefore 
that  the time-scale for star formation t .  is related to the viscous t ime t~. If 
both time-scales are assumed of the same order t . . ~  t , ,  Lin and Pringle (1987b) 
demonstrate that  the final stellar surface density is exponential, meeting remark- 
ably the observations. 

In a recent work (yon Linden et al. 1996) we follow this approach through 
N-body simulations with stars and gas. By monitoring S( r ,  t) we can derive the 
equivalent viscosity quantitatively. We use the formalism of viscous torques (e.g. 
Frank et al. 1985), but  since the torques do not correspond to a physical shear, 
their sign has not to align to the usual one, and the equivalent "viscosity" can 
sometimes be negative. Figure 3 shows the estimation of the radial velocity vr 
and the equivalent viscosity t, as a function of radius, at a given epoch. 
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Fig. 3. Example of radial behaviours of gravitational viscosity and radial velocity at a 
given epoch (from yon Linden et al. 1996) 

The results of the monitoring S ( r , t )  of the gas and/or  the stars showed 
at first an oscillating behaviour (von Linden et al. 1996), on time-scMes of the 
dynamical time (,.~ 10 s yr). This behaviour was interpreted as due to the crossing 
of the disk by successive waves, and was averaged out on longer time-scales, to 
measure the net gain of mass within a given radius (see Fig. 4). The average 
viscosity is then positive inside corotation. From the evolution of viscosity as a 
function of time, it is easy to notice the bar formation and subsequent destruction 
through gas mass concentration in the center (large positive maximum).  The 
time-scale for gravitational viscosity can then be estimated as a function of 
radius: 
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Fig.  4. a Viscosity measured from the gas as a function of time at 5 kpc, for three 
different models (a strong bar developed in model S). b Viscosity measured from the 
stars for three different radii (from von Linden et aJ. 1996) 

r 2 r 1(19( r ]2( u ) -1  years tvis . . . . .  3 �9 vr v ~10kpc  j ~102s cm2s_ 1 

at a radius of 10 kpc we get, with an average u = 1 .0 .  1027 cm 2 s -1 or 
3 kpe km s -1 for the s tandard  disk-dominated model,  in which a bar  developed, 
tvis(10 kpc) = 3.. 10 l~ years, and at a radius of  5 kpc, since the efficient v is 100 

_ _  r t imes larger, tvis(5 kpc) -- 3.- 108 years, while the dynamica l  t imescale tdyn -- ~'~ 

ranges f rom 107 years to 108 years, typically over the disk. 
The  turbulent  viscous t imescale is 

tturb-vis = 8.25 " 1071 (~C) years 

(Larson 1988) assuming tha t  the a - p a r a m e t e r  is equal to 1 at a radius of  10 kpc 
tturb_vis(10 kpc) = 8.25- 1011 years and tturb-vis(5 kpc) = 4.12.1011 years. 

Viscous torques are therefore more  than  2 orders of  magn i tude  less efficient 
than  gravi ty  torques at large radii. The efficiency of gravi ta t ional  viscosity in- 
creases considerably towards the galaxy center; it becomes several orders of  mag-  
ni tude higher than  the turbulent  viscosity efficiency. The  gravi ta t ional  viscosity 
t ime-scale becomes of  the same order as the dynamical  t ime at r = 3 kpc. 



Rings, Lenses, Nuclear Bars: the Fundamental Role of Gas 111 

4 L e n s e s  

With such a large gravitational viscosity in a barred galaxy, the gas is driven 
inwards very quickly and accumulates in the center. When the central mass 
reaches a few percents of the total mass, the bar weakens and evolves into a 
lens. 

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

Lenses are slightly elliptical components, with a sharp outer edge. They form 
a conspicuous wiggle in the brightness radial profile, as demonstrated in NGC 
1553 by Freeman (1975). Their dynamics has been studied by Kormendy (1977, 
1979, 1984): they are quite hot in the central parts, even hotter than the bulge; 
but they are cold at the edge, which explains their sharp cut-off. Lenses are 
associated to bars; Kormendy (1979) found that  -.~ 54% of SB0-a galaxies have 
lenses. When the bar and the lens are found to co-exist in a galaxy, the bar fills 
the lens in one dimension. From the statistics on their sizes L, we know that  on 
average L/r  = 1.3 and R/L  = 1.8, where r and R are the radii of inner and 
outer rings (Athanassoula et al. 1982). This suggests that  the lens edge is near 
corotation. 

4.2 Le ns  Formation 

A few mechanisms have been proposed to explain the lens component, but  none 
has been developed enough to meet all observational constraints. Kormendy 
(1982) has described a global and fruitful evolutionary scheme, developing sev- 
eral possibilities of secular evolution processes driven by the bar. One of these 
processes was the evolution of bars into a more axisymmetric component such as 
a lens (Kormendy 1979, 1982). But this transformation should occur in a time- 
scale much shorter than a Hubble time, since half of all SB0-a galaxies contain 
both lenses and bars, and must stop before complete dissolution of the bar. The 
bar was assumed to interact with another component, letting some stars escape 
from the bar. Since the lens phenomenon is associated with early-type, it was 
natural to propose an interaction with the bulge. If the bulge is rotating fast 
enough, some angular momentum can flow from the bulge to the bar, which 
destroys it (the bar is a wave with negative angular momentum).  The process 
reduces bulge rotation, and is therefore self-regulated. The interaction with a 
non-rotating halo would have produced the opposite effect. 

A completely different idea is to suppose that  the lens is a primary com- 
ponent, and may form early during the star-formation history (Bosma 1983): 
the sharp cut-off would then be a star-formation threshold. Athanassoula (1983) 
suggests that  lenses form just like bars, through gravitational instabilities; the 
difference in eccentricities would come from the initial conditions, lenses forming 
out of a much hotter  population. There remains to be found why two distinct 
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populations of stars exist initially in the disk, why the edge of lenses are so sharp 
and cold, and why the lens components are still almost as flat as disks. 

Along the lines of Kormendy (1982), I propose here another hypothesis, that  
the lenses are secondary components coming from the regulation of the bar 
strength due to a central mass concentration. Many studies have been published 
on the influence of a central mass concentration (or black hole, BH) on the bar 
secular evolution (Norman et al. 1985; Hasan and Norman 1990; Pfenniger and 
Norman 1990; Nishida and Wakamatsu 1996; Hasan et al. 1993). When the BH 
scatters particles at a velocity 

v ~ (GMbh/abh) 1/2 ~ Vrot 

then particles can escape the center and be re-distributed, their orbits become 
stochastic for high enough BH masses. The bar favours elongated orbits in the 
center, with less angular momentum, which are more sensitive to the central BH 
than circular orbits. When the central stars, with the less angular momentum 
have escaped, the efficiency of the BH decreases, and the bar destruction pro- 
gressively switches off. Through orbit computations, Hasan and Norman (1990) 
have determined the percentage of the remaining regular xl orbits, as a function 
of the BH mass. This percentage falls significantly when the central mass reaches 
5% of the total mass: the percentage of stochastic orbits is so large that  the bar 
is weakened, then destroyed for a mass fraction of 10%. Through self-consistent 
stellar simulations, Nishida and Wakamatsu (1996) have shown that  a bar still 
forms with the same amplitude in a galaxy with an initial mass concentration as 
high as 5%, but its strength weakens in the long run, while a bar with no central 
mass concentration keeps its amplitude in a steady state through a Hubble time. 

What  can play the role of the central mass concentration, as high as 5% 
of the total mass, i.e. 5-  109 Mo? There cannot exist so massive black holes 
in most normal spiral galaxies. In fact, a very concentrated bulge could be the 
scattering mass, and therefore the intuition of Kormendy that  the lens origi- 
nates from bar-bulge interaction turns out to be true (although not for the right 
mechanism). Indeed, the order of magnitude given above concerning the scat- 
tered velocities leads to a required M / r  ratio comparable for the bulge and the 
disk, i.e. (M/r )b  ,,~ (M/r)d ,  or in terms of the surface densities ]/b '~" 10//d, if we 
assume a scale-length an order of magnitude lower for the bulge (cf. Courteau 
et al. 1996). In terms of magnitude, if the central surface brightness of disks are 
around 21.6 mag arcsec-2, that  of the bulge should be at least 19.1 mag arcsec-2, 
which is often observed in early-type galaxies. More specifically, barred galaxies 
with bulges reaching such a high concentration should be accompanied by a lens. 
Another possibility is that  the strong gas infall driven by the bar produces itself 
a sufficient mass concentration, as in the simulations; in practice new stars are 
formed in those condensations (cf. hot spots in nuclear rings), which would also 
join the bulge later on. 

This lens formation mechanism is part of a self-regulated process, based on 
gas accretion: the torques due to the strong initial bar drive the gas inwards in a 
short time-scale. This increases the central mass concentration, up to the point 
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where the bar weakens; there are then two ILRs and the aligned ~1 regular orbits 
are less preponderant.  The torques weaken and the gas infall is slowed down or 
halted; the gas coming from the outer parts of galaxies has now time to form 
stars in the disk, which re-establishes the mass balance between the nucleus 
and the disk. The central mass concentration loses its dynamical efficiency, and 
a new bar can form through gravitational instability, which closes the cycle. 
To have several such cycles in a Hubble time requires however a substantial 
mass accretion, i.e. important  gas reservoirs in the outer parts of galaxies (cf. 
Pfenniger, Combes and Martinet 1994). Another possible loop of the cycle is 
provided by the decoupling of a second bar (Friedli and Martinet 1993), since it 
can delay for a while the gas infall (Shaw et al. 1993; Combes 1994). 

Fig. 5. Surfaces of section for increasing energies in a barred galaxy with 8% central 
mass, showing the extension of chaotic orbits 

One consequence of this feedback cycle is that  in evolved bars, there are 
always just  about two ILRs. The behaviour of stellar orbits in presence of a high 
mass concentration (8%) is displayed in Fig. 5, through surfaces of section for 
increasing energies. Near the mass concentration, the x2 family is predominant,  
becoming round with increasing mass (the potential then becomes axisymmetric 
in the center). Then comes a region of chaotic orbits, followed near the end of 
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the bar by a region still dominated by the xl elongated orbits (with losenge 
shapes near the 4/1). Once in the chaotic sea, the orbits are bounded only 
by their limiting energy curve, in the rotating frame, where the potential is 
~ ( r )  - 1 /2~2r  2, so that  outside corotation, there is no bound. Moreover, most 
orbits between CR and - 4 / 1  resonance are stochastic (Contopoulos and Grosbr 
1989). For the ensemble of chaotic orbits inside CR, the corotation region acts 
as a boundary. This could be the origin of the sharp cut-off of the lens, if we 
consider that the chaotic orbits due to the destruction of the bar by the central 
mass concentration contribute in a large part to the lens component. 

T e s t - P a r t i c l e  S imu la t i ons .  This scenario has been checked through test-par- 
ticle simulations, including a strong central mass concentration (from 0 to 2.4 
% of the total mass), and where a bar is slowly introduced in the potential 
(Fig. 6). The bar potential is the analytic expression from Kalnajs (1976); we 
have investigated the behaviour of the stellar component and the gas component,  
the latter being treated as collisional clouds (Combes and Gerin 1985). In the 
stellar component, empty regions develop in the bar, between the remaining 
regular orbits regions, and the bar takes the form of "ansae" for a value of the 
central mass of a few % (see Fig. 6). In the gas component (and certainly in the 
young stars formed) collisions scatter particles back in the chaotic region, and 
the surface density profile looks more like a plateau. At the end of the bar, the 
gas accumulates in a wide ring, which is not a resonant ring, but corresponds to 
the region of the last remaining periodic orbits. 

N - b o d y  S i m u l a t i o n s .  Self-consistent simulations with stars and gas are shown 
in Fig. 7. In the 2D run, the central mass concentration is 1% and the total gas 
mass is 0.5% of the total mass. A very thick oval forms through dissolution of 
the stellar bar, with the "ansae'-shape. The gas bar is thinner and longer. This 
half-destroyed bar remains for a 2 �9 109 yr time-scale. In the 3D run, the central 
mass is only 0.5% of the total mass, and the gas mass 1% (i.e. 109 Mo). We 
can see from the two projections that  the bar at the beginning tends to form a 
box-shape, but the thickening perpendicular to the plane is stopped while the 
bar is weakening and forming the lens. The luminosity profile of such a disk 
presents the characteristic of a typical lens (cf. Fig. 7). 

Figure 8 shows the amplitude of the bar (P~, the ratio of the maximum 
m = 2 tangential force to the radial one) and corresponding pattern speed (~22) 
as a function of time for several N-body runs. First, a purely stellar model 
without any central concentration can form a quasi-steady bar, with a constant 
amplitude and pattern speed for more than a Hubble time. In presence of a 
central concentration, up to 1% in mass, the bar forms in the same way, and 
reaches about the same amplitude, but it then weakens steadily, while slowing 
down in speed. The time-scale for decaying by a factor 2 is half a Hubble time. 
In presence of even a small amount of gas (of the order of 1% of the total mass), 
the bar can be destroyed much more rapidly, in one tenth of a Hubble time. The 
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Fig. 6. Results of test particle simulations in a rotating frame of an imposed bar, for 
three different central mass concentrations: 0, 0.8 and 2.4 % of the total galaxy mass 
(including a dark halo). The regions in the middle of the bar are depopulated 

gas has been driven towards the very center by the gravity torques, and further 
enhances the central mass. 

5 A n  m = 1 M o d e  

When the gas central concentration is high enough to be gravitationally unstable, 
it can decouple from the main disk dynamics and form a nuclear bar, rotat ing 
with a higher speed than the main bar (Friedli and Martinet  1993). An even more 
complete decoupling may occur through an m = 1 mode (Junqueira and Combes 
1996). We have studied the development of such a feature in recent self-consistent 
simulations with stars and fluid-gas (the beam-scheme hydrodynamical  code was 
adopted, e.g. Sanders and Prendergast 1974). After a transient m = 2 spiral, the 
gas concentration becomes unstable and forms an m = 1 spiral mode (Fig. 9). 
In the density plots, the spiral is conspicuous until 3 kpc radius, and other more 
transient features, with much lower angular speeds, dominate  at larger radii. 
The Fourier analysis of the total  potential  indicates a pat tern  speed of 12p = 400 
km s -1 kpc -1 for the central m = 1 spiral, which corresponds to a position of 
the OLR at 3 kpc (Fig. 10). This pat tern speed is much higher than the speed 
at larger radii, there is no coupling between several modes, as was suggested for 



116 Francoise Combes 

Fig. 7. Weakening of a bar by gas accumulation at the center, a 2D N-body simulations, 
at T -- 5600 Myr; b 3D N-body simulations at T = 2880 Myr; c Logarithm of the 
surface density profile parallel and perpendicular to the bar 

bars within bars: in the latter case, the corotation of the small bar was the inner 
resonance of the large one, and there could be a non-linear interaction between 
the two patterns (Tagger et al. 1987). 

The power spectrum analysis for the gas density and the total potential 
reveals that the influence of the fast-rotating m = 1 pattern extends towards 
the edge (Fig. 11). This can be explained for the potential, since the m = 1 
perturbation is a periodic move of the center of mass, and "is instantaneously felt 
in the whole disk, but the signature in the gas density is more remarkable. The 
stellar component does not follow the m = 1 spiral with as much contrast, but 
the off-centering of its center of mass is also conspicuous. The two components 
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Fig. 8. Amplitude (/)2) and pattern speed (f22) of the bar formed in N-body simu- 
lations with or without gas, and with/without a central mass concentration. Only a 
small amount of gas accumulated in the center by infall is sufficient to weaken the bar 

oscillate in phase opposition, while the massive dark halo, represented by an 
analytical P lummet  component, is nailed down to the center. 

This m = 1 mode is quite similar to what has been studied numerically 
by Adams et al. (1989) in gaseous disks associated with young stellar objects. 
They discovered m = 1 gravitational instabilities, where the star did not lie 
at the center of mass of the system. Shu et al. (1990) presented an analytical 
description of a modal mechanism, the SLING amplification, or "Stimulation 
by the Long-range Interaction of Newtonian Gravity".  This mechanism uses the 
corotation amplifier, where the birth of positive energy waves outside strengthens 
negative energy waves inside. In the SLING mechanism, a feedback cycle is 
provided by four waves outside corotation; long-trailing waves propagate from 
the OLR inward to the Q-barrier at CR where they refract in short trailing 
waves. These propagate outwards, cross the OLR, and reflect back at the outer 
edge of the disk. This is a critical point, the whole amplification mechanism 
depends on the reflecting character of this outer edge. Then a short leading wave 
propagates inwards from the edge, through OLR, towards CR, where it refracts 
again into a long leading wave, which is then reflected at OLR. An essential point 
here is also the ability of waves not to be absorbed at OLR, that  is why this 
mechanism applies to gaseous disks only. Using a WKBJ analysis, they derived 
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from the dispersion relation, and the condition of a constructive reflection, the 
required pat tern speed for these modes. The instability arises uniquely from 
the displacement of the central star from the center of mass of the system, 
which creates an effective forcing potential. In our simulation the same effect is 
occurring, i.e. the center of mass of the gas and of the stars is displaced from 
the center of mass of the system and they are displaced in opposite positions, 
inducing the m = 1 wave formation. In other words, the modal  mechanism 
proposed by Shu et al. (1990) may be in action in our experiment.  

Fig. 9. Shape of the m = 1 mode in the gaseous component, rotating at f2p = 400 
km s -1 kpc -1, the circle is at 3 kpc (from Junqueira and Combes 1996) 
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Fig. 10. Amplitude of the m = 1 perturbation as a function of time (P1); pattern 
speed of the m = 1 component superposed on the frequency curves (from Junqueira 
and Combes 1996) 

O b s e r v e d  m = 1 a n d  L o p - s i d e d n e s s .  Many galaxies are observed with their 
nuclei off-centered with respect to neighbouring isophotes, and lopsided mor- 
phologies have been known for a long t ime (Baldwin et al. 1980; Wilson and 
Baldwin 1985). Asymmetr ic  features are preferentially observed in the distri- 
bution of gas in late-type spiral galaxies. In several cases these features can be 
identified as one-armed spirals (m --= 1 mode). More frequently, nuclei of galaxies 
are observed displaced with respect to the gravity center, as in M 33 and M 101 
(de Vaucouleurs and Freeman 1970). Our own galaxy appears to experience such 
an off-centering, at least as far as the gas disk is concerned: about  three quarters 
of the molecular mass of the nuclear disk is at positive longitude, and one quar- 
ter at negative longitude (e.g. Bally et al. 1988). Asymmetries  are also seen at 
larger scale in atomic gas, while much of the neutral gas between a few 100 pc 
and 2 kpc from the nucleus lies in a tilted disk whose plane of symmet ry  is in- 
clined by 200 with respect to the galactic plane (Burton and Liszt 1978; Liszt 
and Burton 1978). 

Barred spiral galaxies can have their kinematical center displaced from the 
bar center (Christiansen and Jefferys 1976; Marcelin and Athanassoula 1982). 
The nucleus of M 31 reveals such an off-centering (Bacon et al. 1994) which has 
been interpreted in terms of an m = 1 perturbat ion (Tremaine 1995). Miller and 
Smith (1992) have studied through N-body  simulations of disk galaxies a pecu- 
liar oscillatory motion of the nucleus with respect to the rest of the axisymmetr ic  
galaxy. They interpret the phenomenon as a local instability, or overstability, of 
the center but not in terms of a normal mode. Their models did not include 
any gas component.  Weinberg (1994) shows that  a stellar system can sustain 
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Fig. 11. Results of the power spectrum analysis for the gas density and for the po- 
tential. The identified perturbation extends up to the outer parts of the disk (from 
Junqueira and Combes 1996) 

weakly damped m = 1 mode for hundreds of crossing times. A fly-by encounter 
could excite such a mode, and explain off-centering in most spiral galaxies, or 
the forcing of a halo could maintain a time-dependent potential in the galaxy 
(Louis and Gerhard 1988). 

6 C o n c l u s i o n  

Spiral galaxies evolve on time-scales shorter than a ttubble time, due to the 
strong density waves, spirals and bars, that  develop in their disk. These gener- 
ate gravity torques and angular momentum transfer, since the wave potential is 
not exactly in phase with the density. Both components, stars and gas, develop 
important  phase-shifts, but a purely stellar disk is heated by gravitational in- 
stabilities, and tends towards a quasi-steady hot state, often possessing a bar 
(where phase-shifts vanish). Due to the gas dissipation and cooling, spiral in- 
stabilities are continuously renewed in the disk, and secular evolution follows. 
N-body  simulations of spiral and bar developments can be used to estimate 
quantitatively the gravitational "viscosity" time-scales. They are much shorter 
than the turbulent-viscosity time-scales, and decrease down to the dynamical 
time-scale at small radii. 

The consequent gas inflow towards the center weakens the bar, in producing 
a central mass concentration. The latter modifies significantly the central po- 
tential, and in particular enhances the precession rate ~2 - ~/2 to a large value. 
The modification of the frequency curves has the effect of moving the resonances, 
and the structure of periodic orbits. In particular, two inner Lindblad resonances 
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enter into play, and the existence of perpendicular x2 orbits begin to weaken the 
bar in the center. If the gas flow continues, the increase of the central mass will 
produce large regions where stochastic orbits dominate, corresponding to the 
intermediate region of the bar. But the weakening of the bar has a regulating 
effect in decreasing the gravity torques and the subsequent gas flow. A part ly 
destroyed bar could be the origin of lenses. 

In parallel, the high gas mass concentration can trigger gravitational insta- 
bilities in the very center, which decouples from the outer parts, in developing a 
nuclear bar or spiral wave. These are rotating with high pattern speeds. These 
can stop for a few dynamical times the gas flow, since the gas density is more 
in phase with the potential. The gas coming from the outer parts can then set- 
tle in the disk and form stars, re-establishing the balance between bulge and 
disk mass. Scenarios of alternate growing of bulge and disk, through regulation 
mechanisms, could explain the dispersion of disk to bulge ratio along the Hubble 
sequence. 
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The Barred Galaxy N G C  1530 

Peter  Teuben,  Michael Regan, and Stuar t  Vogel 

Astronomy Department 
University of Maryland 
College Park, MD 20742, USA 

A b s t r a c t .  The barred galaxy NGC 1530 has been observed in a large number of 
wavebands, including spectral lines in H I, Ha and CO, giving a nearly complete velocity 
field across the whole nuclear and bar region. Strong unresolved (4" or 700 pc) velocity 
discontinuities are observed across the dustlanes that we identify with large scale shocks 
observed in hydrodynamic simulations. Although hydrodynamical models are generally 
used to constrain the mass model, the observations could in turn be used to find a better 
ISM descriptor. 

Fig.  1. H I (greyscale) overlayed with contours of Ha emission for NGC 1530 
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1 I n t r o d u c t i o n  

Kinematic observations of barred galaxies have traditionally been used to con- 
strain their mass models (e.g. Sanders and Tubbs 1980), but with the increased 
sophistication of hydrodynamic models (FS2, SPH, PPM; see Teuben (1996)for 
a recent review) modern high resolution spectral data could in turn be used to 
find a better ISM descriptor instead. In particular one may expect the velocity 
field across the leading shocks, frequently identified with the dust lanes, to de- 
pend sensitively on the simulation method or some of its parameters. We have 
been using the barred galaxy NGC 1530 to test some of these hypotheses, and 
in this paper we will summarize the current status of the observations and the 
beginning of our modeling efforts. 

2 Observat ions  

Despite its location (6 ~ +75 ~ the prominent barred galaxy NGC 1530 has been 
largely ignored, possibly because of its somewhat large redshift (2450 kms-1) .  
Its size makes up for the larger distance though. Assuming a Hubble constant of 
H0 = 75 kms  -1 , the bar, optical and H I disk extend out to a radius of 11 kpc, 
30 kpc and 40 kpc resp., a galaxy in the NGC 1365 class. 

With the discovery of the large IR flux by IRAS, NGC 1530 has enjoyed 
a large crowd of observers. Our observations are summarized in Table 1. More 
details can be found in Regan et al. 1995 (paper I) and Regan et al. 1996a (paper 
II). 

Table 1. Summary of (spectral line) observations for NGC 1530 

Instrument WSRT BIMA Palomar 60" INT KP 
Date(s) 
Spectral Line 
Freq/Wavelength 
Pixel (arcsec) 
Beam (arcsec) 
Channels 
Channel Sep (kms -1) 
Resolution (kin s -1) 

4,9-sep-82 1993, 1994 sep-95 13-jan-91 jan-mar 94 
H I CO(l-0) Ha UBVRI JHK 

21 cm 105 Ghz 650 nm 300-800nm 1-2/~m 
6 0.5 1.89 0.54 0.95 

13-25 3-5 4 1.3 2 
31 256 (a) 41 (2) 

16.6 4 12 
33.2 8 24 

(1) one correlator section 
(2) covering one free spectral range 

Although the early WSRT observations showed a lack of H I in the central 
bar regions, a position velocity diagram along the minor axis already clearly 
showed that  the gas was not streaming on circular orbits. It had the characteristic 
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signature of elliptical orbits oriented along the bar. As can be seen from Fig. 1, 
the atomic gas is primarily concentrated in the dominant spiral arms and a ring 
surrounding the bar. Outside the optical radius H I is detected for an additional 
180 degrees position angle along the spiral arms, although there are some obvious 
gaps, for example where the optical arms appear to disappear. 

Fig. 2. Velocity field of the ionized gas 

Fig. 3. Same, of the central bar region, 
with overlayed K-band contours outlin- 
ing the bar and bulge 

Our more recent sensitive Ha Fabry-Perot observations detected ionized gas 
in both the nuclear and bar region, as well as the spiral arms and the ring 
surrounding the bar. Diffuse Ha emission in most of the inter-bar region was 
also detected. Figures 2 and 3 shows the resulting velocity field, as determined 
from the ionized gas. The outer disk is rather regular, with a slight warp. Quite 
striking is the abrupt change in the orientation (a "twist") of the velocity field 
near the edge of the bulge, which can be identified with an inner Lindblad 
resonance, very similar to some other cases (e.g. NGC 1365: Teuben et al. 1986). 
A similar change can be seen near the edge of the bar, where eorotation must 
reside. The velocity field is very crowded at the locations of the dustlanes, and 
at close inspection we find that  the profiles are double, if not triple, in many of 
those locations, suggesting the shock is unresolved at our resolution of 4 ~1 (700 
pc). Together with an analysis of the rotation curve (derived from H I and Ha,  
see Fig. 4), we find a pattern speed of the bar of 20 :h 2 km s -1 kpc -1, which 
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places the outer Lindblad resonance at 18 + 4 kpc (this would approximately 
coincide with the H I peaks near the major axis). 

Radius (kpc) 
10 20 30 40 

i i , , I . . . .  ] . . . .  ] . . . .  

BAR 

$ 

lOO 

, , , , , I . . . .  I . . . . .  i , , , , , 
o 

60 120 180 240 

Radius (arcsec) 

Fig. 4. H I (open symbols) and Ha (closed symbols) rotation curve for fixed inclination 
(45 ~ ) and position angle (188 ~ , see also Table 2) 

We have also observed NGC 1530 with the BIMA interferometer in the CO 
(1 -0 )  line. A single 2' field centered on the nucleus covers the whole bar. Most of 
the detected molecular gas has been found near the intersection of the dustlanes 
and a nuclear dust ring, although Downes et al. (1996) also reports to have 
detected gas associated with the dust lanes. Using radiative transfer models 
R, egan et al. (1995) showed that  the dust scale height in the nuclear ring is 
about half that  of the stellar distribution. 

3 C o m p a r i s o n  w i t h  N G C  1 3 6 5  

It is remarkable how many similarities exist between NGC 1530 and NGC 1365 
(see e.g. Jbrs/iter and van Moorsel 1995): 

- both galaxies are large and have large and prominent bars (22 kpc for NGC 
1530). 

- both have similar distributions of H I (central hole, concentrated in the arms, 
extent),  as well as Ha,  compared with the optical (R25). NGC 1530 may be 
a bit more extended in H I . 
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- both galaxies exhibit a slight warp in their outer parts, which complicates 
the interpretation of the rotation curve in terms of a mass model. 

- both suffer from a low kinematically derived inclination, compared with the 
one derived from optical isophotes (but note how these can be biased by the 
dominant spiral arms). 

yet some interesting differences should be noted: 

- the rotation curve does not seem to drop, in that sense similar to NGC 1300 
and others (Kristen, this volume). 

- NGC 1530 has simple bi-symmetric arms, NGC 1365 has multiple, minor, 
arms, which appear to be reproducable in hydrodynamical simulations (Lind- 
blad et al. 1996). 

- NGC 1530 is very isolated, NGC 1365 is an (outlying) member of the Fornax 
cluster. 

- NGC 1530 has a very low surface brightness disk. The "disk" is not well 
approximated by an exponential disk at all. The lens-like feature inside the 
ring dominates the light inside the bar region, whereas the very strong spiral 
arms dominate the light outside. This has also hampered determination of 
the inclination. 

4 M o d e l s  

Given our well sampled velocity field and the large deviations from circular 
rotation, the observations can be directly compared to the gas flow in model 
barred galaxies. We have computed models (Piner et al. 1995) and compared a 
number of these models with the currently available data. No extensive survey 
has been done to date, neither have we compared different model techniques in 
detail with the observations (Teuben et al., in prep). A representative model 
is shown in Fig. 5, where the gas density and radial velocity field are shown 
for the projection parameters derived for NGC 1530. It is remarkable how well 
the major  features are reproduced in the models. It should be noted that  for a 
given mass model the allowed range in pattern speed is fairly small, in order to 
reproduce the major  change in features near the inner Lindblad resonance near 
the edge of the bulge. For example, in the lower right panel the bar is spinning a 
little fast, such that  corotation is exactly at the edge of the bar, and clearly the 
ILR has disappeared, allowing the gas to flow into the nuclear regions almost 
unhindered, and the model velocity field is very different from the observed one 
(cf. Fig. 3). On the other extreme the upper left panel shows a slightly slower 
rotating bar: both the rather large radius of the ILR as well as the smaller twist 
of the iso-velocity contours are indicative that  this pattern speed is too low. 
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F ig .  5. Series of models, with varying pat tern speed of the bar, at the observed ori- 
entation and resolution of NGC 1530. The corotation radius (in arbitrary kpc units) 
is labeled in the top left corner of each panel, in kpc, where the bar ends at 5 kpc. 
Velocity contours are in from -250  to 250 kms  -1, in steps of 50 kms  -1 
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Fig.  6. I band image of NGC 1530 with overlayed I - K  color contours that best outline 
the dust lanes 
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Table 2. Basic and Derived parameters for NGC 1530. 

K-band peak: 
R.A. (J200O) 
Decl. (J2000) 

Optical size (D25) 
Systemic velocity (LSR) 
Adopted distance (H0=75) 
Linear scale 
Position Angle 
Inclination 
Bar length 
Bar position angle 

Systemic Velocity 
Position Angle (receding) 
[nclination 
Dynamical Center: 
R.A. (J2000) 
Decl. (J2000) 

i4h23m26sd=7 ' ' 1 
175 ~ 17J43"=}= 8 '1 1 
4.9' 2 
24574-3 km s -1 3 
35 Mpc 
165 pc/" 
5 ~ 4 

57 ~ 4 
100" 1 

121 ~ 1 

2447.5-I-2 km s -I  
1884-1 ~ 
4515 ~ 

4h23m26~+8" 
75 ~ 17~45":E8" 

Pattern Speed 20=t=2 km s -1 
Outer Lindblad Resonance 184- kpc 

1. Regan et al. 1995 
2. Young et al. 1989 
3. Stavely-Smith and Davies 1987 
4. de Vaucouleurs et al (RC3) 1993 
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A C i r c u m n u c l e a r  M ol ecu l ar  Torus  in N G C  1365 

Aa. Sandqvist 
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Abs t r ac t .  The central region of NGC 1365 has been mapped in the J = 3 - 2 CO 
emission line with the 15-m SEST, which has a HPBW of 15" at the frequency of 
this transition. The observing grid has a 5"-spacing in the inner and a 10"-spacing 
in the outer region. A circumnuclear molecular torus with a radius of about 5" is the 
dominant feature. Molecular emission is also seen coming from various dust streamers 
in the bar of the galaxy. The velocity field of the molecular region agrees well with 
predictions of models of gas streaming in the bar and nuclear region. 

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

NGC 1365 is a prominent barred spiral galaxy in the Fornax cluster with a 
heliocentric velocity of -4-1630 km s -1.  The galaxy displays a wide range of 
phenomena indicating activity - including a Seyfert 1.5 type nucleus with strong, 
broad and narrow H a  lines and ejection of hot gas from the nucleus in the plane of 
the galaxy (Veron et al. 1981; JSrs/iter et al. 1984; JSrs/iter and Lindblad 1989). 
The nucleus is a strong infrared source as seen by IRAS (Ghosh et al. 1993), and 
observations with the Einsetein satellite have shown the nuclear region to be a 
source of soft X-rays (Maccacaro et al. 1982). 

Over the past decade we have been studying the central region of NGC 1365 
in great detail using the VLA, the NRAO 12-m millimeter wave telescope and 
the 15-m SEST (Sandqvist et al. 1982, 1988, 1995). The VLA radio continuum 
observations at 2, 6 and 20 cm, with resolutions of ff/25 x 0'/10 and 2" x 1", 
have revealed a 5" radio jet with a steep spectral index(-0 .9)  emanat ing from 
the Seyfert nucleus in a southeastern direction along the apparent  minor axis of 
the galaxy. The radio jet  is aligned with the axis of a conical shell of hot ioinized 
gas in accelerated outflow seen in the [O m] emission line (P.O. Lindblad, these 
proceedings). A circumnuclear radio ring, containing a number  of non-thermal  
radio sources, has angular dimensions of 8 '1 • 20" with a major  axis position angle 
of 30 ~ Three of the radio sources are of similar character having a rather flat 
non-thermal  spectrum (0 to -0 .4 )  and contain components still unresolved with 
a linear resolution of 10 pc. They might be related to the very bright compact  H II 
regions (also only partially resolved at 10-pc resolution) seen in our observations 
with the HST (P.O. Lindblad, these proceedings). The radio sources lie near 
the edge of a rapidly rotat ing nuclear disk of ionized mat te r  with a radius of 7" 
(Lindblad 1978), but there is no one-to-one correspondence of the radio sources 
with the H II hot spots in the same region. We have suggested that  the radio 
components  and optical hot spots are manifestations of s tarburst  activity. The 
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Seyfert nucleus has been detected as a weak radio source with a spectral index 
of -0 .9 .  Extended radio emission has also been delected along the bar near the 
prominent dust lanes, where large-scale galactic shocks have been shown to be 
present. 

Molecular gas has previously been mapped in the bar and central region of 
the Seyfert galaxy NGC 1365 with the 15-m SEST using the J = 1 - 0 and 2 - 1 
CO lines with resolutions of 44 '1 and 25 H, respectively (Sandqvist et al. 1995). 
The CO molecular gas is strongly concentrated to the nucleus, where the CO 
integrated line intensity has a maximum, and the global CO distribution falls off 
roughly exponentially with the distance from the centre of the galaxy. There is 
some CO alignmnent with the dust lanes in the bar and some weak emission has 
been detected in the western spiral arm near the end of the bar at the position 
of a major  HI concentration observed by JSrs~ter and van Moorsel (1995). 

The central CO luminosity corresponds to a molecular hydrogen mass of 
6.3 • 109 Mo in the central region of NGC 1365 within a projected radius of 2.2 
kpc. At an assumed distance of 20 Mpc, 1 ~ corresponds to 100 pc. The global 
molecular hydrogen gas mass is 20 x 109 Mo, which is similar to the total amount  
of neutral atomic hydrogen, 15 • 109 Mo, found by JSrs~iter and van Moorsel 
(1995) using the VLA. The distribution of the H ! is, however, radically different 
from that  of the CO. Whereas the molecular mass is concentrated to the nucleus 
and bar region, the H ! is predominantly located in the spiral arm regions. In 
particular, the H ! distribution shows a hole in the central region which coincidies 
with the CO emission. This indicates that the gas is predominantly molecular 
in the centre and the inner bar regions. 

A few months ago, we carried out new observations of the central region of 
NGC 1365, predominantly in the J = 3 - 2 CO line, but also in other molecular 
line transitions in the millimetre wave region. Since the J = 3 - 2 CO line is 
excited in regions of higher excitation and density than the J = 2 - 1 and 1 - 0 
lines, it is a good probe of the molecular gas as it passes through the shocks in 
the inner bar. The higher resolution offered by the J = 3 - 2 line observations 
also enables a better comparison with predictions of molecular gas kinematic 
transport  inward along the bar to the central star burst region, expected from 
theoretical models of gas flow in bars of galaxies (see e.g.P.A.B. Lindblad, these 
proceedings). 

2 S E S T  O b s e r v a t i o n s  

Observations of NGC 1365 were carried out in August 1995 using the 15-m 
Swedish ESO-Submillimetre Telescope (SEST) on La Silla in Chile. During the 
first four nights of the observing run, the atmospheric conditions were excellent, 
permitt ing submillimetre observations of the J = 3 - 2  CO line. The weather then 
deteriorated somewhat, forcing a change to the millimetre wavelength region. 
The telescope properties at the observed frequencies are presented in Table 1. 

A dual beam switch mode, with a beam separation of 11!6, was used plac- 
ing the source alternatively in the two beams to eliminate asymmetries in the 
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Table 1. SEST Parameters 

Frequency Molecule Transition HPBW Ymb Treceiv~r Channel Resolution 
(GHz) (") (K) (km S -1 ) 

88.6 HCN (1 - 0) 57 0.92 100 22 
89.2 HCO + (1 - 0) 57 0.92 100 22 
110 13CO (1 - 0) 48 0.82 110 19 
141 H2CO (21,2 - 11,1) 36 0.68 130 15 
147 CS (3 - 2) 34 0.66 135 14 
346 12CO (3 - 2) 15 0.26 425 6 

signal paths. Three different SIS receivers were used in conjunction with two 
low-resolution acousto-optical spectrometers, each with a total bandwidth of 
about 1 GHz (channel resolution of 1.4 MHz). The average receiver tempera- 
tures (Treceive~) are given in Table 1, as are the channel velocity resolutions after 
smoothing operations. Only linear baseline subtractions were performed on the 
profiles. All profile temperatures have been converted to main beam brightness 
temperatures (Tmb) by dividing the antenna temperatures (T~) by the respective 
main beam effieiencies (qmb)- The velocities are heliocentric radial velocities. 

Four new molecular species have been detected in NGC 1365, namely HCN, 
HCO +, H2CO and CS. These four profiles are presented in Fig. 1 together with 
that  of J = 2 - 1 13CO. All five species are tracers of high density gas. The inte- 
grated main beam brightness line intensities, f TmbdV, are HCN: 4.91, HCO+: 
4.25, 13CO: 7.61, H2CO: 0.93 and CS: 2.21 K km s -1. The Tmb r m s  noise level of 
the profiles are of the order of 0.002 K. Submillimetre J = 3 - 2  CO line profiles 
observed towards three positions in the centre of NGC 1365 are also presented in 
Fig. 1; the equatorial offsets from the optical nucleus for these observations are 
given in square brackets. The total integrated CO line intensities, f TmbdV, are 
276 and 277 K km s -1 at the southwest and northeast maxima, respectively; at 
the centre, this value is 236 K km s-1. 

The mapping in the J = 3 - 2  CO line was done over an approximately 120tt • 
60" region, centered on the optical nucleus (a(1950.0) = 3531m4F.80, 6(1950.0) = 
--36~ and covering the bar region. A total number of 133 positions were 
observed. A grid spacing of 10" was used for the outer parts of this region. For 
the inner part  (approximately 70" • 40") a grid spacing of 5" was used, i.e. a 
sampling rate of three points per HPBW. Great care was applied to frequent 
pointing checks. This included using the central profile of NGC 1365 as a point- 
ing check, since an error of a few areseconds would be immediately noticeable 
in the relative amplitudes of the two main components in the central profile. 
Furthermore, observations of the inner part were made only during night time, 
after midnight and before sunrise, which is the time of maximum atmospheric 
stability. In addition, observations were only made at elevations between 500 and 
80 o in order to minimize beam distortion and maximize aperture efficiency. A 
profile map including all the J = 3 - 2 CO observations is presented in Fig. 2. 
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F i g .  1. Le f t :  Mill imetre molecular line profiles observed towards the central  posit ion 
in N G C  1365. R i g h t :  Submill imetre J = 3 - 2 12CO molecular line profiles observed 
towards three positions in the centre of NGC 1365 
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Fig. 2. J -- 3 - 2 CO profile map of NGC 1365. The equatorial offsets are in units of 
arcseconds and are measured from the optical nucleus 

3 T h e  C O  D i s t r i b u t i o n  a n d  V e l o c i t y  S t r u c t u r e  

The interrelation between the emission regions of the CO molecular line, the dust 
lanes and the H II  hot spot regions in the central region of NGC 1365 is presented 
in Fig. 3. The optical image is a B - Gunnz colour index map,  which emphasizes 
the dust lanes as white areas and regions with hot stars and H II regions as dark 
areas. The CO is presented here by the J = 3 - 2 total  integrated line intensity 
f Tmb dV-distribution. 

There is clear correspondence between the extended CO emission, as repre- 
sented by the outermost  contours, and the dust lanes at the preceding edges of 
the bar. Even the curved dust feature near the western end of the bar  has a 
corresponding distinctly curved CO component,  which can be seen in the lowest 
contour level. Other dust streamers also contain observable CO. 

The most  interesting phenomenon, however, is the doubly-peaked CO struc- 
ture seen near the optical nucleus, with a local min imum right at the nucleus. 
This structure and its alignment along the major  axis of the galaxy is suggestive 
of a circumnuclear molecular torus with a radius of 5 '1 (500 pc). From the torus, 
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Fig.  3. The f TmbdV-distribution of the J = 3 - 2 CO emission fine (the two lowest 
contour values are 7.7 and 19.2 K km s -1, thereafter the contour interval is 19.2 K km 
s -1) superimposed on a B - Gunnz colour index map showing dust lanes (fight areas) 
as well as regions of hot stars and H Ix-regions (dark areas). The equatorial offsets are 
in units of arcseconds and are measured from the optical nucleus which is marked by 
a CROSS 

there are CO extensions leading out  into the two dominan t  eastern and western 
dust  lanes. 

The  overall central CO velocity field and a posit ion-velocity map  along the 
m a j o r  axis of  the galaxy are displayed in Fig. 4. The  velocities in the isovelocity 
d iagram have been calculated by taking moments  of  the line profiles. The  velocity 
gradient  across the molecular  torus has its m a x i m u m  value along the ma jo r  axis 
and its linear character in this region m ay  reflect ro ta t ion  of  the torus. A change 
of  peak- tempera tu re  velocity of  190 km s -1 is found over the 10" between the 
two torus maxima,  which corresponds to 1 kpc on a linear scale. In regions about  
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25" from the nucleus (e.g. near equatorial offsets of ( - 2 0 " ,  +5"))  the isovelocity 
contours are very close together. This may be the velocity signature of orbit 
crowding of the molecular gas as it crosses the Inner Lindblad Resonance (IRL). 
The radius of the IRL in NGC 1365 has been determined to be 27" by P.A.B. 
Lindblad (these proceedings). 
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Fig. 4. Left: The central f TmbdV J = 3 - 2 CO line contours from Fig. 3 (solid 
fines) and CO isovelocity contours (dashed lines) with values indicated in km s -1 . 
The diagonal straight line indicates the major axis and the cross the optical nucleus 
of NGC 1365. Right: J = 3 - 2 T r a b  CO position-velocity map along the major axis of 
NGC 1365. The lowest contour value and the contour interval are 0.15 K 

4 T h e  M o l e c u l a r  T o r u s  a n d  O t h e r  N u c l e a r  S t r u c t u r e  

A convenient presentation of the molecular torus and its interrelation with other 
(circum)nuclear structures in NGC 1365 is presented in Fig. 5. At the core of the 
galaxy there is the weak, steeply nonthermal radio source from which emanates 
the 5H-long radio jet, also steeply nonthermal. The jet  is aligned along the axis 
of the conical shell of hot ionized [O III] gas, and both are aligned along the 
minor axis of the galaxy, out of the plane of the galaxy. The next structure 
is the molecular torus with a radius of 5 H (500 pc) which is aligned along the 
major axis, in the plane of the galaxy. On the outer edge of the torus, there is 
the radio ring with the unresolved radio sources, and outside this component the 
optical hot spots at a radius of about 7 H (700 pc). In Fig. 5, these hot spots are 
identified by their [O III] emission, north and west of the radio ring components. 
Finally at a radius of 25 ~' (2.5 kpc) there is the IRL molecular gas (identified by 
its orbit-crowding velocity effects), and beyond this the gas and dust streamers 
reaching out through the bar of the galaxy. 
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Fig. 5. The CO molecular torus (dots) superimposed on a 20-cm radio continuum 
map (thin solid contours) and [O III] emission (thick solid contours). The gray scale 
indicates the spectral index of the radio ring emission (white: -1.0, black: -0.3). The 
cross marks position of the optical nucleus 
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Dynamics  of Inner Galactic  Disks: 
The  Striking Case of M 100 
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Abs t rac t .  We investigate gas dynamics in the presence of a double inner Lindblad 
resonance within a barred disk galaxy. Using an example of a prominent spiral, M 100, 
we reproduce the basic central morphology, including four dominant regions of star 
formation corresponding to the compression maxima in the gas. These active star 
forming sites delineate an inner boundary (so-called nuclear ring) of a rather broad 
oval detected in the near-infrared. We find that inclusion of self-gravitational effects in 
the gas is necessary in order to understand its behavior in the vicinity of the resonances 
and its subsequent evolution. The self-gravity of the gas is also crucial to estimate the 
effect of a massive nuclear ring on periodic orbits in the stellar bar. 

1 N u c l e a r  S t a r b u r s t  G a l a x i e s  

The role of active galaxies within the framework of galactic evolution is far from 
clear. In particular, it is still unknown if central activity encompasses a small 
percentage of galaxies or if it is a normal evolutionary stage. It also remains 
undetermined whether two notable types of such activity, nuclear starbursts and 
Seyfert nuclei, are 'genetically' linked. 

A subgroup of disk galaxies shows intense star forming activity within the 
central few hundred parsecs, in the so-called nuclear rings. In the visual and 
ultraviolet wavelength ranges and at a high spatial resolution, these rings fre- 
quently appear to be patchy and incomplete, and/or  consist of a pair of tightly 
wound spiral arms (Buta and Crocker 1993). In the near-infrared (NIR), they are 
regular and weakly elliptical (Knapen et al. 1995a; Shaw et al. 1995). Molecular 
gas distribution based on CO emission reveals a complex morphology at and in- 
terior to the rings (review by Kenney 1996). The origin of these rings is related 
to the inner Lindblad resonance (ILR), i.e. the resonance between the planar 
stellar orbits and the perturbing force of a stellar bar or of an oval distortion. 
Although self-gravity in the gas was ignored in earlier numerical simulations of 
disk galaxies, these simulations clearly showed that  gas is focused into nearly 
circular orbits interior to the outer ILR (OILR; e.g. Schwarz 1984; Combes and 
Gerin 1985). As the gas accumulates in this region, no further evolution occurs 
and it was suggested that  the gas is converted into stars with a high efficiency 
(Elmegreen 1994). More sophisticated 2D modeling involving self-gravity in the 
gas supported this picture (Shaw et al. 1993), indicating at the same time that  
increasing surface density in the gas may lead to its fragmentation and destruc- 
tion of the gaseous ring (Wada and Habe 1992). Effects of fragmentation are 
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lessened if energy deposition by massive stars is taken into account by inducing 
turbulence in the gas (Heller and Shlosman 1994). 

Recent observations of molecular gas distribution in the centers of a num- 
ber of barred galaxies provide some indirect evidence (based on stellar rotation 
curves) that  a double ILR may in fact reside there (Kenney et al. 1992; Knapen 
et al. 1995a). Although gas flows in barred galaxies have been modeled for about 
two decades now, gas behavior in the vicinity of a double ILR is not well under- 
stood. Due to the low resolution of numerical schemes and to a common belief 
that  the inner]LR (IILR) is probably located too close to the center to be obser- 
vationally resolved, most efforts have been devoted to the study of gas dynamics 
between the OILR and outer Lindblad resonance (OLR; e.g. Athanassoula 1992). 
For these reasons, numerical schemes usually fail to catch the nuclear ring phe- 
nomenon. 

Here we investigate a self-consistent gas evolution in the central resonance 
region of a moderately barred galaxy. Effects of star formation are incorporated 
at some level. For convenience, we choose the M 100-like total mass distribution 
which was claimed to possess a double ILR (Arsenault et al. 1988; Knapen et 
al. 1995a). Furthermore, we highlight the effect that  massive nuclear rings have 
on the dominant stellar orbits in the galactic disk, i.e. the back-reaction of the 
stellar component to the self-gravitating gas accumulating between the ILRs. A 
full account can be found in Knapen et al. (1995b) and Heller and Shlosman 
(1996). 

2 T w i s t i n g  o f  N I R  I s o p h o t e s  i n  M 1 0 0  

M 100, the brightest (barred) spiral galaxy in Virgo, displays all the virtues of 
a nuclear starburst and is inclined at 300 + 3 ~ Surprisingly, the UV/optical  
starburst ring formed by a tight pair of spirals, lies around 10" from the center 
(1" corresponds to 83 pc at a distance of 17.1 Mpc), whereas its NIR (2.2#m) 
counterpart  has a substantially larger radius of ~ 18" and a considerable width 
of --~ 16" (Knapen et al. 1995a). It is weakly oval (minimal ellipticity ~ 0.13) 
and its semimajor axis leads the stellar bar by about 60 ~ - 70 ~ Most unusual is 
the observed gradual twist of the NIR isophotes, from the position angle (P.A.) 
of the ring towards the P.A. of the stellar bar, both exterior and inlerior to 
the ring (see Fig. 1). In other words, the large-scale bar is dissected by an oval 
ringlike zone oblique to the bar. The existence of this inner bar-like feature 
was confirmed independently by high-resolution CO observations of the velocity 
field (Rand et al. 1996). Molecular gas within the central 10 ~ participates in high 
velocity ,,~ 100 km s-1 non-circular motions along the P.A. of the stellar bar. 

Stellar orbits are expected to change their orientation abruptly by 900 at 
each resonance in the disk, which can be understood within the framework of 
forced oscillations. These orbits are oriented along the stellar bar between the 
OILR and the corotation radius (xl family), they are perpendicular to the bar 
between the IILR and OILR (x2 family), and are again aligned with the bar 
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between the center and the IILR. NIR isophotes in a quiescent galaxy are be- 
lieved to follow the overall mass distribution, i.e. they arise from an old stellar 
population represented by K and M giants, (e.g. Frogel 1985). However, gradual 
skewing of isophotes in M 100 is indicative of gas behavior across the resonances 
rather than the behavior of stars. There are two possible ways to explain this 
twisting of NIR isophotes between 10 ~ to 30 II in M 100. First, there can be a 
sufficient contribution from massive young stars, K and M supergiants (Knapen 
et al. 1995a). These stars are expected to be found in the star bursting regions, 
and, being dynamically young (age less than 107 yrs), they should follow gas 
rather than stellar orbits. In such a case, the NIR light will not follow the mass 
distribution. Knapen et al. (1995b) found that  this is the most plausible explana- 
tion for two NIR 'hot spots' in M 100, and similar conclusions have been reached 
for active star forming regions in NGC 1309 (Rhoads 1996). Alternatively, gas 
gravity can drag some of the old population stars in the stellar bar towards the 
x2 orbits in the ring (Shaw et al. 1993). As we show in Sect. 4, the growing 
accumulation of gas between the ILRs is capable of affecting the main periodic 
orbits in the bar (especially the xl orbits outside the OILR) in such a way as 
to support  a gradual twist of stellar orbits, from being aligned with the bar to 
becoming almost perpendicular to it. 

3 Simulations of Stellar and Gas Dynamics  in M 100 

To further understand the circumnuclear morphology in M 100 and to confirm 
that  it is compatible with the presense of a double ILR there, we have tailored 
our numerical simulations to a M lO0-1ike mass distribution. Stars and gas, em- 
bedded in halo and bulge potentials, were evolved by means of a 3D hybrid 
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S P H / N - b o d y  code (Heller and Shlosman 1994). Models without and with star 
formation have been constructed, Q1 and Q2 respectively. In the Q2 model, the 
gas is considered to undergo 'star formation'  if it is Jeans unstable, if it partic- 
ipates in a locally converging flow, and if its density exceeds 20 ME) pc -3. We 
assume that  only massive OB stars form, which deposit 10 sl ergs per 106 yr per 
star in the gas by means of their line-driven winds, as well as deposit 1051 ergs 
per 104 yr as supernovae, leaving no remnants. This energy is assumed to be 
instantly radiated away by the gas, with only 5% being retained and converted 
into turbulent motion. One unit of time, [r], corresponds to 3.75 • 107 yr. 

Initially, an axisymmetric model of a galactic disk was constructed which was 
dynamically unstable and developed a stellar bar in the process of evolution. The 
resulting bar strength was moderate, q ,~ 0.3, where q is defined as a maximum 
ratio of the sum of m -- 2, 4, 6, and 8 Fourier components of the nonaxisym- 
metric gravitational force to the m = 0 axisymmetric component. Based on the 
(axisymmetric) rotation curve of the model after ,,~ 3 rotation periods, a double 
ILR could be found in the central region, IILR at ~ 240 pc and OILR at -~ 1.4 
kpc. However, the epicyclic approximation is invalid because of the relatively 
strong bar. Instead, we have analyzed the dominant families of periodic orbits 
in the model potential. It is customary to extend the ILRs into the nonlinear 
regime based on the radial extent of the x2 family of orbits. The corresponding 
limiting semimajor orbital axes in Q1 and Q2 have been found at ,,~ 500 pc and 
,~ 1.3 kpc, and adopted as the nonlinear IILR and OILR, respectively. Hence, 
the resonance region between the ILRs was reduced substantially compared to 
the linear regime. 

After an initial transient in the Q1 model, the gas formed a pair of trailing 
shocks along the leading edge of the stellar bar, in agreement with 2D numerical 
simulations (e.g. Athanassoula 1992). Deeper in the potential well, gas dynam- 
ics in the vicinity of ILRs was dominated by a pair of tightly wound trailing 
shocks and a pair of leading shocks (see Fig. 2, at r = 15). Such a shock system 
in the vicinity of a double ILR is predicted on the base of a simple epicyclic 
approximation which is not adequate at this stage. In particular, we note that  
two systems of shocks, trailing and leading, interact non-linearly through a pro- 
nounced cuspy feature (caustic; Fig. 2, r ~ 17). To the extent that  this shock 
system delineates spiral arms, we observe a transient pseudo-ring made out of 
a pair of tightly wound spirals between the ILRs. In fact, two separate gas cir- 
culations (oval 'rings') form between the ILRs due to the action of the shocks. 
The outer gaseous ring evolves as to (almost) align itself with the minor axis of 
the stellar bar, while the inner gaseous ring (almost) aligns itself with the major  
axis of the bar. 

This evolution comes about as a response to the gravitational torques by the 
bar and in order to minimize them. However, the effects of self-gravity in the gas 
are crucial in order to understand its dynamics. The self-gravity acts in a manner 
similar to surface tension: the outer gaseous ring settles down on lower energy x2 
orbits, away from the OILR. At the same time, the inner ring shrinks across the 
IILR and settles on the Zl orbits. This behavior is depicted in Fig. 2, at around 



Dynamics of Inner Galactic Disks: The Striking Case of M 100 145 

19.6 

2oo I FJ :j 

g• 

Fig.2. Logarithmic gray-scale map of shock dissipation inside the OILR in M 100 (Q1 
model, without star formation). Time is given in the upper left corners, [r = 1] = 
3.75 • 107 yr. Each frame is 2.6 kpc across. The gas flows counterclockwise, the stellar 
bar is horizontal. (From Knapen et al. 1995b) 

~- ~ 17 - 24. It  is imperat ive to mention that  the gas is not locked between 
the ILRs, but merely experiences a temporary  slowdown there. The outer ring is 
constantly perturbed by a number of density inhomogeneities and ' rains '  onto the 
inner ring which contains orbits deeper in the potential  well. (In the presence 
of star formation,  as we discuss below, these perturbat ions are caused by the 
turbulent  motions in the gas excited by stellar winds and supernovae.) As the 
inner ring becomes more massive, it is subject to gravitat ional fragmentation.  
Neglecting the effects of star formation at this stage is not justified. 
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Technically speaking, star formation in the Q2 model has introduced 'tur- 
bulent '  motion in the gas and induced mixing between material with a different 
angular momentum and energy. As a result, gaseous circulations between the 
ILRs widen notably and merge, and it is more appropriate to speak of a gaseous 
disk which extends inwards, from the outermost x~ orbits, much of the way to 
the center. This disk is an oval, and its semimajor axis is positioned almost at 
right angles to the bar. 

As expected, the shock system outlines the regions of intense star formation 
in the Q2 model (see Fig. 3). However, there is no one-to-one correspondence 
between the shocked and gravitationally unstable gas, as the shock and star 
formation maps show. At the same time, four major  sites of star formation in the 
resonance region persist during most of the simulation time - -  all corresponding 
to the maxima of dissipation in the gas. Two elongated star forming regions 
are found downstream from the place where the inflow along the outer shocks 
crosses the bar's minor axis and encounters the gas circulation on the x2 orbits. 
Azimuthal smearing of star forming regions is a direct consequence of the time 
scale for Jeans instability becoming an appreciable fraction of the orbital t ime 
scale so close to the rotation axis. Another pair of star forming regions is located 
around the IILR (r  ,-~ 10 - 25, in Fig. 3), slightly ahead of the bar's major  axis 
and where the cuspy feature is seen in the Q1 model. This prevailing morphology 
dominated by four star forming regions (at and just outside the IILR) appears 
to be robust during most of the simulation time. It is compatible with the loci of 
star formation in the U, V, and Ha images of the inner 2 kpc in M 100 (Knapen 
et al. 1995a). No star formation correlates with the position of the OILR. 

The star formation rate in the Q2 model reaches its peak around r ,,~ 2 5 - 2 8 ,  
exhibiting burst behavior with a typical t ime scale of ,,~ 107 yr. Around r ,-~ 28, 
the mass inflow rate across the IILR peaks strongly, indicating a catastrophic loss 
of angular momentum by the gas (~- = 28.4, Fig. 3). The subsequent evolution of 
this dynamical runaway in the self-gravitating gas was discussed by Heller and 
Shlosman (1994) in the absence of star formation. We view this process as the 
initial phase of decoupling of the gaseous bar from the large-scale stellar bar, 
as envisioned in the 'bars within bars' scenario (Shlosman, Frank and Begelman 
1989). It is not clear how much of the underlying old population participates in 
this process (and if it does at all). The amount of gas at the onset of instability, 
~few• M| is --~ 10% - 20% of the mass interior to the runaway region, 
which is more than an order of magnitude less than quoted by Ho, Filippenko 
and Sargent (1996). This amount of gas is available even in the early-type disks. 

In the more realistic case, advanced here in the Q2 model, the outcome of 
evolution depends in a sensitive way on the efficiency of star formation, the 
state of the interstellar medium, and its ability to retain energy deposited by 
massive stars. These questions are potentially relevant for our understanding of 
fueling the nonthermal activity in Seyfert nuclei and must be addressed in future 
work. We conclude, that  a characteristic time for the gas to 'filter' through the 
resonance region is g 109 yr. This can be taken as a rough estimate of a nuclear 
ring's lifetime. 
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Fig.3.  Left:  Logarithmic gray-scale map of shock dissipation inside the OILR in M 100 
(model with star formation). Time is given in the upper left corners, [7" = 1] -- 3.75 x 107 
yr. Each frame is 2.6 kpc across. The gas flows counterclockwise, the stellar bar is 
horizontal. R igh t :  Star formation map corresponding to the region shown on the left. 
(From Knapen et al. 1995b) 

4 Massive Nuclear Rings: Affecting Periodic Orbits 

The  above numerical  s imulat ion of  gas dynamics  in the presence of  a double 
I L R  demonst ra tes  explicitly tha t  the radial gas inflow is not s topped between 
the resonances but  only slows down there - -  a kind of  'self-mulching lawn mower '  
effect. This  results in gas accumula t ion  in the form of a massive elliptical ' r ing ' .  
Molecular mass of as much as a f e w x l 0  9 MQ stored in the ring is not  out  of  
the question. Besides enhanced star format ion  caused by favorable condit ions in 



148 Isaac Shlosman 

the region, such a ring will have gravitational effects on the stellar component 
in the disk. Here, we are mainly interested in how the main periodic orbits are 
affected, and what consequences it may have on the gas circulation in the bar. 

For simplicity we use a 3D analytical model of a galaxy consisting of a disk, 
bulge, halo and stellar bar. Furthermore, in an a t tempt  to simulate the effect 
of a massive nuclear ring within the central kpc, we make assumptions about 
its shape and the orientation of its major axis with respect to the stellar bar. 
Results of a 3D orbit analysis for such gravitational potentials are presented 
elsewhere (Heller and Shlosman 1996). Here we discuss only necessary details. 

The most pronounced change in the periodic orbits, when a circular ring 
(or elliptical ring whose major axis coincides with that of the bar) is added, is 
that  the extent of the ILR resonance region is increased with the ring's mass, 
weakening the stellar bar. In addition, the xl orbits of different energy intersect 
in the vicinity of the ring (as do x2 orbits within the ring). This has a two-fold 
effect on the gas: the phase space available to x2 has increased, but at the same 
time, orbits near the ring became intersecting and unable to hold gas, amplifying 
dissipation there. Thus, we expect that  the gas will fall through the IILR after an 
initial stage of accumulation, exactly as observed in the numerical simulations. 

An additional and qualitatively different effect is obtained when the ring is 
mildly elliptical and its major axis is oblique to the bar, leading it in the di- 
rection of galactic rotation. This configuration is the one typically observed in 
nuclear starburst galaxies and appears as a long-lived transient in our numer- 
ical simulations. The behavior of zl  orbits can be qualitatively understood in 
this case as a response to the perturbing forces of the stellar bar and of the 
oblique ring. Both forces have the same driving frequency but are phase-shifted. 
A straightforward application of an epicyclic approximation to the motion of a 
viscous 'fluid' reveals the rich variety of possible responses in the gas to this driv- 
ing force. A representative case, calculated using fully nonlinear orbit analysis 
when the ring leads the stellar bar by 600 , is shown in Fig. 4. The change in the 
position angle of the zl  with distance to the ring is rather dramatic, starting at 
large radii with a slowly growing phase shift which reaches a maximum of 34 ~ in 
the leading direction, followed by a rapid decline to 0 ~ just interior to the ring 
and then continuing to -110 in the trailing direction deep into the bulge. 

5 Implications: Dynamics of the Circumnuclear Region 

Our dynamical study of gas flow across a double ILR resonance in the circum- 
nuclear region of a barred galaxy provides some insight into relevant processes 
which accompany this flow. First, self-gravitating effects in the gas accumulat- 
ing between the resonances are crucial in understanding its subsequent evolution 
(besides the star formation). In particular, self-gravity acts as a 'surface tension' 
and the gas moves deeper into the potential well, away from the OILR and across 
the IILR. Star formation is clearly peaked around the IILR, partly because the 
gravitational torque's sign changes across this resonance causing additional com- 
pression in the gas and creating conditions favorable to Jeans instability there. 
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ii 
Fig.4. Twisting of xl periodic orbits supporting the stellar bar in the presence of 
a massive 109 M| oblique elliptical ring (e = 0.4). Ring's potential is softened with 
e = 100 pc. The stellar bar is horizontal. Rotation is counterclockwise and corotation 
is at 5 kpc. The ring's semimajor axis ([r = 0.04] = 400 pc) is offset to the bar by 
60 ~ in the leading direction. The frame is 2 kpc on a side. (From Heller and Shlosman 
1996) 

Second, we find a complicated but basically a ring-like morphology for the 
distribution of star forming regions in the nuclear starbursts. Dominant regions 
of star formation lie downstream from two main compression sites of the gas 
('twin peaks'), when it crosses the minor axis of the stellar bar. This is somewhat 
outside the IILR. Additional pair of star forming regions are found at the IILR, 
on the major  axis of the bar and slightly leading it, and correspond to the twin 
'hot spots'  found in M 100. 

Third, there is no prominent star formation associated with the OILR. This 
explains why the UV/optical  and Ha observations identify the star forming ring 
in M 100 inside its NIR ring. Unless the star formation, Mready at this stage, 
is very efficient in consuming the gas at the IILR, the gas 'breaks through'  and 
falls towards the center, an event that  is accompanied by a prominent burst of 
star formation. This dynamical runaway of self-gravitating gas inside the IILR 
depends on details of star formation and physics of the interstellar medium, and 
it is outside the scope of this study. We only comment that  the characteristic 
t ime scale of this runaway is ,--fewx 107 yr, much shorter than the time it takes 
for the gas to 'filter' through the resonance region, ~ 109 yr. 

Fourth, we find that  massive nuclear rings are capable of perturbing the 
gravitational potential in the circumnuclear regions, thus affecting the main 
periodic orbits there. The phase space allowed to the orbits aligned with the 
minor axis of the bar (x2 family) is substantially increased and the orbits aligned 
with the bar (Zl family) are significantly distorted. Orbits with different values of 
the Jacobi integral are found to intersect, meaning that gas cannot be retained 
there and will move inwards across the IILR. In the most interesting case of 
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an elliptical ring oblique to the bar, xl orbits are gradually twisted, in a way 
similar to the skewing of NIR isophotes observed in M 100. So these orbits can 
trap both gas (accompanied by K and M supergiants) and old population stars. 
It may be possible, in a such a case, to estimate the 'degree of asymmetry '  in 
the nuclear ring (i.e. azimuthal mass distribution) based on the observed change 
in the ellipticity and position angle of NIR isophotes with radius. 

To summarize, the gas seems to be the prime dynamic agent in the circum- 
nuclear regions of at least some disk galaxies, although its mass is only a fraction 
of the mass in the stellar component there. Further observations of molecular 
gas kinematics in active and normal galaxies will provide clues to understanding 
their central activity. 
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Abstract .  Using the integral field spectrograph TIGER at CFHT, we have observed 
a few nearby galaxy nuclei suspected to harbor a supermassive black hole. The two 
remarkable objects presented here, M 31 and M 104, display peculiar kinematics: a 
rapidly rotating cold nuclear disk and puzzling photometric and kinematical asymetries 
in the case of M 104 and M 31 respectively. Axisymmetric models confirm the presence 
of supermassive black holes. However at the attained subparsec resolution, we are far 
from understanding the present observations of M 31's nucleus. 

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

The improved resolution of HST has shown that  some galaxies exhibit nuclear 
structures such as disks or bars. Using the new integral field spectrograph T I G E R  
at CFHT,  we have investigated the kinematics of a few nearby galaxy nuclei in 
detail. 

2 M 3 1  

Because of its proximity and its well defined nucleus, M 31 is an ideal target  
to study in detail the kinematics of the nucleus of a giant galaxy. Although 
Lallemand already showed in 1960 that  the nucleus is rotat ing rapidly, the first 
extensive kinematical  studies were conducted by Kormendy (1988) and Dressler 
and Richstone (1988). They both showed that  simple dynamical  models required 
a large central mass concentration to fit the observational data, the best can- 
didate for such a mass concentration being a supermassive black hole of N 107 
M| The fact that  the center of rotation was not coincident with the m a x i m u m  
of light was noticed in both studies, but not much commented.  

More recently, the attention focussed again on M 31's nucleus when Lauer 
et al. (1993) and Bacon et al. (1994) found new and puzzling indications of its 
complex structure. 

2.1 T h e  D o u b l e  P h o t o m e t r i c  S t r u c t u r e  

The asymmetr ic  appearance of the nucleus of M 31 was known since the Strato- 
scope II  observations presented by Light et al. (1972). Lauer et al. (1993), using 
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the spatial resolution of the HST 1, resolved the nucleus into two components2: 
P1 (the brighest peak) and P2 which is nearly coincident with the center of the 
outer isophotes of the nucleus. This double structure is seen from the near UV 
to the IR (Nieto et al. 1986; Mould et al. 1989; Rich et al. 1995) and is unlikely 
to be due to dust absorption. However, King et al. (1995) showed that  P2 is 
brighter than P1 in the far UV. 

2.2 T h e  D o u b l e  K i n e m a t i c a l  S t r u c t u r e  

The nucleus of M 31 was observed with the IFS T IG ER at CFHT in Novem- 
ber 1990 and September 1991. For the first time, these observations provided 
two-dimensional fields of the stellar velocity and velocity dispersion of the nu- 
cleus. These maps revealed that  its kinematics are much more complex than 
originally expected: the center of rotation nearly corresponds to P2, but the ve- 
locity dispersion peaks at a point roughly symmetric from P1 with respect to 
P2. Although most of these results were outlined in previously released long-slit 
data, the merit of the IFS observations was to focus the attention on the pecu- 
larities (asymmetries) of the kinematics of M 31's nucleus. Such results are much 
more difficult to uncover using long-slit spectrography, since the slit is generally 
aligned with one of the main photometric axes (major or minor axis), which are 
a priori  assumed to be aligned with the kinematical ones. Observational results 
and a preliminary theoretical analysis are presented in Bacon et al. (1994). 

2.3 S o m e  P o s s i b l e  M o d e l s  

These results have motivated a few theoretical studies. The proposed models 
can be split in two main classes: those considering P1 as an intruding object, 
and those assuming that  the asymmetries reflect some intrinsic properties of the 
nucleus. 

A n  E c c e n t r i c  Disk.  Tremaine (1995) proposed that the nucleus of M 31 could 
be an eccentric disk of stars travelling on nearly keplerian orbits around a cen- 
tral black hole. As shown by Tremaine, such a crowding effect can qualitatively 
reproduce the observed asymetries. However, there are a few difficulties with 
this model: (i) the eccentric disk is intrinsically very thin and the ringlets have 
to be arbitrarily thickened to account for the axis ratio of the nucleus, (ii) the 
modelled rotation curve must be strongly asymmetric with respect to P2, which 
is in contradiction with the observations. 

1 Deconvolved pre-Costar observations. 
2 Bacon et al. (1994) reached the same conclusions almost simultaneously using high 

resolution images obtained at the CFHT. 
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A Co ld  S t e l l a r  C lu s t e r .  Lauer et al. (1993), following Dressler and Richstone 
(1988) and Mould et al. (1989), have proposed that P1 could be an accreted 
globular cluster or the nucleus of a dwarf galaxy. However, these authors pointed 
out that  the timescale of such an event is short, since dynamical friction would 
force the additional stellar system to decay rapidly (< 105 yr). 

The smooth two-dimensional T IGER velocity field does not show any signif- 
icant peculiarities at the location of P1. This indicates that  the stellar cluster 
has a radial velocity close to the mean projected velocity of the nucleus near P1, 
and suggests that  it is located within the nucleus. 

Recently, Miller and Smith (1995) have conducted simulations where a stellar 
cluster orbits in a quasi-homogeneous nucleus. They show that  a stellar cluster 
can survive longer than expected in such an environment. However, if the nucleus 
is axisymmetric, which is the case in the Miller and Smith's simulation, the 
observed velocity and velocity dispersion gradients imply a dense object of a few 
"~ 1 0  7 M o at P2, which renders the nucleus far from homogeneous. 

Emsellem and Combes (1996) have examined the evolution of a dense stellar 
cluster falling into the nucleus by means of N body simulations. In their mod- 
els, the nucleus is considered as a structure kinematically independent from the 
bulge. This assumption was motivated by the photometric and kinematics obser- 
vations of the nucleus (Bacon et al. 1994), and allows the bulge to be modelled as 
a simple fixed potential. At t = 0, the nucleus is assumed to be a thick Toomre 
disk represented by more than 130 000 particles, and a central dark mass in the 
range of 107 - 108 M| The dense stellar cluster, simulated as a plummer sphere 
of 1.7 106 M@ (--~ 15 000 particles), is launched in the equatorial plane of the 
nucleus. The resolution (grid size) of the simulation is 0.15 pc. 

The simulations show that  the main effect is not due, as previously believed, 
to the orbital decay but to the tidal forces: the stellar cluster is rapidly disrupted 
and spread into a ring-like structure. During the disruption, the transfer of an- 
gular momentum between the nucleus and the cluster is rather small (< 10%). 

When viewed nearly edge-on, this model reproduces the main observed asym- 
metries, including the kinematical ones. The main drawback of the stellar cluster 
hypothesis is the very short lifetime of such an event. As mentioned above, it is 
unlikely that  P1 is spatially very distant from the nucleus and only seen near 
the center because of a projection effect. The timescale for the disruption of the 
cluster is strongly dependent on the black hole mass. Therefore, if indeed the 
presence of a central dark mass of a few 107 M o is confirmed, it is then likely 
that  we observe P1 just before its complete tidal disruption. In the absence of 
such a central density, the stellar cluster could survive significantly longer. 

A N u c l e a r  B a r .  Gerhard (1986) suggested that  the observed photometry and 
dynamics could be reproduced by a nuclear stellar bar without the need of 
a supermassive black hole. In Gerhard's model, the bar is supposed to share 
the same equatorial plane as the outer disk, the observed photometric twist 
between the nucleus and disk minor axis being due to the projection of a triaxial 
ellipsoid. Bacon et al. (1994) showed that  the inclination of the bar imposed by 
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this model predicts a velocity field which would appear twisted with respect to 
the photometric minor axis (see their Fig. 20): this is in contradiction with the 
observed velocity field. 

However the apparent kinematical decoupling of the nucleus from the disk 
and bulge could be real, and we can relax the condition of alignment between 
the nucleus and the disk reference axes. Recent numerical simulations performed 
by Combes and Emsellem (1996) show that it is then possible to reproduce the 
observed photometric and dynamical properties, without invoking the presence 
of a SBH. 

3 M 104 

The Sombrero galaxy (M 104, NGC 4594) is a nearby, bright and Sa galaxy 
and a candidate for harboring a central massive black hole (Kormendy 1988) of 
,~ 109 M o. 

3.1 A Rapidly Rotating Inner Disk 

Kormendy (1988) detected a very rapidly rotating stellar component in the in- 
ner 10 arcseconds. With the help of ground-based photometry, he suggested 
that it corresponded to a central bright disk, dominating the surface brightness 
in the center. Subsequent studies seemed to confirm this hypothesis: Wagner 
et al. (1989) detected an asymmetric projected velocity distribution along the 
photometric major axis, indicative of the superposition of a hot slowly rotating 
component ("the bulge") and a cold rapidly rotating one ("the inner disk"); 
Emsellem et al. (1994) carried out a disk/bulge decomposition, using high reso- 
lution CFHT photometry, which indeed revealed the presence of a very flattened 
(c > 0.9) bright inner disk extending out to ,,~ 15 arcseconds. 

The Sombrero galaxy was again observed at the CFHT in April 1992, using 
the IFS TIGER. This allowed Emsellem et al. (1996) to obtain the full two- 
dimensional map of the Line Of Sight Velocity Distributions (LOSVDs) in the 
inner 6 arcseconds. The contribution of the inner disk can easily be traced from 
the asymmetries of the obtained LOSVDs: there is a smooth transition in their 
shapes as we move away from the major axis (Fig.l). Emsellem et al. (1996) then 
used the photometric model of M 104 (Emsellem 1995) to constrain the disk-to- 
bulge surface brightness ratio, and disentangle the kinematical contribution of 
the inner disk and bulge to the LOSVDs. The two-dimensional velocity field of 
the inner disk is (as expected) rather flattened, exhibits a very strong central 
gradient and a maximum of ,,~ 300 km s -1 at about 5 arcseconds along the major 
axis. This is indeed much higher that the mean velocity of 235 km s-1 observed 
at the same point (at a resolution of ~ 1 arcsec FWHM). Emsellem and Qian 
(1996) have recently derived a full two-integral distribution function which nicely 
fits these features, and show that the LOSVDs should exhibit a highly contrasted 
peak due to the inner disk as spatial and spectral resolution increase. They also 
predict the presence of a supermassive black hole of 2 109 M| 
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4 C o n c l u s i o n  

We have obtained 2D kinematics of two nearby galaxy nuclei suspected to harbor 
a supermassive black hole. In M 104 we find a rapidly rotating cold nuclear disk, 
while in M 31 we observe strong asymmetries which are still not well understood. 
Axisymmetric models of these two objects imply large concentrations of mass, 
presumably supermassive black holes of respectively 2 109 and 7 107 M| 

In M 31, the best resolved case, some models have been proposed to explain 
the observed asymmetries, but none is really satisfying. Clearly new theoretical 
developments and high spatial resolution integral field spectrography are needed 
to understand what is going on in the nucleus of our neighbouring giant galaxy. 

The latter could be provided by the integral field spectrograph OASIS, which 
is being developed at the Observatoire de Lyon. This instrument, which will 
succeed the TIGER prototype early in 1997, has been specially designed for 
the CFHT adaptive bonnette. It will thus provide high spatial resolution (,-~ 
0.2 arcsec FWHM) together with improved 2D capabilities (1500 spectra ob- 
tained simultaneously). 
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The Spheroidal Component of Seyfert Galaxies 
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Abs t r ac t .  We use measurements of the stellar and gaseous kinematics for a large sam- 
ple of Seyfert galaxies to examine properties of the host galaxy and their relationship 
to the active nucleus. We find that Seyferts are offset from the Faber-Jackson relation 
for normal galaxies having brighter bulges at a given velocity dispersion than normal 
galaxies. This indicates that Seyferts have lower mean mass-to-light ratios than normal 
galaxies and therefore younger stellar populations. Comparing gas and stars, we find 
that the kinematics of ionized gas in Seyferts are largely due to gravitational motion 
in the host galaxy potential. Additional acceleration of emission line gas can occur in 
objects with kiloparsec-scale linear radio sources and in interacting or morphologically 
disturbed galaxies. We also find correlations between the emission line and radio lu- 
minosity and the stellar velocity dispersion suggesting a link between the host galaxy 
potential and the strength of the NLR emissions. 

We also discuss some results from Hubble Space Telescope snapshots of a sample 
of 52 Markarian Seyfert galaxies. A number of these show small scale-bars and double 
nuclei. Also the nuclei of type 1 - 1.5 Seyfert galaxies are dominated by strong point 
sources, while those of Seyfert 2 galaxies tend to be resolved and resemble normal 
bulge luminosity profiles. This suggests that the nuclear continuum observed in Seyfert 
2 galaxies is extended, covering several tens of parsecs or more, in agreement with 
unified models of active galactic nuclei. 

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

Activity in galaxies is a phenomenon of the nucleus - -  the deepest par t  of the 
gravitat ional  potential.  It  is natural,  therefore, to consider the possibility that  
the host galaxy plays a critical role in the formation and development of the 
active nucleus. The parameter  which perhaps best scales with the depth of the 
gravitat ional  potential  is the nuclear stellar velocity dispersion, ~..  Until re- 
cently relatively few measurements  of a ,  have been available for active galaxies. 
We have therefore obtained stellar kinematic measurements  for a large sample 
of Seyferts to address a number of fundamental  questions regarding the host 
galaxy and its relationship to the active nucleus. Are the dynamics of  Seyfert 
bulges different from those of normal  galaxies? What  physical processes accel- 
erate emission line gas in the narrow line region? Are these processes related to 
the host galaxy or to the active nucleus? What  links exist between the emission 
from the active nucleus and the host potential? 
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2 B a c k g r o u n d  

Several studies of Seyfert galaxies have discussed the possibility of a virial origin 
for the kinematics of ionized gas in the narrow line region (NLR). For example, 
Wilson and Heckman (1985) plotted the FWHM of the [O III] ~5007 emission 
line against c% for a sample of Seyferts and LINERs using data obtained from 
the literature. They found roughly equal gas and stellar velocity widths with 
considerable scatter. Whittle (1992a,b) using indirect virial parameters Vm~x, the 
maximum of the rotation amplitude of the galaxy (obtained from rotation curves 
and HI profiles), and Mbul, the bulge magnitude, found that for most Seyferts 
the kinematics of emission line gas have a gravitational origin. However, Seyferts 
which harbor nuclear kiloparsec-scale linear radio sources have emission lines 
considerably broader than expected for normal gravitational motion. In these 
objects there is an additional acceleration mechanism which is most likely related 
to the interaction of the line emitting gas with the radio plasma ejected from 
the nucleus. There have also been indications that the nuclear radio luminosity 
scales with the optical luminosity of the host galaxy (Meurs and Wilson 1984; 
Edelson 1987; Whittle 1992b). 

3 S a m p l e  a n d  O b s e r v a t i o n s  

To examine these issues further we have obtained stellar and gaseous kinematic 
measurements for a sample of 85 objects: 73 Seyferts, 9 LINERs, 3 normal galax- 
ies (Nelson and Whittle 1995). This increases the number of stellar velocity dis- 
persion measurements available for Seyferts by roughly a factor of 3. Where 
possible we have combined our measurements with previously published values 
(e.g. Whitmore et al. 1985; Terlevich et al. 1990) to yield a best value for q.. We 
generally find good agreement between these measurements and our own with 
no systematic trends (see Nelson and Whittle 1995 for a comparison). 

The primary difficulty in measuring the stellar kinematics in active galaxies 
is obtaining high signal-to-noise spectroscopy of the stellar absorption lines. This 
is most difficult in objects with strong featureless continua (Seyfert 1 galaxies) 
which dilute the absorption lines. In the near-IR, however, the strength of the 
nuclear continuum emission relative to the host galaxy starlight is considerably 
reduced. We have therefore obtained spectroscopy in two wavelength ranges. 
The first, in the near-infrared, is centered on the CaII triplet absorption lines. 
The second, in the visual, is centered on the Mgb absorption lines and includes 
the [O III] )15007 emission line. Systemic velocities and velocity dispersions were 
obtained using the cross-correlation method (Tonry and Davis 1979) and the 
widths of emission lines were also measured. 

4 T h e  F a b e r - J a c k s o n  R e l a t i o n  f o r  S e y f e r t  G a l a x i e s  

Seyfert and normal galaxies can be compared using relationships between virial 
parameters. In this paper I will describe our results for the Faber-Jackson relation 
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n where L is the luminosity of the spheroidal component,  usually stated as L cx c~,, 
and the exponent is typically n __ 3 - 4. For the Seyferts we have applied a 
correction for the luminosity of the active nucleus based on the fluxes of the 
emission lines and estimates of the strength of the featureless continuum. In 
addition, since surface photometry  separating bulge and disk light is not available 
for our sample we use the relationship between Hubble type and bulge-to-total  
ratio obtained by Simien and de Vaucouleurs (1986) to convert total  magni tudes 
to bulge magnitudes.  The results are shown Fig. 1. 
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Fig. 1. The Faber-Jackson relation for Seyfert galaxies. Note that the velocity disper- 
sion is plotted as log 2.35 • ~r, 

We find a strong correlation for the Seyferts similar to that  found for normal  
galaxies with a best fit (solid line) yielding a value for the exponent n ~_ 3. 
The tightness of the correlation indicates that  our ~, values are reliable. More 
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importantly, it suggests that Seyferts have essentially normal stellar kinematics. 
However, the dashed line shows the Faber-Jackson relation for normal galaxies 
determined by Whittle (1992b) using published data for normal ellipticals and 
spiral bulges. Notice that the Seyferts are offset from this relation having lower 
a. at a given value of Mbul (Aloga. _~ --0.1) or alternatively having brighter 
bulges (AMbu~ --~ -0.6 mag) for a given ~,. We believe this offset is real since 
we consider our c~. values to be accurate, the mean correction for AGN light is 
small ((AmAGN) : 0.04) and the Hubble types used for the bulge corrections 
would have to be systematically 2 stages too early (Sa is really Sb) to account 
for the effect (see Nelson and Whittle 1996, hereafter NW96). 

Why should Seyferts be offset from the Faber-Jackson relation for normal 
galaxies? One possibility is that Seyferts have massive black holes which alter the 
nuclear stellar kinematics. However, the observed shift is in the wrong direction 
since we would expect higher values of a. in objects with massive black holes. 
Furthermore, our apertures are too large (.-~ 1 - 2" corresponding to several 
hundred pc) to detect the kinematic influence of even a very large black hole. 

Spheroidal stellar systems follow a planar relationship in the parameter space 
defined by a.,  Mbul and (#), the mean surface brightness, known as the funda- 
mental plane. The Faber-Jackson relation is a projection of this onto the o',-Mbul 
plane. Thus it is possible that Seyferts, although offset from the Faber-Jackson 
relation, lie on the fundamental plane but have systematically different surface 
brightnesses. If true, Seyferts would have fainter surface brightnesses than nor- 
mal galaxies by ~ 1 mag. We consider this possibility unlikely since Seyferts 
are generally considered to be systems with prominent bulges, although surface 
photometry of Seyferts explicitly separating bulge, disk and nuclear emission is 
clearly important. 

The most likely explanation of the Faber-Jackson offset is that Seyferts have 
lower mean mass-to-light ratios, indicating younger stellar populations than 
those found in the bulges of normal galaxies. Comparing the Faber-Jackson 
residuals for the Seyfert and normal galaxies we find that the Seyferts, although 
shifted, are actually less scattered (NW96). In fact if we interpret these residuals 
solely in terms of differences in M/L we find that Seyferts do not have exces- 
sively low M/L but rather seem to avoid objects with high M/L. Thus, those 
systems which have only small amounts of interstellar gas in their nuclei and are 
unable to sustain even moderate star formation rates make poor candidates for 
Seyfert galaxies. We have also found that Seyferts follow the same relationship 
between rotation amplitude, Vmax, and ~r. as normal galaxies suggesting normal 
stellar kinematics and that it is the photometric parameter, Mbul, and not the 
kinematic one, a. ,  that is primarily responsible for the offset (NW96). 

5 S t e l l a r  a n d  G a s e o u s  K i n e m a t i c s  in  S e y f e r t  G a l a x i e s  

We now turn to a comparison of the stellar and gaseous kinematics in Seyfert 
galaxies. In Fig. 2 we plot the FWHM of the [O III] )~5007 emission line against 
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2.35 • or. = FWHM. .  The Seyferts are loosely grouped around the X = Y 
(dashed) line with a moderately strong correlation and a number  of objects 
showing rather high emission line widths relative to their stellar widths. Thus 
for most  objects it appears that  FWHM[om] ~ FWHM. .  This suggests tha t  
the pr imary  influence on the NLR kinematics is the host galaxy potential  and 
confirms Whit t le ' s  (1992a,b) previous results using indirect virial parameters .  
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Fig. 2. FWHM[oIII] vs. FWHM. is shown. The sohd line is a fit to the data and the 
dashed line shows X = Y 

We note however that  the scatter in this diagram is larger than the measure- 
ment  error indicating that  a significant portion of it is real. (The mean error on 
a .  is indicated in the upper left corner of Fig. 2). Thus we can look for secondary 
influences on the gas kinematics by searching for trends in the scatter about  the 
mean relation. 

We first consider trends with radio morphology. Four of the five objects with 
the largest emission line widths (NGC 1068, NGC 1275, Mkn 78, Mkn 3) are 
known to have linear radio sources. The fifth (Mkn 622) may  also be a linear 
radio source because of its peculiar rectangular shaped [O Ill] profile which is con- 
siderably different from its much narrower Hfl line. Flagging other objects with 
linear radio sources also shows a tendency for the more luminous of these to lie 
on the high emission line width side of the fit to the remaining objects (NW96). 
A similar deviation for linear radio sources was found by Whit t le  (1992a,b). 
These results suggest that  interaction between the radio p lasma and the ionized 
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gas provides additional acceleration and broadens the emission lines. 
We also find that interacting and morphologically disturbed objects tend 

to have higher emission line widths at a given or. than the remaining galax- 
ies (NW96). Thus, galaxy interactions can also perturb the NLR velocity field. 
Barred galaxies show only a weak tendency to have broader lines at a given ve- 
locity dispersion and instead are more scattered about the mean relation. Similar 
results were found by Whittle (1992a,b). 

6 Active Properties and the Gravitational Potential 

We now consider links between the host galaxy and properties more directly 
associated with the active nucleus. We begin by noting that Seyfert type was 
not a distinguishing parameter in any of the previous analysis. If the observed 
differences in Seyfert 1 and Seyfert 2 galaxies are due to differences in the orien- 
tation of an obscuring molecular torus, as postulated in unified models of AGN, 
then we conclude that the kinematics of stars and gas show no preference for 
motion in the plane of the torus. 

In Fig. 3 we plot the radio luminosity at 1415 MHz, L1415, versus or. showing a 
moderately strong correlation. Objects flagged with + symbols are linear radio 
sources and have higher radio luminosity for a given value of or.. A similar 
correlation exits between the luminosity of the [O III] A5007 line and ~.. 

These relationships demonstrate that the strength of the emission from the 
NLR scales with the depth of the host galaxy potential. The simplest explanation 
is that galaxies with more massive bulges have more powerful central engines 
perhaps as a result of more massive nuclear black holes. However, it is also 
possible that physical conditions in the NLR are set by the bulge potential. For 
example, the pressure in the hot ISM of the bulge may well depend on the depth 
of the potential. Since the emissivity of radio plasma depends on the pressure, 
more luminous radio sources may be produced in galaxies with more massive 
bulges all other things being equal. We have also found that this correlation 
extends to the cores of radio galaxies (NW96) suggesting a continuity in the 
galactic scale radio properties of radio quiet (e.g. Seyferts) and radio loud AGN. 

7 HST Snapshot Imaging of Markarian Seyferts 

We also discuss some results from an imaging survey of 52 Seyfert and 50 non- 
Seyfert Markarian galaxies obtained with the Hubble Space Telescope (HST). 
These observations were taken using WF/PC-1 in a near-infrared bandpass (the 
F785LP filter) which is virtually free of emission lines. Therefore, these images 
are almost entirely continuum emission from starlight and nuclear processes. The 
goals of this project are to study the small-scale structure in Seyfert galaxies 
and to examine the host galaxy bulge. We find that several galaxies possess 
stellar bars less than a kiloparsec in length and several others have double nuclei 
(MacKenty et al. 1994; MacKenty et al. 1996). 



The Spheroidal Component of Seyfert Galaxies 163 

t ~  

~ 0"3 

I 

t,,1 

v 

"~C, /  

o 

i �9 . j 

+ Linear Radio Sources 
R=0.55 P(null)=0.0014% 

-" ~Avg. err. 

+ 
+ 

+ 

+ +  + 

+ 

. / , "  

§ + 

+o e e  

0 0 0  

o / Syl ,Sy2: �9 
/ solid line: fit to +e 

, , , , I , , , , I , 

2 2.5 3 
Log 2.35 x a. (km s -1) 

Fig. 3. Radio luminosity at 1415 MHz is plotted against a. .  We find a moderately 
strong correlation and a significant tendency for objects with linear radio sources to 
have relatively higher [O Ill] luminosity at a given a.  

We have also found a striking difference in the appearance of Seyfert 1 and 
Seyfert 2 nuclei in this sample (Nelson et al. 1996). The nuclei of Seyfert 1 
galaxies are dominated by a strong point source consistent with being the nu- 
clear continuum source viewed directly. Seyfert 2 galaxies by contrast are weaker, 
often resolved and have luminosity profiles typical of normal  bulges. Since dom- 
inant point sources are not detected in the Seyfert 2s the featureless continuum 
emission seen in these objects must  arise in an extended source perhaps as large 
as 50 - 100 parsecs across. In unified models of AGN the continuum seen in 
Seyfert 2 galaxies is seen only as scattered light "reflected" over the edge of 
the obscuring molecular torus (see e.g. Antonucci 1993) and is therefore highly 
polarized. However, Tran (1995) has found that  a substantial  amount  of nu- 
clear continuum is unpolarized and thus viewed directly. Another possibility is 
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that  since the profiles of Seyfert and non-Seyfert Markarian galaxies are similar, 
there may be a substantial contribution from circumnuclear star formation in 
the type 2 Seyferts. All of these possible contributors to the continuum emission 
in Seyfert 2 galaxies are expected to be extended sources in agreement with our 
observations. 

8 S u m m a r y  

In order to study the relationship between the host galaxy and the active nucleus 
in Seyfert galaxies we have obtained stellar and gaseous kinematic measurements 
for a large sample. Our results show that Seyfert galaxies follow a tight relation 
between a .  and Mbul similar to the Faber-Jackson relation although offset from 
the one found for normal galaxies. This indicates that Seyfert bulges have lower 
mean M/L than those in normal galaxies suggesting younger stellar populations. 
We have also found that  the gravitational potential is the primary influence on 
the NLR gas kinematics. Secondary influences are related to the effects of kpc 
scale linear radio sources and galaxy interactions. Correlations of emission line 
and radio luminosities with a ,  show that the strength of the NLR emission is 
also linked to the mass of the bulge. 

Results from a WF/PC-1  imaging survey of Markarian Seyfert galaxies are 
also reported. We find that  a number of these objects contain double-nuclei and 
small scale bars. Also differences in the appearance of Seyfert 1 and Seyfert 
2 nuclei indicate that  the featureless continua in the type 2s are likely to be 
extended sources in agreement with expectations from unified models of AGN. 
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The Pattern Speed of the Galactic Bulge 
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2611, Australia 

Abs t rac t .  Bar formation and the buckling of hot disks are two independent processes. 
Together they can produce rotating triaxial systems which resemble the Galactic bulge. 
The triaxial system behaves like the bar mode of a disk: giving it angular momentum 
makes it rounder, while removing angular momentum makes it more triaxial. The rel- 
ative position of the Sun can be determined by matching the COBE 3.5 t~m light dis- 
tribution along l ~ 0 ~ and the velocity dispersion ratios in Baade's window. From the 
velocity dispersion in Baade's window, and an assumed distance of 8 kpc to the Galactic 
center we obtain a mass of 2.7 • 101~ and a pattern speed of 39 kms -a kpc -1. 

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

The bulge of a disk galaxy may contain only a modest fraction of the mass, but 
because of its location and compact size it plays a very important  role in the 
dynamics of the system. 

In this paper I will discuss a family of rotating triaxial bulge models which I 
accidentally discovered while performing numerical simulations of the buckling 
of hot disks. There is a strong suspicion that  each member of this family is just  
a small or finite amplitude bar mode of an oblate rotating system. 

Rigid bulges have been used, in both numerical and analytic discussions of 
disk dynamics, to successfully tame the bar and other disk instabilities. The 
axisymmetric force field from the rigid bulge stiffens the central part of the disk 
by increasing the orbital frequencies and this makes it less responsive. 

Real bulges will also stiffen the central part of the disk, but  because they 
are not rigid they can be deformed by external fields. The deformation depends 
on the strength and the pattern speed of the field. A particularly interesting 
situation arises when the bulge has a bar mode. When such a discrete mode is 
perturbed in a periodic fashion it behaves like a harmonic oscillator. Recall that  
such an oscillator responds sympathetically when forced at a frequency less than 
its own natural frequency, but oppositely when the forcing frequency has been 
raised above the latter. Similarly here any discrete bar mode can be expected 
to interact strongly with external fields whose pattern speeds are close to that  
of the bar, augmenting those which are faster, and opposing those which are 
slower. 

I have conjectured that the pattern speed of the Galactic disk is high enough 
to place us just outside the outer Lindblad resonance (Kalnajs 1991), which 
makes it close to 46 kms -1 kpc -1. If the pattern speed of the bulge is close to 
but  below this value, one can expect a cooperative interaction between the disk 
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and the bulge, whereas if the bulge preferred a pattern speed higher than this, 
the two will oppose each other. Such opposition would dampen the prospect for 
a long-lived grand design spiral structure in the Galactic disk. 

2 M o d e l s  

My interest in three-dimensional disk dynamics was kindled by Sellwood's report 
on the buckling instabilities of bars (Sellwood 1991). These buckling instabilities 
were first observed in numerical simulations of warm disks which initially devel- 
oped planar bars (Combes et al. 1990; Raha et al 1991). Combes et al. (1990) 
argued that the subsequent thickening of the bar was related to planar orbital 
instabilities associated with the bar potential, whereas Raha et al. (1991) argued 
more convincingly that the thickening was due to a buckling instability (Toomre 
1966; Merritt and Sellwood 1994). 

I had already constructed a family of flat self-gravitating finite disk models. 
These differentially rotating models have a phase space distribution which is a 
function of ~ = E - Y2J § ( J / R o ) 2 / 2 ,  where E is the specific energy and J 
is the specific angular momentum. The distribution function F(~)  is constant 
if ~_ < ~ < ~+ and is zero elsewhere. One can easily integrate F(~)  over 
the velocities and obtain the surface density as a function of radius and poten- 
tial. The harder part is finding the density and potential pair which satisfies 
the resulting integral equation. Because these models were designed to provide 
starting conditions for numerical studies of particle correlations, the solution of 
Poisson's equation incorporates gravity softening. Here R0 is a free parameter, 
while [2 is determined by the condition that the mean circular velocity should 
equal the circular velocity at the edge. 

The presence of the quadratic term in J makes the models rotate differentially 
in the mean, and regulates the amount of random kinetic energy. In units where 
the gravitational constant, G, the total mass, M, and the radius of the edge, R, 
are all 1, one can find models with R0 ranging from 0.7 to oo. 

Table 1 gives a brief summary of the disk models. The amount of shear present 
can be judged from the circular angular velocities at the center, f2c, and the edge, 
f2e. The Ostriker-Peebles parameter, t, is a dimensionless measure of the amount 
oforganised motion. The ratio of Oc and the m e a n  angular velocity at the center, 
f2, is another measure. There are two values for each parameter, the first is for 
no gravity softening, and the second for the softening parameter a = 0.0125 
appropriate for the model discussed at length in the following sections. 

The unusual choice of the functional form of the distribution function greatly 
simplifies the analytical stability calculations, which should be performed if one 
wishes to demonstrate the stability of a subset of these models. But that involves 
hard work. It is much easier to run a few numerical simulations, and these show 
that the models are unstable and form bars at the low end of R0, and appear to 
be stable when R0 is large. The critical value of R0 which separates the stable 
and unstable models is difficult to determine using only a few thousand particles, 
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Table 1. Disk model parameters 

Ro t n no no 
1 0.1826 0.1892 2.2038 2.2051 4.3732 4.1802 1.1019 1.1025 
2 0.1480 0.1520 1.6724 1.6723 3.9072 3.7700 1.1150 1.1149 
4 0.1293 0.1323 1.4048 1.4042 3.6459 3.5328 1.1238 1.1234 

0.1093 0.1114 1.1354 1.1344 3.3609 3.2706 1.1354 1.1344 

because as one approaches instability the fluctuations become large. It appears 
to be ~ 2. 

With the help of these models it was easy to convince oneself that  the bar 
formation and the buckling of a disk are two independent processes, as the 
following reasoning illustrates. 

The left panel of Fig. 1 shows the time history of the square roots of the 
principal moments of inertia of four unstable R0 = 1 models. (The planar mo- 
ments have been tapered to minimise the contribution from the high energy tail 
created by the bar instability). The two-dimensional equilibrium was perturbed 
by giving each of the 8 000 particles a small displacement in z coordinate, chosen 
at random from the interval [-0.0025, 0.0025]. The initial planar density fluctu- 
ations are much larger and this gives the bar instability a head start. The onset 
of the buckling can be advanced by larger initial z displacements, or a smaller 
value of gravitational softening, a, which in these cases was 0.025. 
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Fig. 1. The evolution of the square roots of principal moments of inertia of four R0 = 1 
models (left), and four R0 = cr models (right). The highest four curves in each half 
refer to I ~ ,  the middle to Iyy, and the lowest to I ~  
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Because the bar developed before the buckling, one might be forgiven for 
suspecting a causal connection between the bar formation and the buckling. 
However this should be dispelled by the right panel of Fig. 1 which shows the 
corresponding histories of four stable R0 = oo models. The small initial jump 
in the bar amplitude is probably due to the establishment of particle-particle 
correlations. Here it is pretty clear that the final triaxial figure is caused by the 
finite amplitude buckling, whose shape is seldom axially symmetric. 

3 T r i a x i a l  F i g u r e s  

Our main interest lies in the rotating triaxial end products produced by the 
violent buckling instabilities and not in the history of their formation. It is most 
unlikely that  real bulges are formed by the above process, since it requires im- 
plausible initiM conditions. However that is the way I built them - a more clever 
person might have constructed the same objects by means of linear program- 
ming, or from an inspired guess of the equilibrium state. 

The R02 = 2 disk models usually produce somewhat more pronounced triaxial 
objects than those seen in the R0 -- 1 and R0 --= oo experiments described above. 
There may also be some lingering doubt about the effect of the gravity softening 
on the final z thickness, since it is only four times larger than the a = 0.025 used 
in the above experiments. These reasons motivated the choice of a R02 = 2 disk 
model with a = 0.0125 as the subject for a more detailed study. 

Model 222, named after the random number seed used to produce it, was 
started just  like the previous experiments. It began to buckle sooner because 
a was halved. By t = 25 it had evolved into a triaxial object rotating with a 
pat tern speed /20 = 1.140. At this point the single experiment split into five 
parallel ones. During the interval 25 < t < 40 an external field was applied. The 
shape of this field closely approximated that  of the m -- 2 component from the 
triaxial density at t = 25, but the phase was advanced by n /2  radians and this 
shift was maintained. The field was turned on and off in a cosbel fashion. The 
duration of each transition was 3 time units. The relative amplitudes of the five 
fields were - 5 ,  - 1 ,  0, 1, 5, and these torques produced -19.5%, -3.4%, 0%, 2.8%, 
and 6.7% changes in the total angular momentum. 

Figure 2 shows the time evolution of the square roots of Iz~ and the az- 
imuthally averaged I ~ .  The initial expansion perpendicular to the plane is ac- 
companied by a contraction along the plane. The central density rises, and the 
circular rotation rate in the center increases by a factor of three. The shape of 
the axisymmetric part of the potential in the plane closely resembles a P lummet  
potential with a scale length of 0.2075. Later the torques produce small changes 
in the equatorial scale, which shrinks as the angular momentum decreases. 

Figure 3 is more interesting. It shows the time evolution of the bar-like aspect 
of Model 222 as measured by ( I ~  - I v v ) / ( I**  + Iyy). The bar becomes more 
pronounced as angular momentum is removed from the system. A 6.7% increase 
in the angular momentum is sufficient to make the system round. 
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Fig. 2. The evolution of the square roots of (L:~: § Iyy)/2 (top), and Izz (bo t tom)  of 
the R~ = 2 model. The hatched region shows the effective duration of the torques 

A more graphic representation of the end results of the three experiments 
which produced the changes of 6.7%, 0%, and -19 .5% is shown in Fig. 4. 

After the initial rapid changes the system settles down into a slowly evolving 
phase, and not a strict equilibrium. For example, the middle curve in Fig. 3 
shows a linear decrease of the bar amplitude which corresponds to a damping 
time of 120, or 22 bar revolutions. At this stage it is not clear how much of this 
decrease and the gentle drifts seen in Fig. 2 are due to the roughness of the 8 000 
particle simulation and how much would survive in the large N limit. 

For the record: the forces are calculated by direct summation and the leap- 
frog integration time step is 0.00325. 

4 A Model  of the Galactic Bulge 

For some time I considered the triaxial objects as mere curiosities. [ began to 
take them more seriously after discovering that  the projected densities resembled 
the bulge light distribution measured by the COBE satellite (Dwek et al. 1995). 

One can determine the solar radius in model units by matching the shape of 
the model l = 0 ~ latitude light distribution to the 3.5 pm l = 0 ~ lati tude scan 
measured by Dwek et al. (1995). Figure 5 shows that  both the bulge light and 
model surface density fall off exponentially away from the plane and that  a good 
match of the exponential scale length can be achieved when the Sun is placed at 
1.75 units from the center. The fit is not sensitive to the orientation of the bar. 

The model fails to reproduce the central peak. The missing light can be 
accounted for by adding a miniature version of the model - one that is shrunk 
by a factor of eight in linear dimension and has the orientation shown in the 
middle panel of Fig. 4. This addition contains 3.3% of the bulge light. There is 
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Fig. 3. The evolution of the bar amplitudes (I:~ -Iyy)/(I.~ +Ivy ) of the R~ = 2 model. 
The highest final curve resulted from the 19.5% loss of angular momentum, whereas the 
lowest curve arose from the 6.7% gain. The hatched region shows the effective duration 
of the torques 

good evidence, derived from the motions of O H / I R  stars (Lindqvist et al. 1992), 
tha t  the central light peak is associated with a similar increase in mass. 

The velocity scale and an orientation for the bar can be obtained by matching 
the observed velocity dispersions in Baade's  window, (l = 1 ~ b = -3 .9~  The 
three components of velocity dispersion of bulge stars are: err = 110 4- 10, at = 
116 + 9, and r = 105 + 8 kms/sec (Terndrup et al. 1995). Table 2 below shows 
the values of the dispersion velocities and the mean radial velocity, vr, predicted 
by the model. The velocity scaling is obtained by setting the radial dispersion 
equal to 110 km/sec.  Good agreement is achieved when the long axis of the 
bar is parallel to a direction which lies in the range 3150 < l < 330 ~ and 
b = 0 ~ Good agreement can also be achieved when the direction lies in the 
range 300 < l < 45 ~ But this range would put the near side of the bulge on the 
wrong side of the center. 

The apparent  axial ratio of the bulge, measured at the 25% of peak level, 
is 0.50 at the l = 3150 orientation, and 0.58 at l = 330 ~ These values can be 
adjusted by changing the intrinsic axial ratios of the model. 

If  we assume tha t  the Sun is at a distance of 8 kpc from the center, and use 
a value of 159 k m s  -1 for the velocity scaling, the mass of the bulge becomes 
2.69 • 101~ and the pat tern speed 39 k m s  -1 kpc -1.  

An independent determination of the velocity scaling and orientation has 
been obtained by Beaulieu (1996) who used the radial velocities and the l, b 
distribution of 97 planetary nebulae from a new survey covering the region 
-100 < b < -50  and - 2 0  ~ < l < 20 ~ The two results are in agreement.  
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F ig .  4. Three triaxial figures viewed along their principal axes. Top row shows the 
view along the z-axis, middle row along the x-axis, and bot tom row along the y-axis. 
The figure which gained most angular momentum is shown in the left column, and the 
one which lost most is on the right. The angular momentum of the central figure was 
unchanged. The outermost isophote is the same in all panels, and the levels increase 
in - . 5  magnitude steps 

T a b l e  2. Model predictions for Baade's Window 

270 ~ 
285 ~ 
3000 
315 ~ 
330 ~ 
345 ~ 
360 ~ 

scale Vr 

168 11.82 
168 13.02 
162 15.98 
161 13.65 
155 16.15 
152 17.14 
153 16.18 

~r r O" l 6rb 

110.0 139.5 107.3 
110.0 139.9 107.6 
110.0 129.8 102.8 
110.0 127.6 102.0 
110.0 117.7 97.7 
110.0 112.6 93.4 
110.0 111.1 92.2 

5 The Missing Pieces 

5.1  T h e  D i s k  

T h e  r o t a t i o n  curve p roduced  by the  bulge  alone has  fal len to  56% of  i ts  peak  
value  a t  the  pos i t ion  of the  Sun, and  therefore  a subs t an t i a l  d isk  is needed to  keep 
i t  level. The  d y n a m i c s  of  the  bulge  is not  very sensi t ive to  the  a x i s y m m e t r i c a l  
p a r t  of  the  force ar is ing f rom such a disk. For  example ,  the  slow a d d i t i o n  of 
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Fig. 5. Comparison of the COBE/DIRBE 3.5 #m light distribution (circles) with model 
(lower dotted curve), and model plus a scaled version of the model (upper dotted curve) 

the force from a rigid Plummer sphere with scale length of 2 and a mass of 8, 
produces a rotation curve which is nearly flat, and raises ~2p by 6% to 1.203. The 
more interesting interaction with the non-axisymmetric part of the stellar and 
gaseous part of the disk which can give rise to torques, is still to be examined. 

5.2 T h e  C e n t r a l  C o r e  a n d  D a m p i n g  

Tha t  small 3.3% of excess light not accounted for by the model cannot be ignored. 
When a small Plummer sphere with a scale length of 0.025 and containing 3% 
of the mass is slowly added, J2p rises to 1.358 and the bar amplitude begins to 
decline linearly with time. The damping time is 45, or 10 bar revolutions. 

The explanation for this seemingly dramatic change lies in the sympathetic 
response of the bulge to the added central mass. A sphere of radius 0.15 would 
on the average contain 1751 bare bulge particles. The added Plummer sphere 
contributes the equivalent of another 230, which in turn attract  a further 521 
bulge particles. The characteristic size of the at tracted cloud is determined by 
the structure of bulge, which means that the density changes will occur where 
they matter.  The addition of an extra 751 particles to the 1751 existing ones is 
no longer a 3% effect. The effects of the added Plummer sphere and the resultant 
density redistribution on J2 - n/2 are shown in Fig. 6. 

The response of a spherical system to an imposed central mass point was first 
calculated by Gilbert (1970). He showed that,  in the limit of vanishingly small 
mass, the effective mass of the imposed point will be increased by a factor of 
2.75 by what he called polarisation. For our rotating, flattened bulge the factors 
are 3.26, 3.51, and 3.92 for 3%, 2%, and 1% mass, which extrapolates to 4.40 for 
a vanishingly small mass. 
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Fig. 6. The Lindblad precession frequencies, 12 - ~/2, of the bare bulge (lower solid 
curves). Expected change produced by the force from a small Plummer sphere contain- 
ing 3% of the mass (upper curve, left), and actual change (upper curve, right). The 
dashed lines show pattern speeds of the bare bulge (left), and bulge plus core (right) 

The Lindblad precession frequency, ~2 - n/2, has a well defined meaning for 
planar orbits moving in an axially symmetric potential. In a Plummer potential 
the precession rate of an orbit with a fixed angular momentum decreases with 
increasing radial action. Therefore the precession rate of any orbit will not exceed 
the peak of the circular ~2 - n/2 curve. Because the I2p of the bare bulge lies 
below the peak, there must be some resonant planar orbits which lose angular 
momentum and in so doing damp the wave. The meaning of ~2 - n /2  becomes 
blurred when the orbits are allowed to move out of the plane. But one suspects 
that  the damping is related to a similar resonant interaction, and the circular 
$2-  n /2  curve appears to be a good indicator of the number of potential angular 
momentum losers. 

When the damping is small, a small negative torque can arrest it. But a 
negative torque produces secular changes which slow down the pattern speed and 
raises the peak of the ~2 - ~/2 curve. In the largest negative torque experiment, 
summarised by the top curve in Fig. 3, S2p fell to 58% of its initial value and the 
peak rose by 15%. 

A better  way to counteract the damping is to raise ~2p. 

6 C o n c l u s i o n  

The initial experiments which produced the rotating triaxial objects provided a 
simple answer to the question of why some bulges are triaxial: they are modes, 
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which once excited, will last for a long time. The small amount  of damping which 
was present did not seem significant and could have been caused by the roughness 
of the 8 000 particle simulations. Longer integrations and the observation that  
the addition of a small amount of mass in the center increased the damping and 
decreased the lifetime of the triaxial shape to 1.3 • 109 years, spoiled that  t idy 
answer. 

This failure may be a blessing in disguise. It is well known that  there is a 
relation between the bulge and disk mass distributions in the sense that  the 
peak circular velocity produced by the bulge seldom exceeds that  of the disk by 
more than about 10%. The 216 kms -1 peak at 1.37 kpc produced by Model 222 
(which rises to 231 at 1.04 kpc when the extra 3% core is added) follows this 
tradition. The relation between the disk and bulge mass distributions reinforces 
the notion that  the two components must interact via non-axisymmetric forces. 

Such an interaction has immediate benefits for the bulge: negative torques 
can make it more triaxial and any induced bar structure in the disk will raise 
the pattern speed. It remains to be seen whether these promised benefits are 
sufficient to sustain a long-lived grand design. 
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T h e  Central  Parsec of  the  Mi lky  Way: 
Star Format ion  and Central  Dark Mass 

Reinhard Genzel 

Max-Planck-Institut fiir extraterrestrische Physik, Giessenbachstrai~e, 
D-85748 Garching, Germany 

Abs t r ac t .  Recent high resolution near-infrared imaging and spectroscopy give de- 
tailed information about the structure, evolution and mass distribution in the nucleus 
of the Milky Way. The central parsec is powered by a cluster of luminous helium rich, 
blue supergiants. The most likely scenario for the formation of these massive stars is a 
burst of star formation a few million years ago. Radial velocity measurements for about 
300 early and late type stars between 0.1 and 5 pc radius from the dynamic center now 
strongly favor the existence of a central dark mass of 2.5 to 3.3 • 106 Mq) within 0.1 pc 
of the dynamic center. This central dark mass cannot be a cluster of neutron stars. It 
is either a compact cluster of stellar black holes or, most likely, a single massive black 
hole. 

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

The nucleus of the Milky Way (adopted distance 8.5 kpc) is one hundred t imes 
closer to the Earth than the nearest large external galaxy and more than a 
thousand times closer than the nearest active galactic nuclei. We can therefore 
s tudy physical processes happening in our own Galactic Center at a level of 
detail that  will never be reached in the more distant, but usually also more 
spectacular systems. Wha t  powers these nuclei and how do they evolve? What  
are the properties of the nuclear stellar clusters? Is star formation happening 
there? Do dormant  massive black holes reside in their cores? In the present paper  
I will describe the status of our present knowledge about  these key questions. For 
a more extensive discussion I refer to Genzel, Hollenbach and Townes (1994). 

The nuclear mass is dominated by stars, except probably in the innermost  
parsec. The density of stars increases with decreasing radius R from the dynamic 
center approximately  as 1/R 2 and attains a value of ~ 4 • 106 MQ per pc 3 in 
the central few tenths of a parsec. Infrared observations on a scale of 100 pc to 1 
kpc show that  these stars appear to be distributed in a rotat ing bar (Blitz and 
Spergel 1991). The gravitational torque of this bar may  also explain the non- 
circular motions of interstellar gas clouds found by radio spectroscopy (Binney 
et al. 1991). The non-circular motions in turn may  trigger gas infall into the 
nucleus. There is increasing evidence from gamma-ray  spectroscopy of the 1.8 
MeV 26A1 line (Diehl et al. 1993) and from infrared stellar spectrophotometry  
(e.g. Lebofsky and Rieke 1987; Cotera et al. 1994; Figer 1995) that  (massive) 
star format ion has occured throughout the Galactic Center region no longer than 
10 million years ago. 
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Also on a scale of ~100 pc several variable, spectacular hard X-ray and 
gamma-ray sources have been found (e.g. Skinner 1993). They may represent stel- 
lar black holes or neutron stars accreting gas from a companion or from nearby 
dense gas clouds. Throughout  the central few hundred parsecs giant molecular 
clouds (-,~106 M| are found whose gas density (n(H2) ~104 to 10 s cm -3) and 
temperature (40 to 200 K) are significantly greater than those of the clouds in the 
Galactic disk (e.g. Giisten 1989). The dynamics of this central molecular cloud 
layer is characterized by large internal random motions and unusual streaming 
velocities that  can be partially explained by the presence of the central bar po- 
tential mentioned above. On a scale of a few parsecs from the dynamic center 
there is a system of dense orbiting molecular filaments approximately arranged 
in form of a circum-nuclear 'disk' (Genzel et al. 1985; Jackson et al. 1993). The 
circum-nuclear disk is probably fed by gas infall from dense molecular clouds at 
10 pc. Internal to the circum-nuclear disk one finds a number of ionized streamers 
(the "mini-spiral") orbiting the center (Lo and Claussen 1983). 

Magnetic fields as large as ,-~1 mGauss appear to permeate the central 50 pc 
and are aligned approximately perpendicular to the Galactic plane (e.g. Mor- 
ris 1993; Sofue 1994). Where they interact with neutral gas clouds remarkable 
filaments of nonthermal radio synchrotron emission are seen (Yusef-Zadeh, Mor- 
ris and Chance 1984). The central radio source, Sgr A, can be separated into a 
thermal source, Sgr A West and a non-thermal source, Sgr A East. Sgr A East 
may be evidence for one or several supernovae that  have exploded in the central 
10 parsecs within the last 105 years (Mezger et al. 1989). 

While the velocities of gas and stars are approximately constant outside of 
a few parsec, the velocities are observed to increase within the inner core (e.g. 
Genzel and Townes 1987). The first evidence for this increase in gas velocities 
came from mid-infrared spectroscopy of [NeII] by Wollman (1976) and Lacy et 
al. (1979, 1980). These authors and others following interpreted the ~250 km s-1 
gas velocities as signalling a concentration of non-stellar mass in the Galactic 
Center, possibly a few million solar mass black hole at the dynamic center (Lacy 
et al. 1982; Serabyn and Lacy 1985). However, gas is affected by magnetic, fric- 
tional and wind forces, in addition to gravity so that stellar velocities are required 
to unambiguously determine the mass distribution. 

At the dynamic center is a compact radio source, Sgr A* which is close to, 
but not coincident with a group of bright near-infrared sources (IRS 16) of blue 
color (e.g. Backer 1994). Since its discovery 25 years ago Sgr A* has been the 
most probable candidate for a central black hole. 

2 W h a t  P o w e r s  t h e  C e n t r a l  P a r s e c ?  

The observed broad band emission of the central few parsecs is dominated by 
intense mid- and far-infrared emission from 50 to 100 K dust grains originating 
in the circum-nuclear disk and in a cloud ridge associated with the ionized 'mini- 
spiral'. Taking into account the radiation not intercepted by the circum-nuclear 
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gas the total UV and visible luminosity of the central parsec has been estimated 
to lie between 1 and 3 • 107 L| (Davidson et al. 1992). The Lyman continuum 
flux is about 2 to 3 • 105~ s -1 as determined from the thermal radio continuum 
(Lacy et al. 1980). Infrared spectroscopy of fine structure lines sampling a wide 
range of excitation stages implies that  the effective temperature of the UV radi- 
ation field in the central parsec is only about 30 000 to 35 000 K. The line ratios 
also suggest a heavy element abundance of about twice that  in the Sun (Lacy et 
al. 1980). 

What  powers this low excitation H n region and what are the properties of 
the central star cluster? Through the advent of sensitive, large format  infrared 
detector arrays and speckle imaging it has become possible in the last few years 
to image the central parsec at the resolution to the diffraction limit of 4 m class 
telescopes (~0.1" or 0.04 pc at 2#m,  Eckart et al. 1992, 1993, 1995). The best 
current images resolve the near-infrared emission of the central parsec into about 
700 stars with K-band (2.2#m) magnitudes <16. Thus all red and most blue 
supergiants, all red giants/AGB stars later than K5 and all main sequence stars 
earlier than B0.5 should be detected in those images. The central IRS 16 com- 
plex located within 1 tt of the compact radio source Sgr A* consists of about two 
dozen single (or perhaps multiple) stars (see also Simons et al. 1990; Simon et 
al. 1990). From the number distribution of the near-infrared sources it appears 
that  the centroid of the stellar cluster is more likely on Sgr A* than on the 
IRS 16 complex and that  the core radius of the K < 15 stellar number density 
distribution is about 0.2 to 0.4 pc (Eckart et al. 1993, 1995; Genzel et al. 1996). 
If the stars with K < 15 are representative of the overall mass distribution of the 
cluster (an assumption that  appears very plausible based on recent spectroscopic 
identification of the stars, Genzel et al. 1996) this core radius together with the 
mass of stars estimated to lie within a few parsecs indicates that  the stellar den- 
sity in the core about 3 to 8 x 106 M| pc -3. Recent imaging spectroscopy with 
the new MPE 3D spectrometer shows that within the core radius bright late 
type stars (supergiants and the brightest AGB stars) are absent but that  the 
core is surrounded by a ring of red supergiants/AGB stars (Genzel et al. 1996). 
Following earlier discussions of Lacy et al. (1982), Phinney (1989) and Sellgren 
et al. (1990), Genzel et al. (1996) interpret this finding in terms of destruction 
of the brightest (and hence largest) late type giant stars by collisions with main 
sequence stars. Assuming that such collisions in fact permanently destroy the 
outer atmosphere of the giants (see Davies et al. 1991) and that  collisionM de- 
struction becomes observable whenever the collision time is less or equal than 
the lifetime of the red giant/supergiant phase, the observed lack of stars brighter 
than K < 10 also implies a core stellar density of about 4 x 106 MQ pc -3, in 
excellent agreement with the density estimated from the number counts. 

Another important  ingredient of the near-infrared story has been the dis- 
covery of a H e l / B r  7 near-infrared emission line star (the AF-star, Forrest et 
al. 1987; Allen et al. 1990), followed by the discovery of an entire cluster of 
about  25 such stars in the central parsec and centered on the IRS 16/IRS 13 
complex (Krabbe et al. 1991, 1995). Several of the brightest members of the 
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IRS 16 complex are He I stars, as is the nearby bright source IRS 13 (Eckart et 
al. 1995; Krabbe et al. 1995; Libonate et al. 1995; Blum et al. 1995b; Tamblyn 
et al. 1996). The IRS 16 He I "broad line region" discovered a decade ago by 
Hall et al. (1982) and Geballe et al. (1984) thus is now identified as a group 
of luminous mass losing, He-rich stars. Non-local thermodynamic equilibrium 
(NLTE) stellar atmosphere modeling of the observed emission characteristics of 
the AF-star (Najarro et al. 1994) confirms and quantifies earlier proposals (Allen 
et al. 1990; Krabbe et al. 1991) that  the AF-star is a WN9/Ofpe star. WN9/Ofpe  
stars are a rare class of luminous blue supergiants related to luminous blue vari- 
ables (LBVs), WNL Wolf-Rayet stars and Of/ON supergiants (Allen et al. 1990; 
Krabbe et al. 1991; Najarro et al. 1994; Libonate et al. 1994; Blum et al. 1995b; 
Tamblyn et al. 1996). These stars very likely represent the post-main sequence 
phase (including perhaps the last part of the main sequence) of massive stars (20 
to 120 M| before they explode as supernovae. The AF-star has a luminosity of 
about 3 x 105 L| effective temperature near 20 000 K and main-sequence mass 
between 25 and 40 M| (Najarro et al. 1994). The surface He/H abundance ratio 
is near unity and the mass loss rate is 6 x 10 -5 M| yr -1 at a velocity ofT00 km/s  
(Najarro et al. 1994). Based on the most recent 3D spectroscopy and modelling 
the brightest He1 stars (IRS 16NE,C,SW, IRS 13) also have effective tempera- 
tures between 20 000 and 30 000 K, are Helium-rich and are about 5 to 10 times 
more luminous than the AF star (Krabbe et al. 1995). Their progenitor O stars 
likely had masses near 100 M| In addition several stars display C III/C Iv /N III 
emission lines, characteristic for late WC and WN Wolf-Rayet stars (Blum et 
al. 1995a; Krabbe et al. 1995; Genzel et al. 1996). Combining the contributions 
from all its members, the He I-star cluster can plausibly account for essentially 
all of the bolometric and Lyman-continuum luminosities of the central parsec 
(Krabbe et al. 1995). The He I star cluster also provides in excess of 103s erg s-1 
in mechanical wind luminosity which may have a significant impact on the gas 
dynamics in the central parsec (Genzel, Hollenbach and Townes 1994). Krabbe 
et al. (1995) fit the properties of the massive early type stars in the central 
parsec by a model of a star formation burst between 9 and 3 x 106 years ago 
in which a few hundred OB stars and perhaps a total of a few thousand stars 
were formed. This conclusion is in excellent agreement with earlier proposals by 
Lacy, Townes and Hollenbach (1982), Rieke and Lebofsky (1982) and Allen and 
Sanders (1986). In the model of Krabbe et al. the He I stars are the most mas- 
sive cluster members that in the mean time have evolved off the main sequence 
and the central parsec is now in the late, wind-dominated phase of the burst. 
The starburst model accounts naturally for the low excitation of the Sgr A West 
H II region. Although there is also evidence for some very young, embedded OB 
stars the present star formation activity appears to be significantly less than 
during the peak of the burst. The present gas density in the central parsec is 
too low for gravitational collapse of gas clouds to stars in the presence of the 
strong tidal forces (Morris 1993). Perhaps the burst was triggered by infall of a 
dense gas cloud less than 10 million years ago, a scenario that  is supported by 
an overall counter-rotation (in the sense of Galactic rotation) of the HeI star 
cluster (Genzel et al. 1996). 
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Based on earlier theoretical work by Lee (1987), Eckart et al. (1993) have pro- 
posed sequential merging by collisions as an alternative to the starburst scenario. 
A recent Fokker-Planck calculation of an evolving Galactic Center type, dense 
cluster with merging shows, however, that  merging can account for only -,~10- 
20 M| stars and no > 30 M| stars (Lee 1994). The basic reason is that  in the 
calculations a sufficiently dense stellar core (density 107 M| pc -3 or greater) 
cannot be maintained for a long enough time to build up very many massive 
stars. Morris (1993) has suggested that  the He I stars are not classical blue su- 
pergiants at all but transitory objects that have been created in collisions be- 
tween ("~10 M| stellar black holes and solar-mass red giants. Both accounts of 
the He Istars just cited are very specific to the high density environment of the 
central parsec. However, a number of stars similar to the Sgr A He ~ stars have 
now been found in several clusters 2 to 13' away from the central, high density 
Sgr A region (Okuda et al. 1990; Moneti et al. 1991; Cotera et al. 1994; Harris 
et al. 1994; Figer 1995). In the case of the Morris scenario (1993) one probably 
would also expect a much larger X-ray emission than is observed. These facts 
and the requirement of having to account for ,--100 M| stars and the presence 
of heavy element nucleosynthesis products discussed above in my opinion now 
strongly favors the star formation model over the other scenarios. 

There are less than a dozen red supergiants (L > 104 L| in the central 
starbnrst zone. Even after correction for collisional destruction of late type stars 
mentioned above this suggests that there was relatively little star formation prior 
to 10-15 million years ago. In comparison there are a much great number of 
late type stars with luminosities 103 to 104 LQ, both inside and outside (Haller 
and Rieke 1989) the central parsec. These medium luminosity stars are likely 
asymptotic giant branch stars of moderate mass (2 to 7 M| They may signify 
another starburst episode that  happened ,-~ 10 s years ago (Haller and Rieke 1989; 
Krabbe et al. 1995). 

3 Is Sgr A* a Massive  Black Hole? 

The next key issue that I want to discuss is the evidence for a central massive 
black hole. Ever since the original discovery of the nonthermal compact radio 
source Sgr A* at the core of the nuclear star cluster (Ekers and Lynden-Bell 
1971; Dowries and Martin 1971; Balick and Brown 1974) that  source has been 
the primary black hole candidate, in analogy to compact nuclear radio sources 
in other nearby normal galaxies (Lynden-Bell and Rees 1971). In fact ever more 
detailed radio observations have confirmed the unique nature of Sgr A* in the 
Galaxy. Recent very long baseline interferometry (VLBI) observations at 7 mm 
show its size to be less than a few AU (Backer 1994; Krichbaum et al. 1994). 
Its proper motion relative to a background quasar is now known to be less than 
about 38 kms  -1 (Backer 1994), at least 6 times smaller than the (2D) velocity 
dispersion of the stars. Hence Sgr A* must have a mass in excess of about 150 
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M| The source shows a m m / s u b m m  excess above the flat cm-spectral energy 
distribution (Zylka et al. 1992) probably indicative of the presence of a very 
compact (,-~ 1012 cm) radio core of stellar dimensions. 

Yet observations at shorter wavelengths indicate nothing particularly im- 
pressive toward the radio position Sgr A*. The high resolution maps of Eckart 
et al. (1995) for the first time show that Sgr A* is located near the centroid of 
a T-shaped concentration of ,-~10 compact near-infrared sources (=Sgr A*(IR)). 
These sources are likely stars and one might speculate whether they represent 
a central stellar cusp around Sgr A*. Sgr A*(IR) also does not show intrinsic 
variability on scales of minutes or years, or significant line emission (Eckart et 
al. 1995). Depending on spectral type any possible infrared counterpart of Sgr A* 
has a luminosity between a few 102 and 104 LQ. (Variable) hard X-ray emission 
is commonly considered a key signature of black holes. However, in contrast to 
the fairly bright infrared emission the present 1 to 30 keV X-ray luminosity of 
Sgr A West and Sgr A* is less than a few hundred L| (Skinner 1993; Goldwurm 
et al. 1994). Recent observations with ASCA suggests that  Sgr A*'s X-ray lu- 
minosity may have been larger in the past few hundred years (a few 105 L| 
Koyama et al. 1996) but still orders of magnitude smaller than the Eddington 
rate of a million solar mass black hole (Sunyaev et al. 1993). 

The evidence for a (dark) central mass concentration in the Galactic Center 
thus is based entirely on the gas and stellar dynamics. As mentioned in the 
Introduction, evidence for a central mass concentration based on gas dynamics 
had already been growing in the 1980s but had not been considered compelling by 
most researchers in the field. However, ever better stellar velocities have become 
available during the past 8 years, fully vindicating the earlier measurements of 
gas velocities and substantially strengthening the evidence for a compact central 
dark mass in the Galactic Center (Rieke and Rieke 1988; McGinn et al. 1989; 
Sellgren et al. 1990; Lindqvist et al. 1992; Krabbe et al. 1995; Haller et al. 1996; 
Genzel et al. 1996). 

The most recent determinations by Sellgren et al. (1990), Krabbe et al. (1995), 
Hailer et al. (1996) and Genzel et al. (1996) now are all in good agreement and 
show a very significant increase of stellar radial velocity dispersion from about 
55 kms -1 at 5 pc to about 180 kms -1 at 0.15 pc. From -,~1H resolution 3D 
spectroscopy Genzel et al. (1996) have obtained velocities for 222 early and late 
type stars between 1 ~ and 22 H distance from Sgr A*. After deprojection of the 
observed projected velocity dispersions and stellar surface densities Genzel et 
al. (1996) carried out a Jeans equation analysis. Assuming an isotropic stellar 
velocity field, the new 3D data in combination with the other stellar measure- 
ments mentioned above require a combination of a M/L2 um ~ 2 stellar cluster, 
and in addition a 2.5 to 3.3 • 106 M| dark mass. The dark compact mass is 
required at 6 to 8 sigma significance. It can be reduced but not fully removed 
even if highly anisotropic velocity fields are considered. For comparison, Haller 
et al. (1996) conclude that  there must be a central mass of just under 2 x 106 M| 
and the most recent gas dynamics estimates find a central mass between 2 and 
4 • 10 6 M| (Serabyn et al. 1988; Lacy et al. 1991; Herbst et al. 1993). The dark 
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mass is not resolved (R(core) < 0.07 pc), has a M/L2 ~m ratio of at least 100 
and a density of > 109 M| pc -3 (Genzel et al. 1996). 

An experiment is now well underway to measure the proper motions of stars 
between 0.3 tt and 10 H from Sgr A* from repeated high resolution near-infrared 
imaging with the SHARP camera on the ESO NTT (Eckart and Genzel, in prepa- 
ration). This experiment should soon give a clearcut answer on the anisotropy 
of the stellar orbits. 

As the dark mass has a core radius at least 5 times smaller and a core 
density at least 250 times greater than that of the visible (old) stellar cluster 
(average stellar mass ,,~0.7 M| it does not seem plausible that it consists of 
solar mass remnants (neutron stars or white dwarfs). Calculations by Chernoff 
and Weinberg (1990) indicate that such large density ratios between similar 
mass components cannot be attained even in core collapsed globular clusters. 
The dark mass concentration could either be a single massive black hole, or a 
very compact cluster of stellar mass (,,~10 M| black holes (Morris 1993; Lee 
1995) should such a cluster be stable. The most likely configuration is probably 
a single massive black hole. 

If Sgr A* is indeed a million solar mass black hole, the riddle is why it is 
presently so inactive. It is very interesting that  the Galactic Center shares this 
' luminosity deficiency' or 'blackness' problem with essentially all nearby nuclei 
for which there is substantial evidence for dark central masses (Kormendy and 
Richstone 1995), including the presently most convincing case, the 'mega' H20 
maser source NGC 4258 (Myoshi et al. 1995). It is possible that  the tidal disrup- 
tion and accretion of stars by the hole (happening in the Galactic Center at a 
rate of--~10 -4 to 10 -3 yr -1) occurs very efficiently albeit at low duty cycle (Rees 
1988). Accretion of interstellar gas streamers by the hole may be prevented by 
the need to overcome the angular momentum problem, coupled with the outward 
force of the stellar winds as discussed above. Finally, the wind gas itself may be 
accreted largely spherically, with very low radiation efficiency (Melia 1992). A 
final and very interesting possibility is that  most of the energy of the accret- 
ing material is advected into the hole and not radiated (Narayan et al. 1995). 
Nevertheless current models of black hole accretion have to be stretched to be 
comensurate with Sgr A* being an underfed million solar mass black hole (Oz- 
ernoy and Genzel 1996). 
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Abs t rac t .  Nonthermal radio emission in the Galactic Center reveals a number of ver- 
tical structures across the Galactic plane, which are attributed to poloidal magnetic 
field and/or energetic outflow. Thermal radio emission comprises star forming regions 
distributed in a thin, dense thermal gas disk. The thermal region is associated with a 
dense molecular gas disk, in which the majority of gas is concentrated in a rotating 
molecular ring. Outflow structures like the radio lobe is associated with rotating molec- 
ular gas at high speed, consistent with a twisted magnetic cylinder driven by accretion 
of a rotating gas disk. 

1 Radio Continuum Emission 

1.1 F l a t  R a d i o  S p e c t r a  

The radio emission from the Galactic Center (GC) is a mixture of thermal 
and nonthermal emissions. The conventional method to investigate the emis- 
sion mechanism is to study the spectral index, either flat (thermal) or steep 
(nonthermal). Howerver, the spectral index in the central 3~ has been 
found to be almost everywhere flat (Sofue 1985), even in regions where strong 
linear polarization has been detected. Therefore, a flat spectrum observed near 
the Galactic Center can no longer be taken as an indicator of thermal emission. 

1.2 I n f r a r e d - t o - R a d i o  I n t e n s i t y  R a t i o  

Separation of thermal and nonthermal radio emission can be done by comparing 
far-IR (e.g. 60 #m) and radio intensities (both in Jy str-1):  thermal (HII) re- 
gions have high IR-to-radio ratio, R -~ I rm/ IR  ~ 103, while nonthermal regions 
have small IR-to-radio ratio, R < 0 .-~ 300. Using this method, thermal and 
nonthermal emission regions have been distinguished in a wide area (Reich et al. 
1987). The region near the Galactic plane is dominated by thermal emission and 
many H II  regions like Sgr B2. These regions are closely associated with dense 
molecular clouds related to star formation in the clouds. On the other hand we 
find that  many of the prominent features like the radio Arc, Sgr A and regions 
high above the Galactic plane, including the Galactic Center Lobe (GCL), are 
nonthermal. 
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1.3 Linear  Polar iza t ion  

A direct and more convincing way to distinguish synchrotron radiation is to 
measure the linear polarization. However, extremely high Faraday rotation to- 
ward the Galactic Center causes depolarization due to finite-beam and finite- 
bandwidth effects. This difficulty has been resolved by the develpoment of a 
multi-frequency, narrow-band Faraday polarimeter (Inoue et al. 1984) as well as 
by high-resolution and high-frequency observations using the VLA (Yusef-Zadeh 
et al. 1986). Very large rotation measure (RM >,,~ 103 rad m -2) and high degree 
(10 - 50%) polarization have been observed along the radio Arc and in the GCL 
(Inoue et al. 1984; (Tsuboi et al. 1986; Seiradakis et al. 1985; Sofue et al. 1986; 
Reich 1988; Haynes et al. 1992). 

Linar polarization as high as p ,-~ 50 % has been detected along the Arc at mm 
wavelengths (Reich et al. 1988). This is nearly equal to the theoretical maximum, 
pm~x = (a + 1)/(a + 7/3) --- 47 %, for the Arc region, where the spectral index 
is a -~ +0.2. This implies that the magnetic field is almost perfectly aligned, 
consistent with the VLA observations showing straight filaments, suggestive of 
highly ordered magnetic field (Yusef-Zadeh et al. 1984; Morris 1993). From linear 
polarization it is clear that the radio emission from the radio Arc is nonthermal 
in spite of its flat radio spectra. 

2 R a d i o  C o n t i n u u m  M o r p h o l o g y  

2.1 The rma l  Disk and  Star  Format ion  

The nuclear disk, about 50 pc thick and 200 pc in radius, comprises numerous 
clumps of H II regions, most of which are active star-forming (SF) regions and 
are detected in the H recombination lines (Mezger and Pauls 1979). Typical H II 
regions are named Sgr B, C, D and E. The total H II mass of 2 x 106 M o has been 
estimated, and the production rate of Ly continuum photons of 3 x 1052 s -1 is 
required to maintain this amount of H II gas (Mezger and Pauls 1979). However, 
if we take the GC distance of 8.5 kpc and a more accurate thermal/nonthermal 
separation, we estimate these to be ,-~ 106 M| and 1.5 • 1052 s -1, respectively. 
The SF rate of the central few hundred pc region amounts, therefore, to several 
% of the total SF rate of the Galaxy. 

2.2 The rma l  F i laments  

Complex thermal filaments connect (bridge) Sgr A with the radio Arc (Yusef- 
Zadeh et al. 1984). Recombination (Pauls et al. 1976; Yusef-Zadeh et al. 1986) 
and molecular line observations (Glisten 1989) indicate their thermal charac- 
teristics. However, large Faraday rotation is detected in the bridge, indicating 
co-existence of magnetic fields along the thermal filaments (Sofue et al. 1987). 
Velocity dispersion of the thermal filaments increases drastically near the Arc, 
indicative of violent interaction with the Arc (Pauls et al. 1976). Yusef-Zadeh 
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and Morris (1988) also argue that the Arc (straight filaments) and the arched 
filaments are interacting. A magneto-ionic jet from Sgr A colliding with the 
ambient poloidal magnetic field would explain this exotic structure (Sofue and 
Fujimoto 1987). 

2.3 Radio Arc and Vertical Magnetic Fields 

The radio Arc comprises numerous straight filaments perpendicular to the Galac- 
tic plane, and extends for more than ,~ 100 pc (Downes et al. 1978; Yusef-Zadeh 
et al. 1984; Morris 1993). The magnetic field direction is parallel to the filaments 
and vertical to the Galactic plane (Tsuboi et al. 1986). Field strength as high 
as ,-~ 1 mG has been estimated in the Arc and in some filaments (Morris 1993). 
The life-time of cosmic-ray electrons in the Arc is estimated to be as short as 
--~ 4 000 years (Sofue et al. 1992), and so the straight filaments may be transient 
features, temporarily illuminated by recently accelerated high-energy electrons. 

The higher latitude extension of the Arc, both toward positive and negative 
latitudes, is also polarized by 10 to 20% (Tsuboi et al. 1986; Sofue et al. 1987). 
The rotation measure reverses across the Galactic plane, indicating a reversal 
of the line-of-sight component of the magnetic field. This is consistent with a 
large-scale poloidal magnetic field twisted by the disk rotation (Uchida et al. 
1985). 

2.4 Galactic Center Lobe and Large-Scale Ejection 

The Galactic Center Lobe (GCL) is a two-horned vertical structure, probably 
a cylinder of about 200 pc in diameter (Sofue and Handa 1984; Sofue 1985: 
Fig. 1). The eastern ridge of the GCL is an extension from the radio Arc, and is 
strongly polarized. The western ridge emerges from Sgr C. An MHD acceleration 
model, in which the gas is accelerated by a twist of poloidal magnetic field by an 
accreting gas disk, has been proposed (Uchida et al. 1985; Uchida and Shibata 
1986). High-velocity molecular gas has been found to be associated with the 
GCL (Sofue 1996: Fig. 1): Molecular gas in the eastern GCL ridge is receding 
at Yisr "~ +100 km s -1, and the western gas is approaching at -~ -150 km s -1, 
indicating rotation of the GCL. This is consistent with the twisted magnetic 
cylinder model. 

A much larger scale ejection has been found in radio, which emanates toward 
the halo, reaching as high as b ,~ 25 ~ (Sofue et al. 1988). This feature, which is 4 
kpc long and some 200 pc in diameter, may be cylindrical in shape and extends 
roughly perpendicular to the Galactic plane. This structure might be a jet, or 
it might be magnetic tornado produced by the differential rotation between the 
halo and the nuclear disk. 

2.5 Huge Galactic Bubble by Starburst: North Polar Spur 

The radio North Polar Spur (NPS) traces a giant loop on the sky of diameter 
about 120 ~ drawing a huge ~2 over the Galactic Center (Fig. 2). The /2-shape 
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Fig. 1.10 GHz radio map of the Galactic Center 2.2 ~ • ~ (left bo t tom) ,  in comparison 
with a l -  Vl~r plot of the 13CO emission at b -- 8 ~ (top) showing high-velocity rotating 
gas in the GCL. A VLA map (right) at 5 GHz shows vertical magnetic field filaments 
in the Arc (tick mark interval is 1 t, Yusef-Zadeh 1986) 

can be simulated by a shock front due to an explosion (sudden energy input) at 
the Galactic Center (Sofue 1994). In this model, the distance to NPS is several 
kpc. The X-ray intensity variation as a function of lati tude indicates tha t  the 
source is more distant than a few kpc, beyond the H I gas disk, consistent with 
the Galactic Center explosion model, but inconsistent with the local supernova 
remnant  hypothesis. 

Hence, the NPS is naturally explained, if the Galaxy experienced an active 
phase 15 million years ago associated with an explosive energy release of some 
l0 ss erg (Sofue 1994). This suggests that  a s tarburst  had occurred in our Galactic 
Center, which involved ,~ 105 supernovae during a relatively short period (e.g., 
106 yr). 
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Fig. 2. Left: North Polar Spur at 408 MHz after background subtraction (Haslam et 
al. 1982; Sofue 1994). Right: A shock wave associated with a starburst of total energy 
release of 1055 ergs is shown at 10, 15 and 20 million years. The front at 15 million 
years can fit the radio shell 

3 M o l e c u l a r  A r m s  a n d  t h e  1 2 0 - p c  R i n g  

Various molecular features have been recognized in the central ,-, 100 - 200 
pc region: molecular rings and arms of a few hundred pc scale (Scoville et 
a1.1974; Heiligman 1987), shell structures and complexes around H II regions 
(e.g. Hasegawa et al. 1993), and an expanding molecular ring of 200 pc radius 
(Scoville 1972; Kaifu et a1.1972). Binney et al. (1991) have noticed a "parallel- 
ogram" and interpreted it in terms of non-circular kinematics of gas in an oval 
potential, instead of an expanding ring. However, the gas in this parallelogram 
shares only a minor fraction of the total gas mass (~  10 %). 

Figure 3 shows the total intensity map integrated over the full range of the 
velocity (Bally et al. 1987; Sofue 1995). The total molecular mass in the I11 < 10 
region is estimated to be ~ 4.6 • 107 M o for a new conversion factor (Arimoto 
et al. 1995). The molecular mass of the "disk" component is ~ 3.9 • 107 M| 
which is 85% of the total in the observed region. The expanding ring (or the 
parallelogram) shares the rest, only 7 • 107 M@ (15%) in the region. 

The H I mass within the central 1 kpc is only of several 106 M| (Liszt and 
Burton 1980). Hence, the central region is dominated by a molecular disk of 

150 pc (,~ 1 ~ radius, outside of which the gas density becomes an order of 
magnitude smaller. The total gas mass within 150 pc is only a few percent of the 
dynamical mass ( Mdyn = RVr2ot/G ~ 8 • l0 s M| for a radius R --~ 150 pc and 
rotation velocity V~ot "~ 150 km s -1. This implies that the self-gravity of gas is 
not essential in the Galactic Center. 
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Fig. 3. 13CO intensity map (Bally et al. 1987; Sofue 1995), showing a highly-tilted 
ring structure of the molecular gas (bot tom),  in comparison with an (1, V) diagram 
at b -- 2 ~ and -5  ~ (top). Arms I and II correspond to the upper and lower parts of the 
tilted ring 

Figure 3 shows (I, V) diagrams in the Galactic plane, where the foreground 
components have been subtracted (Sofue 1995). The major structures of the 
"disk component" near the Galactic plane are "rigid-rotation" ridges, which we 
call "arms". The most prominent arm is found as a long and straight ridge, 
slightly above the Galactic plane at b ~ 2 ~, marked as Arm I in the figure. 
Its positive longitude part is connected to the dense molecular complex Sgr B. 
Another prominent arm is seen at negative latitude at b ~ - 6  ~, marked as Arm 
II. 

Arms I and II compose a bent ring of radiffs 120 pc with an inclination 
85 ~ We call this ring the 120-pc Molecular Ring. It is possible to deconvolve 
the (l, V) diagram into a spatial distribution in the Galactic plane by assuming 
approximately circular rotation and using the velocity-to-space transformation 
(VST). Figure 4 shows a thus-obtained possible "face-on" map of the molecular 
gas for V0 = 150 km s -1.  It II regions are Mso plotted, showing that  H II regions 

lie along the molecular complexes along the arms in the ring. 
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Fig. 4. Possible deconvolution of the CO (/, V) diagrams for Galactic Center into a 
face-on view 

4 D i s c u s s i o n  

We have reviewed various features in the central 150 pc region of the Galaxy 
in radio continuum, both in thermal and nonthermal,  and in the CO line. The 
thermal  radio emission and molecular gas are distributed within a thin disk of 
150 pc radius and 30 pc thickness. The nonthermal radio emission is distributed 
in a wider area, often extending far from the Galactic plane, comprising vertical 
structures associated with poloidal magnetic fields. 

We est imate some energetics among the variuos ISM in the central 150 pc 
region: Molecular gas has turbulent energy density of a few 10 - s  erg cm -3, when 
averaged in the central 150 pc radius disk. Energy densities due to H II gas and 
Ly continuum photon are of the order of ~ 10 -1~ erg cm -3. On the other hand, 
the magnetic field energy is as high as ~ 4 • 10 -8 erg c m  - 3  for -,~mG field 
strength. The molecular gas disk and magnetic field appear  to be in an energy 
balance with each other, with the magnetic energy dominating. The averaged 
star format ion rate compared to the molecular gas amount,  or the SF efficiency, 
is much lower than that  observed in the outer disk of the Galaxy. If  the Galaxy 
had experienced a starburst  15 million years ago such as that  suggested for the 
cause of the huge NPS shell, the present Galactic Center may  be in a quiet phase, 
probably in a pumping-up phase for the next burst. 
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Abst rac t .  The innermost central part of the Galaxy has very complicated morphology 
and kinematics. We make an emphasis on the dynamical nature of the 'mini-spiral'. 
Two cases are considered: (i) the putative black hole lies at the center of the dense 
stellar cluster and (ii) it is off the center. In the first case, the mechanism of the 
spiral arm generation can be over-reflection instability, and in the second case the 
axial asymmetry of the gravitational potential serves as a source of excitation of the 
density wave. In the both cases, the generated spiral density wave is consistent with 
the observed 'mini-spiral' if the upper limit to the black hole mass is _~ 105Mo. 

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

The region inside the circumnuclear (molecular) ring, the 'cavity' ,  is filled with 
atomic and ionized gas, whose densest part forms the so-called 'mini-spiral'. 
Below, after summarizing the basic data on the central few parsecs and concisely 
reviewing the available concepts on the origin of the 'mini-spiral', we consider 
two possible hydrodynamical mechanisms able to generate the latter. 

2 Bas ic  Observat iona l  D a t a  

As two detailed observational reviews on the Galactic Center (by Genzel and 
Sofue) are presented in these Proceedings we only list here in Tables 1 to 5 the 
main parameters of gas and stars in the innermost region. 

Tab le  1. Dust 
Measured parameter Numerical value References 
Three components revealed 

with temperatures 

Total mass inside 1 pc 

40 K (Q ,~ 30") 
170 K (Q ,~ 15") 
400 K (Q ,~ 3") 
1-6 M o 

Zylka et al. (1995) 

Zylka et al. (1995) 
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Tab l e  2. The molecular ring ('Circumnuclear Disk') 
Outer radius 

Inner radius 

Thickness of the disk 
at the inner edge 

7 pc Genzel (1989) 
8 pc Roberts & Goss (1993) 
12 pc Zylka et al. (1995) 

1.5 - 2 pc 

0.4 pc 
at the outer edge (7pc) 2 pc 

Total mass (7pc) 
(10pc) 

Temperature 

104M| 
..~ 105 M e 

300 K 
> 100 K (CO) 

50 - 200 K (HCN) 

Disk consisting of dense 
clumps of the size 

Density in clumps 
Average density 

0.15 pc } 
106 _ l0 s c m  - 3  

104 -- 105 cm -3 

Rotation velocity 110 km s -1 

Tab le  3. Ionized gas 

consensus 

Glisten et al. (1987) 
Serabyn et al. (1986) 
Zylka et al. (1995) 

Genzel et al. (1985) 
Blitz et al. (1993) 

Harris et al. (1985) 
Lugsten et al. (1987) 
Sutton et al. (1990) 
Jackson et al. (1993) 
Giisten et al. (1987) 
Wright et al. (1989) 
Jackson et al. (1993) 

Jackson et al. (1993) 

Genzel et al. (1985) 

Mass and density inside 2 pc 
(in the minispiral only) 

Average density 

Temperature (HII region) 

Line-of-sight magnetic field 
in the Northern arm 

60 M e Lo & Claussen (1983) 

2.5.50 M e ,103 104cm -3cm -3 } Zylka et al. (1995) 

5 000 - 7 000 K Roberts & Goss (1993) 

10 mG 
15 mG 
~ 8 m G  

Aitken (1989) 
Roberts et al. (1991) 
Roberts & Goss (1993) 

Tab le  4. Atomic gas 
Mass and density inside 1.5 pc 300 M| Jackson et al. (1993) 

200 Me, 104 cm -3 Zylka et al. (1995) 
Temperature 200 K Jackson et al. (1993) 
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T a b l e  5. The central stellar cluster 

195 

Two components revealed 
core radius, re, for young stars 0.3 pc 
core radius for old stars 0.8 pc 
Stellar density 

P ~ 106 M| -3 
IR  photometry  + modelling at r < re, 

p ~ r - 1 8  at r > re 

star count + modelling 
p ~ 107 M| -3 

at r < re, 
p ~ r - 2 a t r > r c  

Eckart et al. (1995) 
Zylka et al. (1995) 

McGinn et al. (1989) 

Bailey (1980) 

Eckart et al. (1993) 

Fig. 1. a Distribution of gas in the innermost central region; b the thickness of the 
molecular ring, H(r)  (Giisten et al. 1987); e density run of the central stellar cluster; 
d the azimuthal rotation velocity of the disk as a function of r, both in case (i) when 
the black hole is located at the stellar cluster's center (solid line) and in case (ii) when 
the black hole is located at the radius R0 where M. >> MBH (dotted fine) 

From Fig. lb  it follows that  H = a - r, where a = e o n s t ,  which implies 
tha t  the molecular ring is isothermal, i.e. the sound speed cs = coast. Indeed, 
equilibrium of a ring rotat ing with angular velocity D0(r) in the field of a 
spherically-symmetric mass distribution results, according to the Newton theo- 
rem, in H ( r )  ~_ cs/~2o(r), i.e. Cs -- ~ r~0 ( r )  = aVo~ = c o n s t ,  in accordance with 
Fig. ld. Observations indicate that  the atomic disk, ionized disk, and dust ring 
are each isothermal, indeed (e.g. Zylka et al. 1995), although they have different 
temperatures  (see Tables 1 - 4). The innermost part  of the dust disk overlaps 
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with the atomic (ionized) disk and its outer part overlaps with the molecular 
ring. Possibly, all the flat subsystems in the central region form a single, although 
highly inhomogeneous, disk. 

3 Dynamics 

Although the overall dynamics of the central region of the Galaxy may be as 
complicated as its morphology, the corner-stone of many dynamical problems is 
apparently the origin of the 'mini-spiral'. Available hypotheses on the nature of 
the 'mini-spiral' can be divided into the three categories: 

1) Inflow (Lo and Claussen 1983; Ekers et al. 1983; Quinn and Sussman 1985; 
Serabyn and Lacy 1985; Serabyn et al. 1988; Jackson et al. 1993). It is assumed 
that  the gaseous clouds in the central region lose, due to collisions, their angular 
momenta  and fall into the central parsec forming a 'mini-spiral'. As soon as they 
arrive there, a strong UV radiation from the center dissociates and ionizes the 
molecular gas. Accounting for the atomic gas alone, its mass ~ 200 - 300 M o 
inside the central 1.5 pc (Zylka et al. 1995; Jackson et al. 1993) and the inflow 
time ~ 104 yr yield the inflow rate ~-. (2 - 3) - 10 -~ M| yr -1 (Jackson et al. 
1993). 

This inflow cannot reach an immediate vicinity of the central black hole (BH) 
and feed the latter owing to the ram pressure of the wind from the hot stars 
in the central parsec (Ozernoy and Genzel 1996). However, the wind itself can 
serve as a source of feeding the BH due to Bondi-Hoyle accretion, especially if the 
BH mass, MBH, is high enough (Ozernoy 1989). If MBH were as high as ~ 106 
M| the X-ray emission of Sgr A* would significantly exceed what is observed 
from the direction toward the Galactic Center (Mastichiadis and Ozernoy 1994; 
Goldwurm et M. 1994) 1. Although Narayan et al. (1995) argue that  advection 
of radiation could appreciably reduce the accretion luminosity, a low efficiency 
alone seems to be unable to resolve the above contradiction (Ozernoy and Genzel 
1996). 

2) Outflow from the center (Brown 1982; Ekers et al. 1983; Heyvaerts, Nor- 
man and Putri tz 1988; Schwarz, Bregman and van Gorkom 1989). An assumption 
that  the 'mini-spiral' is a double-side precessing jet  (Brown 1982) is in contra- 
diction with the absence of symmetry (e.g. Lo 1986): Sgr A* as a natural  source 
of the outflow is displaced from the center of the 'mini-spiral'. 

3) The 'mini-spiral' as the wave: The Northern Arm and Western Arc are a 
single structure rotating in the Circumnuclear Disk plane + some flows (Lacy, 
Achtermann and Serabyn 1991). Analysis of the line-of-sight velocity field of the 
'mini-spiral' has led Lacy et al. (1991) to the conclusion that  the Northern Arm 
and Western Arc are a coherent structure in the form of an Archimedes spiral 
rotating in the plane of the Circumnuclear Disk. At the same time, the presence 

1 It is worth noting that Lynden-Bell and Rees (1971) suspected the existence of a 
black hole at the Galactic Center before the actual candidate for it (Sgr A*) was 
revealed. 
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Fig. 2. a Line-of-sight velocity field of the 'mini-spiral' (Genzel and Townes 1987). b 
A spiral wave with pitch angle i and wave number k, tan i = - d r / d ~ ,  k~ = k sin i 

of a steep velocity gradient in the region where the Eastern Arm and the Bar 
join with the Northern Arm (Fig. 2a) indicates, according to Lacy et al., the 
absence of any dynamical  connection between those structures. 

We would like to make the next step and consider the formation of that  spiral 
structure. Two cases are worth analyzing: (i) a black hole sits at the center of 
the stellar cluster and (ii) it is located off the center. The rotat ion curve of the 
gaseous disk shown in Fig. ld has in both cases a kink region. 

Suppose, a kink is located at the point r = R0 on the rotat ion curve. It  
means that ,  at this point, there is a j ump  of the derivative of the rotat ion veloc- 
ity: V ~ ( R o )  c< O(r - Ro) and, respectively, V ~ ( R o )  ~ ~(r - R0), where O is the 
Heaviside step function, 6 is the Dirac delta-function. In this case, the hydrody- 
namical  equations that  describe the rotat ing disk dynamics can be reduced to 
the Schrhdinger equation with the potential  in the form of a 8-well. The latter 
has always at least one level, i.e. in the region of r = R0 there is a spiral wave. 
The generation mechanism for this spiral wave is a corotation resonance. Indeed, 
the energy of a sound wave in the flow is given by (Landau and Lifshitz 1984) 
E = Eow/ (w  - k v ( r ) )  = Eow/(w - mO0(r)) ,  E0 > 0, where w is the eigenfre- 
quency, k is the wave vector, and we use k v  = k~vo~ = ( m / r ) .  (rl2o), m being 
the azimuthal  wave number. Evidently, the energy E is positive if w / m  > l-2o (r). 

In Fig. 3 (Fridman et al. 1993) the form of the potential  well corresponds 
to the rotat ion velocity profile shown in Fig. ld,  solid line [case (i)]. The wave 
function has an exponential cutoff at the both edges of the potential  well. There- 
fore, if corotation resonance were absent, the reflection coefficients at both sides 
of the potential  barrier would be equal, with exponential accuracy, to unity. In 
reality, the wave reflected from the corotation resonance gets from it an addi- 
tional positive energy. As a result, the reflection coefficient at the left potential  
barrier exceeds unity 2, i.e. an over-reflection instability happens. Orr (1907) was 

2 The potential well lies on the right-hand side of the corotation circle, where the wave 
energy is positive since w/m > I2o(r). 
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the first who discovered an over-reflection phenomenon in hydrodynamics,  and 
in physics of galaxies an over-reflection was investigated, for the first time, by 
Goldreich and Lynden-Bell (1965) and by Julian and Toomre (1966). 
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Fig. 3. A schematic sketch of the over-reflection phenomenon (Fridman et al. 1994) 

The kink on the rotation curve shown in Fig. 4a causes the generation of the 
one-arm spiral wave that  coincides with the Northern Arm and the Western Arc 
(Fig. 4b). 

Let us turn now to case (ii) 3 when a black hole (BH) is located on the same 
distance R0 from the stellar dus ter ' s  center and has a mass MBH ( ( M . ( R 0 ) .  
The BH excites a sound wave. Using the azimuthal pat tern speed C2p = w / m ,  

k~ - k sin i, where i is the pitch angle (Fig. 2b), one obtains that ,  outside of the 
resonance zone, in the 'wave-zone' where k ,~, w / c  and tan i ~ sin i 

y?p_  ~ _ ~ cs d~ 
m k ~ r  "~ - -  "~ - - -  (1) 

- -  r sin i cs dr" 

This expression keeps its validity for the case of the over-reflection instability 
too. 

For an isothermal disk (c~ = c o n s t ) ,  (1) describes an Archimedes spiral that  
fits the observations (Lacy et al. 1991). Let us est imate the value of d~ /d r .  The 
wave's phase velocity, ~2p, coincides with the angular velocity at the position 
of the BH. Let the BH be on the distance of 0.15 pc from the stellar cluster's 
center, RBH ~ 0.15 pc. According to Tables 2 and 5, M.(0.15 pc) ~ 105 M o,  
so tha t  one concludes that  MBH < 105 M| From the equilibrium condition 
G M / R  ~ ~ V ~ / R ,  it follows that  VBH~ ~ 50 km s -1, and we obtain 

dr  cs Cs �9 ]~BH 
- - -  ~ 0.15 pc rad -1. (2) 

- ~ l~  - s VBH~ 

3 Considered jointly with D.Bisicalo and O.Kuznetsov 
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Fig. 4. a The rotation curve used for modelling of the spiral wave. b The mini-spiral: 
the contour map represents the observational data (Blitz et al. 1993), the filled region 
is the computer simulation (Fridman et al. 1996), the cross is the center of rotation. 
The offset for the rotational center with respect to Sgr A* is 0."6 W and 1."3 S [the 
rotational center coincides with the center of the stellar cluster, 0."6 W + 0."7, 1."3 S 
-4- 1."0 (3a errors), as given by Eckart et al. (1993)]. The sound speed c~ = 50 kms -1. 
The inclination of the disk is 600 , the position angle of the disk is 20 ~ 

This result turns out to be in a fair agreement with observational data  for the 
'mini-spiral '  (Lacy et ah 1991). 
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Abs t r ac t .  The paradigm for active galactic nuclei (AGN) comprises a massive black 
hole accreting material through a disk. A competing model, in which no black hole is 
present and the luminosity is supplied by stellar processes ("starburst" model), has been 
developed for radio-quiet active galaxies (i.e. Seyfert galaxies, LINERs and radio-quiet 
quasars). In this article, I discuss recent observational work on the nuclear structures of 
Seyfert galaxies and LINERs with a view to discriminating between these two models. 
Seyfert galaxies are, to first order, cylindrically symmetric objects. Strong evidence 
for compact (< pc) nuclear disks is now available through observations of broad FeKa 
emission, broad, double-peaked optical recombination lines and H20 megamasers. Near 
infrared imaging reveals the outer parts of the disks. Bi-polar structures, collimated by 
the nuclear disks, include radio jets and lobes, high velocity ionized gas (the narrow 
line region) and ambient gas photoionized by a collimated nuclear radiation source. In 
the best studied Seyferts, the collimation of the radio jets is better than a few degrees. 
Compact accretion disks and highly collimated radio ejecta are consistent with the 
black hole model, but are neither observed in galaxies with (only) nuclear starbursts 
nor expected in starburst models. It remains to be shown, however, that accretion disks 
and highly collimated jets are prevalent in the population of radio-quiet AGN. 

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

The paradigm for active galactic nuclei (AGN) is a massive black hole accreting 
mater ial  through a disk (Lynden-Bell 1969). If  we leave aside models outside 
the realm of conventional physics (such as the "white holes" of Ambar t sumian  
and Hoyle), this paradigm has never been seriously challenged for radio-loud 
AGN i.e. BL Lac objects, radio galaxies and quasi-stellar radio sources. On 
the other hand, a competing picture has developed for radio-quiet objects - 
LINERs,  Seyfert galaxies and quasi-stellar objects - in which no black hole is 
present and the objects are instead powered by hot stars and entities resulting 
f rom them, such as supernovae and supernova remnants.  This "starburst" model 
for AGN has been investigated over the past two or three decades by a number  
of workers (e.g. Harwit and Pacini 1975; Weedman 1983), and most  recently by 
Terlevieh and his colleagues (e.g. Terlevich 1992; Terlevich et al. 1992). In order 
to distinguish between these two completely different scenarios, it is necessary 
to obtain direct evidence for or against accreting massive black holes in active 
galactic nuclei. Over the last year, some spectacular observations favoring the 
accretion disk - black hole model have been obtained, and I should like to review 
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these, and other, pieces of evidence in this paper, concentrating on radio-quiet 
objects. 

I divide the observational evidence into two kinds - that  which shows an 
accretion disk directly (or is, at least, best interpreted in terms of emission from 
a disk) and that  for which the evidence is indirect, involving bi-polar phenomena 
which are presumably collimated by an accretion disk. In the former category 
(discussed in Sect. 2) are broad, redshifted FeKa lines from Seyfert galaxies 
(which originate from disk scales of order 6 - 20 RG, where RG = GM/c2),  
broad, double-peaked optical hydrogen recombination lines from radio galaxies 
and LINERs (which probe disks scales of 100 - 104RG), H20 megamasers (from 
scales of 104 - 106RG, or 0.1 - 10 pc) and thermal dust emission from Seyferts 
(scales of order 107 - 108RG, or 100 pc - 1 kpc). In the first two of these obser- 
vations, the disk is not spatially resolved and its existence is inferred from the 
line profiles. In the last two, the disk is directly mapped out by the observations. 
Bi-polar phenomena in Seyfert galaxies include radio synchrotron and emission- 
line jets and lobes and highly ionized, V-shaped, gaseous structures apparently 
photoionized by a collimated nuclear source; these phenomena are reviewed in 
Sect. 3. Concluding remarks are given in Sect. 4. 

2 Direct  Evidence  for Accret ion Disks 

2.1 FeKa Lines from Seyfert Galaxies 

Tanaka et al. (1995) have recently found a broad emission feature, extending from 
5 to 7 keV, in the Seyfert 1 galaxy MCG-6-30-15 (Fig. 1). The only reasonable 
identification is broad (full width at zero intensity ~ 100 000 km s- l ) ,  redshifted 
FeKa emission. The line is also asymmetric, with a relatively narrow core around 
6.4 keV and a broad red wing. Tanaka et al. show that  the profile can be modelled 
in terms of emission from an accretion disk between 3 and 10 Schwarzschild radii 
from a Schwarzschild or Kerr black hole. The physical effects governing the shape 
of the profile from such a disk include the gravitational redshift and transverse 
Doppler effects, which produce a profile skewed to the red, plus aberration, time 
dilation and blueshift, which make the blue horn stronger than the red. Expected 
profiles, taking into account these relativistic effects, have been calculated by 
Fabian et al. (1989). It is believed that  the FeKa line arises through fluorescence 
and back-scattering from optically thick material in the disk illuminated by a 
primary hard X-ray source above it. 

Broad FeKc~ lines have now been found in some half a dozen Seyfert galaxies 
(e.g. Mushotzky et al. 1995; Fabian et al. 1995). The full width at half maximum 
(FWHM) ranges from 10 000 to 50 000 km s -1, but only in the case of MCG-6-  
30-15 is the signal to noise good enough to define the line profile reasonably well. 
Fabian et al. (1995) have recently presented a critical assessment of the kinematic 
disk interpretation of these lines. Non-kinematic line broadening mechanisms, 
such as Comptonization, are shown to be implausible. Perhaps the most serious 
competitor to the disk model is outflow, possibly in the form of a jet, either 
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Fig. 1. From Tanaka et al. (1995). The line profile of FeKa in the X-ray emission 
from MCG-6-30-15. The dashed line shows the best fit line profile of an exter- 
naJly-illuminated accretion disk orbiting a Schwarzschild black hole 

perpendicular to the line of sight or within ~ 10 Schwarzschild radii of the 
black hole, with the observed redshift resulting from the transverse Doppler and 
gravitational redshifts, respectively. Such a model cannot be ruled out, but the 
absence of any strongly blueshifted lines argues against a jet model. Further, 
the Seyfert galaxies in which broad FeK~ lines have been seen do not produce 
high power radio jets. While higher signal to noise and monitoring of the line 
profiles are certainly desirable, the relativistic disk interpretation is favored at 
the moment. 

2.2 D o u b l e - P e a k e d ,  B road ,  Op t i ca l  R e c o m b i n a t i o n  Lines  

A phenomenon closely related to the FeKa line profiles is found in the optical 
spectra of some AGN. Eracleous and Halpern (1994, hereafter EH) have com- 
pleted a comprehensive study of the broad Hc~ emission lines of radio galaxies 
and radio-loud quasars. They find that  some 10% of radio-loud objects exhibit 
broad, double-peaked emission (e.g. Fig. 2). 

These double-peaked emitters have several distinctive properties in compar- 
ison with the more common single-peaked broad line emitters: (1) the average 
FWHM of the double-peaked lines is roughly twice as large as that  of the rest of 
the sample (12500 km s -1 versus 5700 km s- l ) ,  (2) the optical continuum near 
Ha comprises 20%-100% starlight, versus less than 20% for the other objects, (3) 
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Fig.2.  From Eracleous and Halpern (1994). The broad Ha profile (after continuum 
subtraction) of 3C 332 and its best fit circular, relativistic Keplerian disk model. The 
fitting parameters are listed in the upper right: i is the disk inchnation, ~1 and ~2 are 
the inner and outer radii (in units of GM/c2), a is a local broadening parameter and 
q is the power-law exponent of the variation of line emissivity with radius (emissivity 
e(~-q). The lower panel shows the residual spectrum resulting from the subtraction of 
the model profile from the observed profile 

the double-peaked emitters have very strong lines from low ionization species, 
such as [O I]A6300 and [S n]A6724, and high [O I]A6300/[OIu]A5007 ratios. 

In the entire sample of radio-loud objects, the broad Ha lines are preferen- 
tially redshifted with respect the narrow lines. The mean shift at half maximum 
is < AA/A > =  (6-4-2) x 10 -4. This result contrasts with studies of optically 
selected samples, which find equal numbers of blueshifts and redshifts (e.g. Su- 
lentic et al. 1990; Boroson and Green 1992). For the double-peaked objects, the 
blue peak is stronger than the red in 13 out of the 18 cases. It is notable that  
most double-peaked emitters are powerful Fanaroff-Riley class II (Fanaroff and 
Riley 1974) radio sources. 

EH discuss their results in terms of a model in which an inner, ion-supported 
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torus produces a hard ionizing continuum, which illuminates a circular outer disk 
(Chen and Halpern 1989). The Ha emission is envisaged to come from the outer 
disk. Such external illumination of the outer disk appears necessary for energetic 
reasons (EH). The model makes specific predictions about the line profile shapes: 
the rotation of the disk causes the double-peaked structure, relativistic effects 
make the blue peak stronger than the red, and there is a net redshift of the entire 
line due to the gravitational redshift and transverse Doppler effect. Interpreted 
in this way, the observed redshift corresponds to Keplerian motion at ~ 2500 RG. 
EH show that many, but not all, of the double-peaked line profiles can be fitted 
with such a circular, Keplerian disk model. The primary source of radiation from 
the ion torus is electron synchrotron radiation in the near infrared (Rees et al. 
1982), which is boosted to higher energies through inverse Compton scattering. 
The synchrotron self-absorption frequency is expected to be about 1013 Hz and 
the inverse Compton X-ray spectrum should show a knee near 100 keV. Indeed, 
several of the double-peaked emitters have flat or inverted spectra between 25 #m 
and 60 #m (Halpern and nracleous 1994). As emphasised by Begelman (1985), 
the important feature of an ion torus is not so much the spectral shape, but 
the low radiative efficiency. This ties in nicely with EH's observations. The large 
contribution of starlight to the optical continuum spectrum of the double-peaked 
emitters is related to the absence of the usual blue/UV component seen in AGN; 
this "big blue bump" is sometimes interpreted as emission from the inner parts 
of an optically thick accretion disk. Thus, if this inner disk is replaced by an 
ion torus, the blue/UV emission should be much weaker. Further, the ionizing 
continuum of the ion torus is harder and more dilute than the conventional thin 
disk. Gas ionized by this spectrum will have a lower ionization parameter and 
thus strong, low-ionization narrow lines (LINER-like - Halpern and Steiner 1983; 
Ferland and Netzer 1983). 

Alternative explanations of the double-peaked profiles include binary black 
holes and hi-conical radial flows. Binary black holes may result from galaxy 
mergers (Begelman, Blandford and Rees 1980), and Gaskell (1983) has suggested 
that each member of the binary may have its own broad line region, so the orbital 
motion of the binary would produce displaced peaks. This hypothesis may be 
tested observationally by searching for the change in the velocities of the peaks 
associated with the orbital motion. The absence of radial velocity variations in 
Arp 102B and 3C 332 places lower limits on the masses of the hypothesised 
binaries in these galaxies of 4 x 109 M| and 2 x 10 l~ M| respectively, which 
renders the binary black hole model an unlikely explanation for the double peaks 
in these objects (Halpern and Filippenko 1991). Additionally, high velocity gas 
would be expected to orbit close to each of the two black holes and give rise 
to double peaks in the wings of the observed line. Low velocity gas orbits the 
center of mass of the binary and produces a single core. Thus widely spaced peaks 
separated by the orbital velocity are not produced by gas gravitationally bound 
to a binary black hole (Chen, Halpern and Filippenko 1989). Double stream 
models for double-peaked profiles have been published by Zheng. Binette and 
Sulentic (1990) and Zheng, Veilleux and Grandi (1991). The broad line emission 
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originates from material in a bi-cone moving outwards from the central object. 
Such models can produce a wide variety of profile shapes but, given our ignorance 
the dynamics of such outflows, the models are of necessity purely kinematic and 
the parameters ad hoc. Studies of the variability of double-peaked profiles and, 
in particular, their response to variations in the ionizing continuum may be the 
best way to distinguish between disk and outflow models. 

A recent discovery is that double-peaked, broad Ha emission may appear in 
AGN which previously had no such emission. Such "new" double-peaked lines 
have been found in NGC 1097 (Storchi-Bergmann, Baldwin and Wilson 1993), 
Pic A (Halpern and Eracleous 1994) and M 81 (Bower et al. 1996). In NGC 1097 
and Pic A, the wings of the new lines extend to ~ =k 11000 km s -1. While 
Pic A is a radio galaxy, NGC 1097 and M 81 are spirals with low luminosity 
active nuclei. Nevertheless, both NGC 1097 and M 81 show jet-like structures: 
NGC 1097 exhibits four faint, large-scale optical jets (Wolstencroft and Zealey 
1975), while M 81 has an elongated radio core with linear dimensions 1000- 
4000 AU, depending on frequency (Bartel et al. 1982; Bietenholz et al. 1996). 
Thus double-peaked optical lines show a very strong association with nuclei that 
generate jets whether  or not the j e t  is a powerful  radio source. All three of the 
galaxies with newly-appeared, double-peaked lines have strong, low ionization 
forbidden-lines (LINER class or transition between LINER and Seyfert type line 
ratios), reinforcing EH's conclusion that this type of narrow line spectrum is 
associated with the double-peaked broad lines. 

When discovered in Nov. 1991, the blue wing of the broad Ha profile of 
NGC 1097 extended further from systemic than did the red wing, and the red 
peak was brighter than the blue (the same was true of the double-peaked broad 
Ha profile of M 81 when discovered - see Bower et al. 1996). These two char- 
acteristics conflict with the predictions of the circular relativistic disk model 
(Storehi-Bergmann, Baldwin and Wilson 1993). Over the subsequent 2.3 years, 
the flux of the entire Ha line in NGC 1097 has decreased by a factor of ~ 2 
and the red peak has declined more than the blue, so that in 1994 the profile 
appeared to be symmetric (see Fig. 3 and Storchi-Bergmann et al. 1995). The de- 
cline in broad Ha flux was accompanied by a steepening of the broad line Balmer 
decrement. If the increase in the Balmer decrement is the result of increased red- 
dening, the decline in the Ha flux is roughly accounted for. Alternatively, the 
decline in the line flux could reflect a decline in the ionizing continuum. 

The binary black hole model is unlikely to apply to NGC 1097, because the 
velocities of the two peaks did not change during the 2.3 years of monitoring. 
The corresponding lower limit to the total mass of the binary is ~ 109 M| 
which is probably too large for a mildly active galaxy like NGC 1097 (Storchi- 
Bergmann et al. 1995). Bi-polar outflows remain a viable and attractive model. 
A modification of the disk model has been made by Storchi-Bergmann et al. 
(1995) and Eracleous et al. (1995), who propose that the lines originate in an 
elliptical disk (one of Alar Toomre's "last refuge of a scoundrel"). In such a 
model, the red peak can be stronger than the blue, as is seen in about 1/4 of the 
double-peaked emitters. Eracleous et al. (1995) calculate the line profiles from 
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Fig. 3. From Storchi-Bergmann et al. (1995). The observed broad Ha profiles of the 
nucleus of NGC 1097 from 1991 Nov 2 to 1994 Feb 17. The underlying stellar population 
spectrum has been subtracted and successive spectra have been shifted vertically (by 
1.8 mJy) for clarity 

an elliptical, relativistic disk, and show that  this model can fit a good number 
of the profiles that  cannot be described by a circular disk model. In particular, 
NGC 1097 is best described by an eccentric ring, rather than a disk, with a 
width smaller than its radius. 

Eracleous et al. (1995) offer two plausible scenarios for the formation of an 
elliptical disk in a galactic nucleus. In the first, a binary black hole is present. 
The tidal field of the secondary is responsible for the eccentricity of the accretion 
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disk around the primary. This effect is analogous to the similar tidal distortion 
of the accretion disk around the white dwarf by the secondary star in a cata- 
clysmic variable. It is, of course, unclear how a black hole binary would form in 
a spiral galaxy like NGC 1097. The second scenario discussed by Eracleous et al. 
(1995) is inspired by the appearance of the double-peaked lines in NGC 1097. 
The model involves the formation of a transient accretion disk through capture 
and disruption of a passing star by the black hole. The disruption of a 1 M@ star 
is expected to produce a well-defined elliptical disk within a viscous timescale 
(Syer and Clarke 1992, 1993). The eccentric outer disk (whence the Ha is emit- 
ted) is not strongly affected by relativistic differential precession, which tends 
to circularise the disk within ~ 200 Re.  This model is particularly attractive 
for NGC 1097 because (1) the mild level of activity suggests a low mass hole 
(perhaps ~-, 106 M| which can readily disrupt stars before accreting them, (2) 
the line profile is best fitted by a narrow annulus, which could represent the 
postdisruption debris, and (3) the structure and properties of the elliptical ring 
are expected to change on a timescale comparable to the viscous time, and hence 
the broad recombination profiles should vary. 

In conclusion, it is at present not possible to choose between disk and outflow 
models for broad, double-peaked line profiles. Simple models of both types can 
describe much of the present data. Unfortunately (or fortunately), both models 
can be made much more complex in an at tempt to fit difficult line profiles. For 
example, disks can have arbitrarily chosen inner and outer radii, can be eccentric 
or warped, and may precess or contain spiral arms or hot spots, all of which will 
affect the line profiles. Jets and outflows can be asymmetric, decelerate and suffer 
differential obscuration. As Eracleous et al. (1995) emphasise, the best method 
for discriminating between the models may be studies of profile variability, and 
especially the response to changes in the ionizing radiation. Another test involves 
the line polarization, since light emitted by a thin disk with electron scattering 
opacity emerges polarized parallel to the plane of the disk (e.g. Antonucci 1988). 
The polarization of the line should thus be perpendicular to the radio axis. A 
recent study of Arp 102B finds that  the polarization of the double-peaked broad 
Ha line is not in accord with the relativistic disk model (Antonucci, Hurt and 
Agol 1996). 

2.3 H20  Megamasers 

N G G  4258. Recent VLBI observations (Greenhill et al. 1995a; Miyoshi et al. 
1995) of the LINER galaxy NGC 4258 have shown that the water vapor mega- 
masers in this galaxy arise in a thin, edge-on gaseous annulus at a galactocentric 
radius of 0.13 - 0.26 pc. Maser emission is observed both near systemic velocity, 
arising from clouds at the near side of the disk and along our line of sight to 
a central opaque core (hypothesised to be a source of continuum radiation at 
22 GHz), and from "satellite lines" with velocities of 4- 900 km s -1 w.r.t, sys- 
temic (Nakai, Inoue and Miyoshi 1993), arising from gas at the tangent points 
with rotational velocities directed towards and away from Earth. The satellite 
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lines show an accurately Keplerian rotation curve (Fig. 4). The recessional ve- 
locities of the near-systemic features are observed to be increasing at a rate of 
about  9 km s -1 yr -1 (Haschick, Baan and Peng 1994; Greenhill et al. 1995b). 
This increase of velocity is believed to result from the centripetal acceleration of 
clumps of gas in the annulus as they move across our line of sight to the central 
core (Watson and Wallin 1994; Haschick, Baan and Peng 1994; Greenhill et al. 
1995b). Figure 5 shows a cartoon of the geometry for a nearly edge-on disk. 
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Fig.4 .  From Miyoshi et al. (1995). Line of sight velocity versus distance along the 
major axis (position angle = 86 ~ of the masering disk in NGC 4258. Inset: the data 
near the systemic velocity of the galaxy. The position errors are only visible on the 
scale of the inset. Note the excellent fit of the plotted Keplerian curve to the satellite 
lines. The linear dependence of the systemic emission is a consequence of the change 
in projection of the rotation velocity 

The most  impor tan t  information obtainable from these observations can be 
summarised in the following simplified way. Suppose that  the masers arise in a 
thin, circular annulus viewed edge-on. Let O be the observed angular dimension 
along the projected edge-on disk, V the observed recession velocity of the masers 
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Fig. 5. From Moran et al. (1995). Cartoon of the maser geometry for the nearly edge-on 
disk of NGC 4258. The view is from slightly above the plane containing the disk and 
Earth. The masing region occupies an annulus, with a fractional radial thickness of 
0.5, that probably lies within a more extensive dusty torus. Masers in the systemic 
velocity group become visible to us when they pass in front of the continuum source, 
which they amplify, and whose diameter may be inferred from the angular extent of 
the maser features. However, the high-velocity features do not amplify a background 
source, relying instead on long velocity-coherent gain paths through the disk. The 
emission that we see is beamed anisotropicaJly in and near the plane of the disk 

and Vg~l the systemic velocity of NGC 4258. Intrinsic properties of interest in- 
clude the distance to the galaxy, D, the rotational velocity of the annulus, U, 
and the radius of the annulus, r. We can relate the information obtainable from 
the various observations to the intrinsic properties as follows. 
a) VLBI mapping  of the systemic features: (dV/d/~)syst = UD/r. 
b) Monitoring of the t ime dependence of the velocity of individual clumps of gas 
in the systemic features: (dV/dt)syst = U2/r. 
c) VLBI measurement  of the angular radius of the satellite lines: Os~t = r/D. 
d) Measurement of the recessional velocity of the satellite lines: Ysat  - Vgal  ---- U. 
e) VLBI mapping  of the systemic features at more than one epoch: (dS/dt)syst = 
U/D (this measurement  has not yet been made).  
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Combination of measurements a) through d) gives D = 6.4 Mpc, r = 0.13 - 
0.25 pc, U = 800-1  100 km s -1 , and a central mass M = rU2/G = 3.6 • 107 M o 
(Greenhill et al. 1995a, b; Miyoshi et al. 1995). What  is impressive here is the 
high degree of internal self-consistency in the model. If instead of obtaining D 
from the maser observations we assume it is known, measurements a) through d) 
give four equations for two unknowns. For example, measurement of the angular 
radius (c) and velocity (d) of the satellite lines allows the angular change in 
velocity (a) and the acceleration (b) of the systemic components to be correctly 
predicted. This self-consistency gives confidence in the model and argues strongly 
against alternative theories in which the masering gas is moving radially. 

The discovery of the masing disk in NGC 4258 has stimulated important 
theoretical work on both the disk itself and the binding mass, as I now discuss. 
The disk is unresolved in the vertical direction (h/r < 0.0025, where h is the 
vertical thickness of the disk; Moran et al. 1995). For hydrostatic equilibrium, 
h/r = cs/U, where cs is the sound speed. The observed limit on h/r translates 
to an upper limit on the temperature T < 1 000K (Moran et al. 1995). This tem- 
perature is compatible with those needed in models of the H20 maser emission. 
If, instead, the vertical pressure is magnetic, then cs should be replaced by the 
Alfv~n speed VA = B/(4:rp) 1/2, where B is the magnetic field and p the gas 
density. For a molecular density of 101~ cm -3 (the maximum allowed to avoid 
quenching of the water maser), then B < 0.2 Gauss (Moran et al. 1995). 

Application of the Toomre stability criterion for rotating, self-gravitating 
disks (Toomre 1964; Binney and Tremaine 1987) shows that  the disk is near the 
borderline of stability (Moran et al. 1995; Maoz 1995b). Maoz (1995b) suggests 
that the separation of the satellite emission sources into several distinct clumps 
and the regularity of the distance intervals between them is indicative of spi- 
ral structure. The increased density at the wave crests of the spiral pattern is 
hypothesised to provide increased amplification of the maser. 

As the disk is slightly warped (Miyoshi et al. 1995), it can be illuminated by a 
central X-ray source. These X-rays are expected to heat the molecular gas in the 
midplane at the observed radius of the water masers to 200 - 1 000 K (Neufeld, 
MMoney and Conger 1994). At temperatures above 300 K, the water abundance 
is enhanced by chemical reactions of O and OH with H2 (Neufeld, Maloney and 
Conger 1994). The maser emission in the 22 GHz line probably results from 
collisional excitation in this gas (Neufeld, Maloney and Conger 1994; Neufeld 
and Maloney 1995). Given the central mass and the estimated luminosity of the 
nucleus, the inferred Eddington ratio is small: L/LE ..~ 10 -4. Modelling of the 
disk by Neufeld and Maloney (1995) suggests that  material accretes through 
the disk at a rate of 7•  M| yr -~, where ~ is the usual dimensionless 
number parameterising the viscosity. This value indicates that  the efficiency for 
the conversion of rest mass energy into radiation is ~ 0.1a -1, in agreement with 
theoretical expectations for a standard accretion disk if a ~ 1 (see Lasota et al. 
1995 for a different picture in which the accretion flow is advection dominated). 

Maoz (1995a) has evaluated alternatives to a supermassive black hole as the 
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binding mass for the disk. If the entire mass within the inner radius of the 
masering disk is in a dense star cluster with a Plummet  mass density profile, 
the upper limit to the velocity deviations from a Keplerian curve (AU/U < 
4 • 10 -3) implies a central mass density of P0 _> 4.5 • M@ pc -3. At these 
densities, a cluster which consists of 1.4 M o neutron stars would evaporate in 
< 1.5x 10 s yr. In fact, a cluster which consists of any objects with mass > 0.03 
M o would evaporate within < 6 Gyr. Further, a cluster which consists of objects 
with typical mass _< 0.03 M| is also ruled out by constraints on the physical 
collision timescale, unless the objects are extremely dense. Maoz (1995a) also 
considers the hypothesis that the mass within the inner edge of the disk is in 
the form of a relatively light black hole surrounded by a massive density cusp 
in the background mass distribution. Maoz shows that  this also is not a viable 
possibility, and concludes that the black hole mass must be at least 98% of that  
inferred from the accurately Keplerian fit to the rotation curve of the disk (i.e. 
3.6• 7 Mo).  

O t h e r  H~O M e g a m a s e r s .  Gallimore et al. (1995) have recently found that  
the kinematics of the brightest megamasers in NGC 1068 may be described by 
an edge-on disk around a central mass concentration of (4.4 -4- 0.8)x 107 M o. 
Higher resolution observations with the VLBA are desirable to confirm these 
results and check whether the rotation curve is Keplerian. 

Wilson, Braatz and Henkel (1995) report monitoring of the brightest maser 
spike in the LINER nucleus of NGC 2639 and find a redward velocity drift of 
6.6 q- 0.4 km s -1 yr -1 over a period of 1.4 yr. If this acceleration represents 
the centripetal acceleration of the near side of an edge-on Keplerian disk, as is 
the case in NGC 4258, the mass of the central object is 1.5• (r /0.1 pc) 2 
M| (cf. observation b above for NGC 4258). Further observations (i.e. a, c, or 
d in the NGC 4258 list) are needed to determine r or v, and hence M, uniquely. 
Unfortunately, no satellite lines have been detected so far and the maser is too 
weak for VLBI observations. 

2.4 Direct Imaging of  Dusty  Disks 

Recently, high-resolution near-infrared imaging has revealed red structures strad- 
dling the nucleus perpendicular to the radio and emission-line axes in a handful 
of Seyfert 2 galaxies (Simpson et al. 1995). An example is shown in Fig. 6. The 
grey scale represents the ratio of [O III]~5007 to Ht~+[N II]~6548,  6584 in the 
Seyfert 2 galaxy Mkn 348. Regions of high excitation gas are seen to the north 
and south of the nucleus. The axis of the high excitation nebulosity aligns well 
with the radio axis and is perpendicular to the optical polarization, as expected 
if the nucleus is blocked from view by a dusty torus and the optical light is 
scattered by regions above and below the torus (Miller and Antonucci 1983). 
The contours represent the J - K color; a red band, extending about 1 kpc 
with J - K = 2.0 at the center, is seen aligned perpendicular to the axis of the 
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Fig. 6. From Simpson et al. (1996). areysca le :  ratio of [O III]~5007 to Ha+[N II]AA6548, 
6584 flux in the Seyfert 2 galaxy Mkn 348. The greyscale is linearly scaled between 
0.3 (white) and 3 (black). Areas of low signal-to-noise and with a ratio below 0.3 have 
been blanked out. Regions of high excitation gas can be seen to north and south of the 
nucleus. Contours :  J - K color, with contour interval 0.2 magnitudes; the centermost 
(reddest) contour represents J -  K = 2.0. The figure covers 15" • 15" (4.0 kpc • 4.0 
kpc) 

high excitation gas and radio emission (Simpson et al. 1996). This red band is 
associated with excess emission at K band and may represent thermal  emission 
from hot (T ~ 700 K) dust in a torus or disk viewed edge-on. It  is tempt ing to 
speculate (Simpson et al. I996) that  this probable dusty torus represents the 
outer part  of the toroidal structure invoked to hide the broad line region in this 
object (Miller and Goodrich 1990). 

3 B i - P o l a r  P h e n o m e n a  - I n d i r e c t  E v i d e n c e  f o r  A c c r e t i o n  

D i s k s  

3.1 T h e  R a d i o  E m i s s i o n  o f  S e y f e r t  G a l a x i e s  

The first evidence that  the nuclei of Seyfert galaxies eject material  in opposite di- 
rections came from radio mapping  of their nuclei. Sub-arc second radio maps  have 
been made of three samples of Seyferts with the VLA - a radio flux-limited sam- 
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Fig. 7. From Pedlar et al. (1993). Contour map of the radio emission of NGC 4151 at 
5 GHz. The length of the jet is .~ 270 pc 

ple of Markarian Seyferts (Ulvestad and Wilson 1984a), a distance-limited sam- 
ple containing all known Seyferts with recessional velocity below 4600 km s -1 
(Ulvestad and Wilson 1989), and an optical magnitude-limited sample complete 
to a (total) galaxy Zwicky magnitude of mzw _< 14.5 (Kukula et al. 1995). Anal- 
ysis of the last dataset is in preparation, so the following discussion is based on 
the first two surveys. A significant number of the radio nuclei are too compact 
to map at the 0(14 (120 pc at recessional velocity 4 600 km s -1) resolution of the 
VLA at 6 cm: in the Markarian Seyferts (distance-limited) sample, 41% (26%) of 
the nuclei were slightly resolved and 21% (28%) were unresolved. The majori ty 
of the remainder have "linear" radio structures - double, triple or jet-like, usu- 
ally straddling the optical continuum nucleus. Such sources comprise 28% (26%) 
of these two samples. These sources represent bi-polar collimated ejection from 
the Seyfert nucleus (e.g. Wilson 1982). A much smaller percentage - 3% (5%) - 
exhibit "diffuse" ("blob-like" or non-collimated) morphology, which radio emis- 
sion is believed to be powered by circumnuclear star formation (Wilson 1988). A 
similarly small percentage - 0% (7%) - show both "linear" and "diffuse" radio 
structures, with the remainder - 7% (2%) - having morphologies which defy this 
simple classification. 

The collimation of the "linear" radio sources in Seyfert galaxies can be ex- 
tremely tight. For example, the length-to-width ratios of the radio jets in NGC 
4151 and Mkn 3 are >15:1 (Pedlar et al. 1993) and >25:1 (Kukula et al. 1993), 
respectively (see Figs. 7 and 9). Most other "linear" radio sources are unresolved 
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transverse to their axes so, as for NGC 4151 and Mkn 3, only lower limits to their 
length-to-width ratios can be established. When the radio lobes are resolved in 
the transverse direction, this finite width probably results from interaction with 
the interstellar medium (e.g. NGC 1068 - Wilson and Ulvestad 1987); the colli- 
mation by the nucleus itself is better. 

The great majority of the slightly resolved and unresolved sources have steep 
radio spectra, like the "linear" sources. As the resolution of the VLA at 6 cm 
is unlikely to correspond to any critical physical scale in the nuclei, most of the 
slightly resolved and unresolved sources are presumably "linear" sources with 
angular sizes below the resolution. We (ASW, J. A. Braatz and L. L. Dressel) 
have recently obtained new VLA observations with somewhat better resolution 
(0(125) and sensitivity than our original survey for about 15 Seyferts. Figure 8 
shows maps of four of these galaxies, which reveal resolved or partially resolved 
triple sources. Two of these galaxies (Mkn 477 and Mkn 926) are in the radio-flux 
limited sample of Markarian Seyferts and were classified as "slightly resolved" 
in the original 4.9 GHz observations (Ulvestad and Wilson 1984a). These new 
observations thus support the notion that most, if not all, Seyfert galaxies exhibit 
double, triple or jet-like radio structures. 

Parenthetically, it is worth recalling that the axes of the "linear" radio sources 
are misaligned, and may be randomly oriented, with respect to the axes of the 
disks of the host galaxy (Ulvestad and Wilson 1984b). The same is true of the 
narrow line and extended narrow line regions (see Sect. 3.2). Thus the disk which 
collimates the radio outflow is misaligned with respect to the galaxy disk. For 
example, the masering disk in NGC 4258 is almost perpendicular to the galaxy 
disk (Miyoshi et al. 1995). This apparently random orientation of the nuclear 
disks may not be too surprising when we recall that  their sizes are much smaller 
than the ~ 100 pc scale height of the gas layer of the galaxy disk. The nuclear 
activity presumably results from accretion of material in the inner part of the 
galaxy onto the black hole, and the resulting disk axis may simply reflect the 
orbit of the last molecular cloud complex to be captured and accreted by the 
hole. The axes of prior and future accretion events could then be quite different. 

It is instructive to compare these results with similar VLA surveys of the 
nuclear regions of normal spiral galaxies and galaxies with nuclear starbursts 
(e.g. van der Hulst, Crane and Keel 1981; Condon et al. 1982; Hummel, van der 
Hulst and Dickey 1984; review in van der Hulst 1991). Double, triple or jet-like 
structures are hardly ever found, and when they are, the nucleus almost always 
shows some Seyfert or LINER characteristics in its optical spectrum. Another 
distinction between the radio emissions of Seyfert and starburst galaxies has 
been noted by Norris et al. (1990). Radio interferometric observations using a 
single baseline interferometer with resolution < 40 pc (for the typical distances of 
the galaxies studied) detected compact cores in some 30% of the Seyfert galaxies 
but in none of the starbursts. 

My conclusion is that  the characteristic radio emission of Seyferts (i.e. the 
radio property that  distinguishes Seyferts from inactive spirals) results from 
hi-polar, well collimated ejection from the inner (< a few pc) nucleus. A key 
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point is that  such radio structures are not found in galaxies with only nuclear 
starbursts. This is exactly as expected, for the radio emission of starbursts is 
dominated by supernovae, supernova remnants and relativistic electrons which 
have leaked out of the remnants. Although starbursts do drive winds out along 
the minor axes of the galaxy disks, these winds cover a wide angle (Heckman, 
Armus and Miley 1987, 1990; Chevalier and Clegg 1985); there is no scope here 
for highly collimated radio jets and lobes. 

3.2 T h e  N a r r o w  a n d  E x t e n d e d  N a r r o w  L i n e  R e g i o n  
o f  S e y f e r t  G a l a x i e s  
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Fig. 9. From Capetti et al. (1995a). Contour map of the radio emission of Mkn 3 (thin 
lines) superimposed on a contour map of the [O m]224959, 5007 line emission (thick 
lines). The high degree of collimation of both the radio emission and the ionized gas is 
noteworthy. The length of the jet is ~ 620 pc 

It has long been known that  the narrow line regions of Seyfert galaxies are closely 
associated with their radio emission. This association includes a similarity of spa- 
tial scale, morphological associations based on ground-based imaging in strong 
optical emission lines, correlations between radio power and both emission-line 
luminosity and emission-line width and broadening of the lines in the vicinity 
of the radio clouds (review in Wilson 1991). Only with the launch of the Hub- 
ble Space Telescope (HST), however, has it been possible to obtain images of 
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the ionized gas with spatial resolution similar to or better than the radio maps. 
Such images have been published for about a dozen Seyferts, mostly of type 2. 
In general, these results confirm the association of the ionized gas with the ra- 
dio jets and lobes, or at least show that the gas aligns with the radio axis. In 
detail, a variety of morphological structures are seen. The emission-line images 
show well collimated jet-like morphologies in Mkn 3 (Capetti et al. 1995a - see 
Fig. 9), Mkn 463E (Uomoto et al. 1993), Mkn 1066 (Bower et al. 1995), and 
probably Mkn 6 (Capetti et al. 1995b) and NGC 2110 (Mulchaey et al. 1994). 
The ionized gas comprises clouds associated with the radio lobes in NGC 5929 
(Bower et al. 1994) and Mkn 78 (Capetti et al. 1994); some clouds in the com- 
plex emission-line region of NGC 1068 are probably associated with the radio 
components (Evans et al. 1991; Macchetto et al. 1994). The morphology of the 
ionized gas (i.e. "jet-like" or "lobe-like") seems to mimic the morphology of the 
radio emission. V-shaped regions, with apices near the nucleus, of ionized gas are 
found in NGC 1068 (Evans et al. 1991; Macchetto et al. 1994), NGC 4151 (Evans 
et al. 1993; Boksenberg et al. 1995) and NGC 5728 (Wilson et al. 1993). These 
V-shaped regions are usually interpreted in terms of ionization by a collimated 
nuclear radiation field (Pogge 1989). The axis of collimation aligns tightly with 
the radio axis (Unger et al. 1987; Wilson and Tsvetanov 1994). 

The general interpretation of associations of ionized gas with synchrotron 
radio components involves compression and acceleration of ambient gas by out- 
wardly moving radio jets and lobes. The compression arises through shock waves 
driven into the clouds by the jets and this "stirring" of gas by the jets produces 
the high velocities seen in the gas (e.g. Whittle et al. 1988). Models of this type 
have been discussed by Pedlar, Dyson and Unger (1985), Wilson and Ulvestad 
(1987) and Taylor, Dyson and Axon (1992). The gas is known to be photoion- 
ized, but the source of ionizing radiation is controversial. This source may be 
the compact nucleus seen directly in Seyfert l 's and inferred (through unified 
schemes - see Antonucci 1993) to be present in Seyfert 2's. Alternatively, the 
shocks associated with the jet - interstellar gas interaction may produce the 
ionizing photons - so called "photoionizing shocks" (Sutherland, Bicknell and 
Dopita 1993; Dopita and Sutherland 1995). A critique of these two competing 
pictures is provided by Morse et al. (1996). 

4 C o n c l u d i n g  R e m a r k s  

Excellent discussions of the starburst model for AGNs have been given by Heck- 
man (1991), Terlevich (1992) and Filippenko (1992). Difficulties for the starburst 
model raised by Filippenko and Heckman include: 1) the similarity in properties 
(except at radio wavelengths) between radio-loud and radio-quiet AGN. Every- 
one agrees that the starburst model cannot apply to radio-loud objects, so the 
similarities are surprising if the radio-louds are powered by black holes and the 
radio-quiets by starbursts; 2) the existence of rapid X-ray variability; 3) the na- 
ture of the progenitors of the active galaxies. In the starburst hypothesis, most 
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of the luminosity of the AGN comes ultimately from the kinetic energy of su- 
pernovae (Terlevich 1992). However, photospheric emission from the hot stars 
in the pre-supernova phase is 10 - 100 times more luminous than the supernova 
ejecta. Thus there must be objects in the initial starburst phase with 10 - 100 
times the luminosity of AGNs; the existence of these objects is uncertain. Heck- 
man (1991) and Terlevich (1992) suggest the luminous progenitor phase could be 
shrouded in dust and that luminous IRAS galaxies might be the progenitors of 
quasars. Closer to home, one might wonder which objects are the starburst pro- 
genitors of nearby luminous Seyferts. Such objects would be nuclear starbursts 
with luminosities of 1011 - 1013 L o in early-type spirals (where Seyfert nuclei 
are preferentially located). 4) A SNII produces only 10 -3 M| 2 of kinetic en- 
ergy (Filippenko 1992) and leaves a neutron star or black hole of mass > 1 M O. 
This efficiency of production of energy (which could be converted into radiation) 
per unit "mass left behind" is ~ 100 times lower than gravitational accretion 
onto a black hole if this proceeds with efficiency 0.1. In the latter picture, the 
observed amount of quasar radiant energy implies that  each luminous galaxy 
should harbor a black hole with mass ~ 107 M| on average (Soltan 1982). Thus 
in the starburst model, masses 100 times larger - ~ 109 M e per bright galaxy 
- should be left in the form of neutron stars and black holes. Adding in the low 
mass stars that  formed along with the OB stars, Filippenko (1992) estimates 
central masses of 10 l~ - 1011 M| per galaxy left over from the quasar phase. If 
confined within 100 pc diameter, stellar velocity dispersions of ~ ~ 500 km s -1 
are implied, larger than observed (but see Terlevich 1992 for uncertainties in this 
argument).  5) To avoid problem 4), the starburst must be spatially extended, 
leading to predictions that  quasars should be resolvable by HST. 

The evidence for compact accretion disks and highly collimated jets reviewed 
in this paper applies to a limited number of AGNs. Very broad FeKc~ lines have 
been found in some half a dozen Seyferts. Double-peaked broad optical recom- 
bination lines are known in about 20 galaxies. A Keplerian accretion disk has 
been mapped out through H20 megamaser emission in only NGC 4258. Because 
of instrumental limitations of angular resolution and sensitivity, truly jet-like 
(length:width ratios >10:1) radio sources are known in only a small, but in- 
creasing, minority of Seyfert galaxies. Further observations will reveal whether 
or not these characteristics favoring the accreting black hole model are typical 
of radio-quiet AGN. 
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Abs t r ac t .  We show observational evidence that double bars are present in Seyfert 
galaxies, and describe how they fit in with the idea that self-gravitating gas flows in a 
bar potential play a key role in fueling activity. In addition our results show that in each 
case the inner bar is closely aligned with the axis of the radiation cones emerging from 
the nucleus. We propose that the collimating torus of molecular gas responsible for the 
anisotropy of the radiation field is created at an Inner Inner Lindblad Resonance, and 
is fed by gas streaming in along the inner nuclear bar, and is thus regulated by the 
overaJI dynamical behaviour of the parent galaxy. 

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

In order to sustain activity in the nucleus of a galaxy, either in a starburst ,  or 
an Active Galactic Nucleus (AGN) associated with a supermassive black hole, 
there must  be an adequate supply of fuel. It  is generally accepted that  the 
interstellar medium of the host galaxy is the source of this fuel (Phinney 1994). 
How, and at what rate the gas is delivered to the nucleus is fundamental  to the 
triggering and subsequent evolution of activity in galaxies and thus int imately 
coupled to the form of their gravitational potential.  Numerical simulations (e.g. 
Combes and Gerin 1985; Sellwood and Wilkinson 1993; Athanassoula 1992) have 
demonstrated tha t  the torques set up by the non-axisymmetric gravitat ional  
potential  of a bar are the most likely method of driving gaseous material  into the 
centre of a galaxy. On kiloparsec scales the inflowing gas accumulates in circum- 
nuclear rings, bar-like features or spiral arms (Athanassoula 1992; Sellwood and 
Wilkinson 1993), which form provided the bar has Inner Lindblad Resonances 
(ILR's).  Most existing simulations of gas flows in galactic bars lack sufficient 
spatial  resolution to follow the gas flow down to scales comparable with the 
source of the nuclear activity (e.g., the accretion radius of the black hole 
10 pc). Consequently, how the gas accumulating in the reservoir at 1 kpc loses 
its angular m o m e n t u m  and eventually falls towards the centre is a ma t t e r  of 
debate, though a number  of theoretical schemes for accomplishing this which 
invoke the self-gravity of the gas have been proposed, most  notably tha t  of 



224 David J. Axon and A. Robinson 

(Shlosman, Frank and Begelman 1989 ). In their picture, gas swept up into the 
inner kiloparsec by the stellar bar forms an unstable configuration resulting in 
a gaseous bar within a bar and triggering gas flow along the bar towards the 
centre. 

Here we present direct evidence, based on a large (~  350 galaxies) near IR 
survey of SAB and SB galaxies and AGN that  inner stellar and gaseous-bars are 
present in Seyfert galaxies and may be responsible for collimating their nuclear 
radiation fields. 

2 A G N  w i t h  I n n e r  B a r s  

A significant fraction (around 20%) of galaxies in the near-IR survey show spec- 
tacular double bar structures, in which there is an inner stellar bar in the central 
,,~ kpc which is misaligned at large angles ,,~ 60 - 900 to the primary bar, two 
examples of which are shown in Fig. 1. All of these are AGN, either Liners (e.g. 
NGC 1097, Shaw et al. 1993) or Seyferts (e.g. NGC 5728, Shaw et al. 1993). 
Many more of the sample show evidence of dramatic isophotal twists, which 
might be due to the presence of a triaxial bulge, but some of which are likely 
also to be inner bars viewed at unfavourable projections (Shaw et al. 1995). 
Whilst these observed isophote twists are not faint, we believe they have not 
been detected previously because of the dominance on the optical luminosity of 
OB stars within sites of active star formation. In the near-IR, the influence of 
these stars and also of dust obscuration are reduced. The observed light distri- 
bution more accurately represents the gravitational potential and we are able 
to probe deep into the potential in the inner regions of the galaxies. Similarly 
inner bars and isophotal twists have also been found in a sample of Seyferts 
by Woznaik et al. (1995) using I band CCD imaging, implying that  they are a 
common feature of their inner structure. 

The spatial distribution of the gas and dust around the nuclei of these AGN 
bears a striking resemblance to the predictions of numerical simulations of gas 
flows induced by barred potentials in which the z2 family of orbits are well 
developed (cf. Athanassoula 1992; Shaw et al. 1993; Friedli and Martinet 1993). 
However, high resolution stellar and gas N - b o d y  simulations have shown that  
such orthogonal inner bar structures are not stable in pure stellar systems due 
to dynamical heating (Shaw et al. 1993). The simulations of Shaw et al. (1993) 
and Wada and Habe (1995) show that  it is possible to create a stable inner bar 
if the self-grativity of the gas makes a significant contribution to the potential. 
In this situation, the gas accumulates in a gaseous bar between the two inferred 
ILR which leads the stellar bar and has sufficient mass to perturb the central 
stellar component. Since the gas follows the x2 orbits, the stars also get t rapped 
on the x2 family of orbits. 

Using self-consistent 3D N-body simulations Friedli and Martinet (1993) 
revealed an alternative situation for maintaining a secondary bar when sufficient 
mass of gas has accumulated in the x~ orbit families to decouple it from the main 



Bar Triggered Nuclear Activity 225 

F ig .  1, A comparison between the relative orientations of the inner bars and the direc- 
tion of the ionization cones in two Seyfert 2 g~daxies. Shown at the t o p  is NGC 1068, 
with on the le f t  a K band image showing the inner bar, and on the r i g h t  the HST 
[O m] image taken from Macchetto et al. (1995), showing the inner 7" of the large scale 
ionization cone (Unger et aJ. 1992). The lower  two panels show Mkn 573 using da ta  
taken from the HST-resu]ts of Capet t i  et aJ. (1996). The I band image is shown on the 
left .  Note the double bar structure, very reminiscent of that  seen in NGC 5728. The 
r i g h t  hand panel shows the emission line structure 
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bar. The two bars then have different pattern speeds, with the inner bar rotating 
the fastest. Thus not only is an ILR an essential condition for the formation of 
such secondary bars, but as these N-body studies show they require a significant 
self-gravitating gas component. Our results therefore provide direct evidence for 
the kind of structure envisaged by Shlosman, Begelman and Frank (1990) in the 
AGN fueling process. 

3 T h e  R e l a t i o n s h i p  B e t w e e n  I n n e r  B a r s  a n d  R a d i a t i o n  

C o n e s  

The ionizing radiation escaping from the nuclei of many Seyfert galaxies takes the 
form of a broad cone preferentially orientated along the axis of their kiloparsec- 
scale radio structure. The locus of intersection of these radiat ion cones with 
the gas in the disk of the galaxy creates collimated regions of high excitation 
gas (Unger et al. 1987; Wilson et al. 1991). It is now widely accepted that  the 
radiation cones are produced by rings or tori  of optically thick material which 
enshroud the continuum source (e.g. Antonucci and Miller 1985). Most theo- 
retical studies of these tori (e.g. Krolik 1992) have concentrated on calculating 
their structure and physical conditions and little attention has been paid to the 
question of how they are formed. 

In all the Seyferts in which we have found the inner bars , the direction of 
the inner bars and the radiation cones are closely aligned. Furthermore, at least 
two other Seyferts (NGC 3227, Mundell et al. 1995; NGC 4151, Vila-Vilaro et 
al. 1995) in which inner stellar bars have not as yet been detected show similar 
morphological connections between their radiation fields and bars. 

In NGC 4151, the presence of a circumnuclear gas ring oriented roughly or- 
thogonal to the galactic bar, and the evidence of the galactic rotation curve, 
point to the presence of at least one, and possibly two, ILRs. The gas ring is 
clearly associated with a significant increase in the velocity dispersion (cf. Robin- 
son et al. 1994, Fig.17)and the site of enhanced dynamical activity, even though 
vigorous star formation is not taking place. The numerical simulations suggest 
that  the dust arcs occur at the locations where gas streaming in from the lead- 
ing edges of the bar meets that  circulating in the x2 orbits. It therefore seems 
reasonable to attribute the line broadening to shocks or cloud-cloud collisions 
resulting from the merger of these gas flows. The H ! velocity field of Pedlar et 
al. (1992) lends further weight to this argument, as it exhibits significant depar- 
tures from coplanar circular motion within the bar, which could be attributed 
to the inferred gas flows. The H I data also shows a bridge of material from the 
ring to the nucleus at an angle almost perpendicular to the main bar, and along 
the direction of the radiation cone. A similar inner gaseous structure in CO, is 
associated with the radiation cone of NGC 3227 (Mundell et al. 1995). As Fig. 2, 
which sketches the relationship between the inner structure of NGC 4151 and 
its radiation cones, illustrates there is an obvious resemblance of the the overall 
picture to that  described above . 
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Fig. 2. Sketch showing the distribution of the main gaseous components of the galactic 
bar of NGC 4151. The large shaded region shows the H ! distribution. The dark shading 
shows the H I arms, while the filled circles represent H ]I regions along the leading edges 
of the bar. The location of the Seyfert nucleus is identified with a cross. The ionization 
cone is directed along P.A. ,,~ 50 ~ perpendicular to the main bar, and is co-spatial 
with an inner H ! bridge, which Pedlar et al. (1992) suggest might be an inner bar. 
The circumnuclear gas psuedo-ring, identified from CCD imaging, is represented by 
an ellipse, the shading marking the positions of its strong arm-like structures. In the 
model described in the paper the pseudo-ring marks the location of the outer ILR 

4 The Formation of Molecular Tori 

While the statistics are small, the striking spatial relationship between the radi- 
ation and the kiloparsec-scale inner bars and their associated circumnuclear gas 
rings which we have just described, so far account for around 40% of the Seyferts 
known to show radiation cones. As yet there is no known case, for which there 
is adequate data or which is not too highly inclined to properly resolve its struc- 
ture, in which this is not true. We therefore propose that  the alignmenf is not 
a coincidence, but rather, a direct consequence of the fact that  the bar-driven 
gas flows provide the material for the opaque torus which collimates the AGN 
radiation field. To explain this relationship we propose that the presence and 
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opening angle of such tori are directly related to the existence and strength of a 
second inner Lindblad resonance. 

4.1 T h e  R o l e  o f  an  I n n e r  I L R  

A galaxy with a high central mass concentration and a slowly rotating bar will 
have inner Lindblad resonances (ILR). The dominant stable orbit family interior 
to the outermost ILR (the x2 family) is aligned perpendicular to the bar major  
axis and the longitudinal orbit family (xl)  which supports the bar (Contopoulos 
and Papayannopoulos 1980). ILRs will be present if the pattern speed of the bar, 
~2p, is smaller than the maximum of the curve I 2 ( r ) - n / 2 ,  where ~ is the epicyclic 
frequency and 12(= v(r)/r) is the angular velocity (Binney and Tremaine 1987). 
Their  locations are then given by the solutions t o / 2 ( r ) - ~ / 2  = 12p. As illustrated 
in Fig. 3 for the steeply rising solid body rotation curves, typical of AGN, ~2(r ) -  
~/2 becomes a peaked curve with a maximum (12(r) - t~/2)rna x = 12r -- 1/X/~) 
at rc and there will be ILRs associated with both the rising and falling branches. 
The steeper the rotation curve within the inner kiloparsec the closer the inner 
ILR will be to the nucleus. 

In principle, it is possible to establish the existence and locations of the ILR 
from the rotation curve providing that  the ~p is known. In practice, however, 
it is difficult to extract this information reliably from the observervations (cf. 
Heller and Shlosman 1994). Only an upper limit to the radius of the inner ILR 
can be derived. For typical observed rotation curves, it will be located only a 
few pc from the nucleus. 

Since gas tends to follow the stable orbit families closely, just as circumnuclear 
rings can form around the x2 orbits, gas falling in along the inner bar from the 
outer kiloparsec-scale ring accumulates in an inner circumnuclear ring at the 
inner ILR (Combes and Gerin 1985). The numerical simulations presented by 
Shlosman in these proceedings beautifully illustrate that rings can indeed form 
at the locations of both ILR. 

The presence of an inner ILR provides a physical mechanism which enables 
the infalling gas to settle into stable orbits on scales of perhaps a few tens of 
parsecs. We propose that  this gas ring forms the opaque torus enclosing the AGN 
continuum source and the broad emission line region (Fig. 4). The symmetry  axis 
of the resulting radiation cone will coincide with the angular momentum vector 
of the collimating gas. As shown by Wada and Habe (1995) the infall of the gas 
can occur very rapidly, ,,~ 107 years, and thus an inner ring can be accumulated 
before the mass increase in the centre can lead to disruption of the bars (Hasan 
and Norman 1990). 

4.2 T h e  O r i e n t a t i o n  o f  t h e  Tor i  R e l a t i v e  t o  t h e  G a s  Disk  

In our model for the origin of the torus, the symmetry axis of the resulting 
radiation cone will coincide with the angular momentum vector of the collimating 
gas. In a number of Seyfert 1.5 (e.g. NGC 4151, Robinson et al. 1994), the 
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Fig. 3. Seyfert galaxies have steep central rotation curves. In this situation when the 
bar pattern speed is sufficiently slow, two Inner Lindblad Resonances exist as the 

- ~/2 curve is intersected twice, once on each of the rising and fMling branches 
of the curve. For typical rotation curves the outer of these occurs on the kiloparsec 
scale, and results in the observed circumnuclear star formation pseudo rings and dust 
rings. An inner bar can form between these radii. The location of the inner resonance 
depends critically on how centrally condensed the mass distribution is, but for typical 
observed rotation curves, it will be located only a few pc from the nucleus. It is at this 
location that a second ring can be formed creating the torus of material responsible 
for collimating the nuclear radiation field 

inferred radiation cone geometry requires that this common axis, and hence the 
inner torus, must be tilted relative to the rotation axis of the galactic disk. 
For the model to remain viable a mechanism of tilting the gas rings in the 
barred potential must be found. Givea that the scale height of the gravitational 
potential will be much larger than the radius of the inner ILR, it seems plausible 
to suppose that the orbital plane of the gas within this resonance could be 
inclined relative to the galactic disk. The orbits can be tilted by the mechanism 
discussed by Tohline and Osterbrock (1982) or by vertical gravitational torques 
generated by the bar potential (Friedli and Benz 1993). Unfortunately, detailed 
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F ig .  4. Sketch illustrating how a double bar structure driven gas flow leads to the 
formation of a circumnuclear ring at the Outer Inner Lindblad Resonance and can also 
feed a molecular torus, responsible for collimating the nuclear radiation field at the 
Inner Inner Lindblad Resonance 
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3D N-body simulations of the behaviour with self-gravitating gas on these scales 
are currently not available to test either of these proposed mechanisms. Clearly 
this is an important area for modellers to address. 

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

The results presented here show the existence of double bars in Seyfert and other 
AGN and point strongly to the idea that  bars play a crucial role in fueling their 
nuclei. The spatial distribution of the gas and dust around the nuclei of these 
AGN closely matches the predictions of numerical simulations of gas flows in- 
duced by barred potentials in which the x2 family of orbits is well developed, and 
in which the gas fraction is sufficiently high that its self-gravity is dynamically 
important.  

The apparent connection between the inner bar axis and the direction of 
the radiation cones has led us to advance a model in which they are directly 
coupled. The collimating molecular torus is then formed by the bar-driven gas 
flow at an inner ILR. This correlation appears to hold true for around 40% of 
the Seyferts known to show radiation cones and, as yet, there are no adequately 
studied exceptions to this statement. 

Almost exclusively, the known objects with inner bars are the nearest and 
thus the best resolved low inclination systems and all have linear radio sources. 
For the more distant Seyferts, HST-type resolutions are needed to see comparable 
structure in the inner kpc, particularly in the Seyfert type 1, in which the wings of 
the point spread function of the nucleus must be removed. The existing line-free 
imaging of Seyferts with HST is rather sparse, but several examples with inner 
bars have already been found using I band images (e.g. Mkn 573; see also the 
contribution to these proceedings by Nelson), and thus this kind of structure may 
be very common in the Seyfert population. Further HST IR and emission line 
imaging will be needed to test our picture of the relationship between anisotropy 
and bars in Seyferts as a whole. 
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Abs t rac t .  I discuss new observations of circumnuclear regions in barred galaxies, 
both of their kinematics and their near-infrared (N/R) morphology. New kinematic 
observations of M 100 confirm that (1) the inner bar-like feature detected before in 
this galaxy is in fact a continuation of the large-scale stellar bar; and (2) the spiral 
arm-like sites of star formation in the circumnucle~r zone are manifestations of density 
wave spiral structure in the core of this galaxy. From a NIR study of similar regions in 
other barred galaxies, I find that in many of these regions, sites of star formation are 
visible in the NIR images, implying that young stars are responsible for a non-negligible 
part of the NIR emission. 

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

Barred galaxies often experience starburst activity in their central regions, and in 
some cases the star formation (SF) is observed in more or less complete nuclear 
rings (see review by Kennicutt 1994). Imaging in the Ha emission line usually 
brings out these structures very well (e.g. Pogge 1989), but  may be subject to 
dust extinction. This alone is sufficient reason to include near-infrared (NIR) 
imaging in the study of circumnuclear regions (CNRs) in barred galaxies. 

In a recent study, we combined optical and NIR K-band imaging of the 
core of M 100 (=NGC 4321), a mildly barred galaxy, with dynamical modelling 
(Knapen et al. 1995a,b; Shlosman 1996). The SF in the CNR of this galaxy 
delineates two inner spiral arms, flanked by dust lanes, which connect outward 
through the bar and to the main spiral arms in the disc. The circumnuclear SF 
occurs between a pair of inner Lindblad resonances (ILRs), as indicated by the 
NIR morphology and by the modelling. The morphology in Ha and blue light 
is strikingly different from that  at 2.2 #m (K-band; Knapen et al. 1995a). In K, 
the spiral armlets are hardly discernable: the CNR is mostly smooth where the 
SF occurs. Closer to the centre though, an inner bar-like feature is seen in the 
NIR, along with two small leading arms (Knapen et al. 1995b; Shlosman 1996). 

In the present paper, I first present new velocity observations which confirm 
kinematicatly the inner bar-like structure and the spiral nature of the SF regions 
in the core of M 100. So far, these had only been inferred by us from optical 
and NIR imaging, and from dynamical modelling. I then discuss that  the large 
difference between NIR and Ha core morphology as observed in M 100 seems 
to be rather unusual compared to similar systems. From new high-resolution 
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NIR imaging it is clear that  in many, possibly most, cases of circumnuclear SF 
activity, the individual SF regions show up prominently in K (unlike in M 100). 

2 K i n e m a t i c s  o f  t h e  C o r e  o f  M 1 0 0  

2.1 CO 

Recently, Rand (1995) observed parts of M 100, including the central region, in 
CO with the BIMA interferometer. We re-analyzed some of his data in order to 
specifically study the gas kinematics in the core region. We first removed noise 
peaks outside the area where CO emission is expected by setting pixel values 
at those positions to undefined. This was done interactively by inspecting the 
individual channel maps one by one, continually comparing with the same and 
adjacent channels in a smoothed data  cube. The resulting data  set was used to 
calculate the total intensity and velocity moment maps. The resulting moment 
images show the same structure as published by Rand (1995) but are somewhat 
more sensitive in the central region. We show the velocity field thus produced, 
overlaid on a grey-scale representation of the total CO intensity, in Fig. 1. 

Density wave streaming motions are recognizable in the deviations from the 
regular shape of the velocity contours (isovels), especially toward the NE and 
SW of the nucleus near radii of some 7". These are due to the gas streaming 
near the spiral armlets (see also next section). In the central -,~ 5", the isovels 
do not run parallel to the minor axis but show a deviation characteristic of gas 
streaming along a bar. Such deviations were described before by Bosma (1981) 
in several barred galaxies. Knapen et al. (1993) confirmed the existence of a 
weak bar component in M 100 from the H I kinematics. Note, however, that  the 
deviations seen here in CO occur on the much smaller scale of the inner bar-like 
feature as seen in the NIR (Knapen et al. 1995a), and confirm the gas streaming 
along this bar as seen in the numerical modelling (Knapen et al. 1995b; Shlosman 
1996). 

It is generally dangerous to use moment maps for interpretation of kinemati- 
cal features in regions where profiles may deviate from a Gaussian shape, and/or  
be multiple-peaked. Since the inner region under consideration here is clearly 
such a region of enhanced risk, we produced a set of position-velocity diagrams 
along and parallel to the minor axis, shown in Fig. 2. It is immediately clear from 
this panel that  multiple velocity components are present in the molecular gas, 
especially at the central position, and that the moment analysis may indeed not 
be valid there. But more interesting are 4 components which show up symmetri-  
cally in the position-velocity diagrams north and south of the minor axis. Two of 
these (labelled AN and AS in Fig. 2) are visible at RA offsets ,,~ - 8 "  (North) and 
--~ +8"  (S), with excess velocities with respect to Vsys of ~ + 2 5 k m s  -1 (N) and 
,,~ - 2 5  km s-1 (S). We identify these components as the density wave streaming 
motions near the spiral armlets seen before in the velocity field. Their  offsets, 
both in RA and in velocity, strongly support this interpretation, as well as their 
symmetric occurrence in the series of position-velocity diagrams. 
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Fig. 1. CO velocity field of the central region of M 100 in contours, overlaid on the total 
intensity CO map. Drawn line indicates kinematic minor axis, dashed line is position 
angle of the large-scale bar. Contours are separated by 10 km s -1. Epoch is J2000.0. 
CO data from Rand (1995) 

The second set of components (labelled BN and BS in Fig. 2) has RA off- 
sets of ,,~ +3"  (N) and ,-~ - 3 "  (S), and excess velocities of ,-~ + 7 0 k m s  -1 (N) 
and --~ - 7 0 k m s  - I  (S). This is the gas streaming along the inner bar-like fea- 
ture, as again indicated strongly by the symmetric offsets in both position and 
velocity, and by qualitative comparison with the velocity field. This kinemati- 
cally observed gas streaming confirms the existence of the inner barlike feature 
(continuation of the outer bar) so prominently seen in our NIR imaging and 
dynamical modelling (Knapen et al. 1995a,b). 

It is interesting to compare Fig. 2 with Fig. 9 of Knapen et al. (1993). The 
latter are similar position-velocity diagrams along and parallel to the minor 
axis of M 100, but show the H I kinematics on the scale of the large bar, which 
extends some 4 kpc in radius along a position angle of ~ 110 ~ The similarity 
between the gas components labelled BN and BS here, and the H I components 
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Fig. 2. Position-velocity diagrams in CO along (sixth panel) and paralIel to the minor 
axis in the central region of M 100. Panels to the left of and above the middle panel 
are cuts North of the minor axis, panels to the right of and below are South. Cuts 
are separated by 1(~5 , or about half a beam. The systemic velocity of the galaxy is 
1575 km s -1, indicated by the horizontal fine in the minor axis (middle) panel. Named 
features are discussed in the text 

with velocities symmetrical ly offset from Vsy s is striking. The H I behaviour was 
interpreted by Knapen et al. (1993) as s treaming along the large-scale bar of the 
galaxy. The CO velocities similarly represent the streaming along the inner bar. 
Both these kinematic observations indicate strongly that  the gas is moving in 
the gravitat ional  field of the same stellar bar. 

2.2 H ~  

Using the TAURUS instrument in Fabry-Perot (FP) mode on the 4.2-m W H T  on 
La Palma,  we obtained a data  set giving full 2D velocity information in the H a  
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emission line. We observed two different parts of the disc of M 100, and since the 
central region of the galaxy was present in both data sets, we combined these to 
obtain a core data cube with increased S/N. The data reduction procedure will 
be described in detail in a future publication. In the present paper, we present 
first results from a moment analysis in the central region of M 100: the total 
intensity map and velocity field, shown in Fig. 3. The individual Ha profiles 
over all but  the very innermost (< 1 H) region are well suited for a moment  
analysis, double-peaked profiles being practically absent. 

The total intensity map as derived from the FP observations is comparable 
in quality to the image published by Knapen et al. (1995a). The resolution is 
around 0'/7 , indicating that the seeing was good and constant during the time 
of the FP observations (> 6 hrs). The velocity field of the central region shows 
rapidly increasing rotation velocities (the rotation curve as derived from the 
velocity field rises to more than 150krns -1 in ,,~ 2", or some 150 pc), but  also 
important  deviations from circular velocities. The first effect to note specifically 
is the S-shaped deviation of the isovels near the minor axis, very similar to the 
deviation seen in CO, above. Also in Ha,  the streaming of gas along the inner 
part of the bar shows up clearly in the velocities, confirming the earlier findings. 

Another important  deviation in the velocity field is seen most clearly to- 
ward the NE and SW of the nucleus, at radii of some 9 ~t. This deviation is due 
to density wave streaming motions, strongest where we inferred the position of 
the inner spiral arms, just outside the well-defined dust lanes (Knapen et al. 
1995a,b). Although the signature of the streaming motions is most obviously 
visible near the minor axis of the galaxy, they can in fact be recognized consis- 
tently up to some 60 ~ on either side of the minor axis. As estimated from the 
velocity contours, the (projected) excess or streaming velocities are of the or- 
der of 40 kms -1. This kinematic detection confirms that  indeed the inner spiral 
armlets are miniature density wave spiral arms, with a behaviour very similar 
to what one is used to see in discs of galaxies (e.g. Visser 1980). 

3 N I R  I m a g i n g  o f  C N R s  i n  B a r r e d  G a l a x i e s  

The morphology of the central 2 kpc region in M 100 changes most strikingly 
from the blue to the NIR (Knapen et al. 1995a,b). Whereas in the blue, and also 
in Ha,  the core region is dominated by a pair of miniature spiral arms which show 
strong SF activity, the K contours in the region are remarkably smooth. They 
hardly show any structure apart from two symmetrically placed "hot spots". 

From a recent NIR imaging survey of a number of systems with M 100-like 
Ha morphology, it becomes clear that  M 100 is more exception than rule. As an 
example, we show in Fig. 4 an Ha (left, taken with TAURUS on the WHT)  and 
a K image (right, from MONICA on the CFHT),  of the inner ,~ 20 '~ region of 
the strongly barred Seyfert galaxy NGC 6951. Unlike in M 100, the K image of 
NGC 6951 shows a number of distinct sites of enhanced emission in the radial 
region where the intense SF occurs, at some 2 ~' - 4" from the nucleus. There is 
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a general correspondence between the positions of the "hot spots" in Ha and in 
K, although some regions emit relatively more in Ha,  others more in K. In some 
cases the Ha is seen slightly offset from a K-peak (e.g. the strongest K feature 
toward the SE, near which a strong dust lane can be seen in NIR colour index 
images). 

From our mini-survey, we find that  most of the studied objects are in fact 
similar to NGC 6951 in that the K images of the CNRs show a number of distinct 
emitting regions, often coinciding spatially with concentrations of Ha emission. 
Only a few of the objects studied show M 100-like smooth K emission in SF re- 
gions which are so prominent in Ha.  Additional observational data is necessary 
to explain this difference between M 100 and other galaxies in our sample. We 
note, however, that  one expects a region of massive SF to become prominent 
in K after some 107 yr, when the massive stars reach the supergiant phase in 
their evolution (e.g. Leitherer and Heckman 1995). This implies that the obser- 
vations of NGC 6951 can be explained rather straightforwardly if one assumes 
that  bursts of SF of relatively short duration (around 107 yr) occur randomly in 
the CNR. Then some regions emit more in Ha (starburst younger than 107 yr, 
no supergiants yet) and others more in K (slightly older, no more current SF). 
This interpretation implies that  something prevents the SF regions from shining 
in K in M 100-like systems, unless the entire CNR is younger than 107 yr, which 
is unlikely. A more reasonable explanation is that  the newly formed stars are 
dispersed throughout the CNR, so that  by the time they become supergiants 
they are no longer as clustered as at birth (see Knapen et al. 1995a,b). This idea 
awaits further observational confirmation. 

4 D i s c u s s i o n  

The results of the K-band imaging (Sect. 3) seem to bring up more questions 
than they answer, and bring out the need for further detailed observations. 
Specifically, what needs to be addressed is what kinds of stars, and in which 
proportion, contribute to the NIR emission from the central regions of barred 
spirals. Because one often observes localized K-band emission from SF regions, 
at least in those cases an old stellar population cannot be entirely responsible for 
the K-emission in the central regions, and emission from young, massive stars 
must play a non-negligible role. There are several possible ways to quantify the 
relative contributions of old and young stars (basically: to disentangle the giant 
and supergiant contributions) to the NIR emission at the scales of interest here. 
One is detailed spectroscopy in the NIR (e.g. Goldader et al. 1995), another 
imaging in the NIR J, H and K bands and across the CO 2.3 pm absorption 
feature (e.g. Forster 1994; Armus et al. 1995; Hailer et al. 1996). 

Another open question is why in some galaxies the K light is smoothly dis- 
tr ibuted in the CNR, even though the SF as seen in Ha occurs in discrete regions 
(e.g. M 100: Knapen et al. 1995a), whereas in others the K follows the Ha  emis- 
sion, thus both trace the SF (e.g. NGC 6951: Fig. 4). The difference must be 
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Fig .  3. Ha FP moment maps of the central region of M 100: the velocity field is shown 
in contours and overlaid on the total intensity Ha image (left), and on the velocity 
field itself (r ight) .  Contours are separated by 15 km s -1. N is up, E to the left 

F ig .  4. Images of the core of NGC 6951 in Ha (left) and in the NIR K-band (r ight) .  
The two images are at the same scale and orientation. N is up, E to the left. The bztr 
runs almost horizontally 
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due to either different stellar populations in the two classes of galaxies, or to dif- 
ferent dynamics. Two-dimensional kinematic observations can be used to study 
the latter possibility. It is interesting to note that in the case of NGC 6951 the 
velocity field as derived from Ha FP observations (Knapen, in preparation) is 
regular in the radial region where the massive SF is concentrated, and does 
not show density wave streaming motions, certainly not of the amplitude seen 
in M 100. Possibly the CNR of NGC 6951 is older and the mini-spiral is much 
more tightly wound, resembling a complete ring where the SF can occur (see e.g. 
Elmegreen 1994). In the latter case, stars will evolve more or less at the place 
where they formed, and Ha (tracing very young massive stars) and K (same 
stars after .v 107 yr) emission spatially coincide. In the former case (M 100), 
stars may be displaced from their birthplace during the 107 yr of their evolution 
to supergiants, and dispersed enough to smooth their emission in the K-image, 
due to a sheared motion in the disc. Further observations will clarify this point. 
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Abs t r ac t .  Clues to the question of the origin of nuclear activity are provided by the 
response of the host galaxy and the surrounding intergalactic medium to the AGN 
power output. The nature of the rich variety of circumnuclear activity is discussed and 
particular emphasis is placed on attempts to understand these processes in the active 
galaxies, both quasars and powerful radio galaxies, which are being discovered at very 
high redshift. Although extreme in character, these objects give us one of the few direct 
views we have of galaxies and their formation processes at an early epoch. 

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

The phenomenon that  we call 'nuclear activity '  is most  probably the conse- 
quence of events or processes which feed material  into a high density region in 
the centre of a galaxy. The rapid evolution of this material ,  through various 
dissipative interactions, results in bursts of star formation,  the format ion of a 
massive collapsed object or both. The feeding of the nucleus can be the result 
of relatively quiescent gas flows such as those seen in bars - -  much discussed in 
this symposium - -  or catastrophic events associated with galaxy interactions or 
mergers. One of the key questions in the science of galaxies is the frequency of 
occurrence of currently unfed collapsed objects and the implications this carries 
for the evolution of the system. 

The various interactions between an active nucleus and its host galaxy pro- 
duce a rich variety of phenomena from which much can be learned about  galactic 
structure and evolution. In the nearby Seyfert galaxies the axial symmet ry  of 
the AGN which produces the beautiful ' ionization cones' seen in highly excited 
emission lines appears to be independent of the symmet ry  of the generally spiral 
host galaxy (see particularly the contribution by Tsvetanov).  The details of the 
relationship between the star formation and AGN processes can be well stud- 
ied in these objects where high resolution imaging from the ground and f rom 
HST shows an apparently close coupling between circumnuclear rings and the 
nucleus. In the high redshift quasars and powerful radio galaxies - -  which we 
believe to host very luminous but part ly hidden quasars - -  the AGN illuminates 
mater ial  within a huge volume. The evidence for this appears both  in the very 
extended emission line regions seen around the objects and in the absence of 
absorption lines from low ionization species - -  notably L y a  - -  close to the emis- 
sion line redshift of quasars: the 'proximity effect'. When we learn to read the 
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signs written by ionization, fluorescence and scattering, we will witness aspects 
of the galaxy formation process which would be very hard or impossible to see 
in objects without an AGN at this early epoch. 

From the optical observer's perspective, it appears that  the dominant influ- 
ence of the AGN on its host galaxy and extragalactic environment is via the 
photon radiation field. These photons ionize surrounding gas and scatter from 
dust and electrons. In the radio loud sources, however, there is much evidence for 
the interactions produced by the radio jets which extend up to tens or hundreds 
of kiloparsecs from the nucleus. The detailed physics of je t /c loud collisions is 
complex and difficult to unravel but may tell us much about the properties of 
the jets which feed the radio lobes and also something about the material on 
large spatial scales surrounding galaxies. 

In this contribution, I want to place my emphasis on the prospects for the 
study of galaxies at the very highest redshifts. Here, the radio galaxies are cur- 
rently our primary probes of the nature of galaxies at early epochs. This is not 
so much by design but is rather the result of the highly successful search tech- 
niques for the most distant objects based on radio properties (McCarthy 1993; 
RSttgering 1993). Indeed, one of our most important  tasks is to recognise those 
aspects of the observed properties which are a direct result of the presence of a 
powerful AGN and to separate these from the stellar structures which may teach 
us about the formation of 'normal' ,  or at least less extreme, galaxies. 

Although I profess an interest in high redshifts, the diagnostic tools which 
help us have been developed by application to sources much closer-by. Conse- 
quently the Seyfert ionization cones, the radio je t /c loud interactions, the ex- 
tended emission line regions around low redshift radio galaxies; indeed, all the 
trappings of extranuclear activity, will form part of the story which culminates 
at an epoch which is tantalisingly close to that  where galaxies must be forming. 
I will start  with a brief survey of the range of phenomena we observe around 
AGN and then go on to discuss some aspects in a little more detail. 

2 T h e  P h e n o m e n a  

A substantial foundation for the subject was laid during the pioneering optical 
spectrophotometry of Seyfert nuclei carried out with the then-new electronic 
spectrum scanners principally by Osterbrock and his students and collaborators 
during the 70's. These early scanners were one-dimensional devices and so pro- 
duced an integrated spectrum of the nuclear region of the galaxies which, for the 
nearby Seyferts, generally corresponds to the inner 100 pc or so. The slightly later 
advent of the two-dimensional detectors (Boksenberg's Image Photon Counting 
System (IPCS) and CCDs) led to the discovery that  in some objects, most no- 
tably the radio galaxies, the high ionization emission lines which characterised 
an AGN were not necessarily restricted to the very nucleus but could be seen up 
to 100 kpc or so from the galaxy. 

The astrophysical study of these extended emission line regions (EELR) led 
to the notion that  they were excited by the AGN - -  most probably by the 
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EUV radiation field. This straightforward interpretation did, however, lead to 
a problem in some objects which became known as the 'photon deficit' (Robin- 
son 1989). Using any reasonable extrapolation of the nuclear optical nonstellar 
continuum into the ionizing ultraviolet, there appeared to be insufficient pho- 
tons to account for the line luminosity and the ionization state of the extended 
gas. There were two favoured explanations for the deficit problem (see Fig. 1). 
In the first, it was proposed that the continuum extrapolation could be wrong: 
instead of a power law extending into the Lyman continuum, there may be a 
hot (1 - 2• K) ' thermal'  ionizing spectrum which was essentially invisible 
in the optical. Distinguishing between power-law and hot black body ionizing 
spectra using the standard optical emission line plasma diagnostic techniques 
is not straightforward (Robinson et al. 1987) and it remains likely that  'EUV 
bumps' do play some role in exciting EELR. It was soon realised, however, that  
the observer and the extended ionized gas did not necessarily share the same 
view of the AGN. The resulting concept of an anisotropic radiation field has been 
remarkably successful, allowing us to understand a variety of AGN properties. 
In conjunction with a number of related contemporary studies it has led to the 
unification of apparently different classes of object based on the predominant 
importance of the viewing direction. 

The recognition of the radiation anisotropy allowed the inference of nuclear 
properties even in objects whose AGN were not directly visible because of obscu- 
ration. Perhaps surprisingly, the diagnostic tools based on the optical emission 
line spectra - -  mostly ratios of forbidden and subordinate recombination lines 
- -  indicated some remarkably uniform properties for the EELR: both within an 
object and amongst different objects. Robinson et al. (1987, hereafter RBFT87) 
showed that  the ionizing spectra could be characterised by a mean ionizing pho- 
ton energy of 30 - 40 eV with rather little dispersion. Similarly, there could be 
little variation - -  within factors of two or three - -  in the chemical composition 
of the EELR in the sample of relatively low redshift radio galaxies studied. The 
dominant parameter representing the spread of spectra within the line ratio di- 
agnostic diagrams is, in fact, the ionization parameter - -  the ratio of ionizing 
photon to gas density - -  which represents the degree of geometric dilution of the 
radiation field. This uniformity suggests to me that  the EELR phenomenon, at 
least in these low redshift objects, is dominated by a single line excitation pro- 
cess, most probably nuclear photoionization. While there is strong evidence in 
some cases for local, extranuclear sources of ionizing radiation, e.g., in jet /cloud 
interactions, I do not believe that  such processes contribute a very significant 
fraction of line emission in the global EELR phenomenon. This conclusion may, 
however, need to be revised at high redshifts where there is more evidence for dis- 
turbed kinematics and apparently a closer association between the line emission 
and the radio structures. 

One of the tasks engaging us now is, indeed, the extension of these diagnostic 
techniques into the ultraviolet where we can use them to study the spectra of 
high redshift objects observed in the optical from the ground. Because the UV 
spectra are rich in resonance lines, geometric effects and the presence of dust 



244 Robert A. E. Fosbury 

Fig. 1. An illustration of the photon deficit problem in AGN. The apparent absence of 
sufficient nuclear photons to ionize the extended nebulosity can be explained either as 
a result of radiation anisotropy or a spectrally 'hidden' ionizing source peaking in the 
EUV 

become important  factors in the development of tools. I will discuss some of this 
work later. The rewards are potentially great since we have the chance to study 
the properties and composition of gas lying 100 kpc from galaxies at redshifts 
up to 4 or so. 

Another property of the gas which is readily studied from emission line spec- 
troscopy is its kinematic state. If it can be shown to respond predominantly to 
the gravitation field, the gas provides an ideal tracer which extends to radii far 
beyond that  seen in starlight. Although there are apparently chaotic gas motions 
in some objects (Baum et al. 1990; Baum et al. 1992), in many there is evidence 
of relatively quiescent rotational motion (Tadhunter, Fosbury and Quinn 1988; 
Hes 1995). An object at z = 3.6, studied by van Ojik et al. (1995) shows chaotic 
motion in the vicinity of the radio structure but smooth rotation in the outer 
parts of its 135 kpc diameter Lyman-a  halo. 

The idea of hidden sources led to the brilliant use of polarized light as a 
'filter' to detect the small fraction of light scattered into our line of sight by 
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dust or electrons close the nuclei of Seyfert 2 galaxies but outside of the regions 
which obscured our direct view. Antonucci and Miller (1985) were able to ex- 
tract the broad line Seyfert 1 spectrum from the Seyfert 2 galaxy NGC 1068. 
Thenceforward, polarization became a powerful tool for unravelling the non- 
spherically symmetric geometry of AGN. In retrospect, I find it interesting to 
see how the recognition of polarization produced by scattering has produced 
such a rich harvest of understanding quite distinct from that arising from the 
various non-thermal processes which produce polarized light directly. 

The discovery of co-axial radio/optical alignments in powerful radio galaxies 
beyond a redshift of about 0.7 (McCarthy et al. 1987; Chambers, Miley and van 
Breugel 1987) proved to be a landmark in the understanding of these distant 
galaxies. It had generally been thought that the measured blue colours were a 
result of the presence of a significant hot stellar population which might indicate 
the youth of the galaxy as a whole. The 'alignment effect' as it became known, 
spawned several explanatory theories including a proposal that the passage of the 
radio jets through an extended galactic 'atmosphere' would induce star formation 
which, for a short time (< a dynamical timescale) would trace the jet passage 
with blue light (see McCarthy 1993 for a review and a complete set of references). 
The production of blue light by inverse Compton scattering within the region 
occupied by the relativistic electrons producing the radio emission (Daly 1992) 
was excluded in many cases because, while co-aligned, the optical and radio 
emission was generally not co-extensive (e.g., di Serego Alighieri, Cimatti and 
Fosbury 1993; Miley et al. 1992; Longair, Best and RSttgering 1995). Although 
the alignment effect is seen predominantly at high redshift - -  largely because 
of the shift of the observed waveband into the rest-frame ultraviolet, there are 
low redshift examples, e.g. in 3C 195 at z = 0.1 (Cimatti and di Serego Alighieri 
1995). 

It is important to understand whether the alignment is purely a K-correction 
effect or whether there are evolutionary factors involved. Answering this question 
is not as easy as it sounds because of the necessity to observe nearby objects in 
the ultraviolet. Here the HST, for all its fine resolution capabilities, is still a small 
telescope. There is also the extreme rarity in the present epoch of radio sources 
of comparable power to the objects being studied at high redshift. Cygnus A 
is the obvious example of a local, luminous radio source and its properties, in 
the context of the unified schemes, have been extensively studied by Tadhunter 
(1996) and Stockton and Ridgeway (1996). While there is compelling evidence 
for an anisotropic ionizing radiation field, the hidden AGN is surprisingly under- 
luminous. Alternatively it may be, in this case, that the radio source - -  because 
of the high density cluster environment - -  is overluminous and compact for its 
AGN power. 

The growing realisation during this period that the powerful radio galaxies 
and the radio quasars could be considered the same class of objects differing 
principally in orientation (Orr and Browne 1982; Barthel 1989) led Tadhunter, 
Fosbury and di Serego Alighieri (1989) to suggest that the alignment effect may 
be caused simply by the scattered and fluorescently excited light from the hid- 
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den quasar which radiates photons mostly along the radio axis. This idea was 
already supported by the emission line spectroscopy which showed extended, 
high ionization lines which could not arise from ordinary stellar-photoionized 
H II regions but, instead, appeared similar in nature to the EELR seen at lower 
redshift. The unambiguous test of scattered light is its polarization state. It was 
at the limit of the capability of the 4-m class optical telescopes to demonstrate 
that  the aligned radio galaxies were linearly polarized with an E-vector position 
angle fully consistent with the scattering hypothesis. Following the first measure- 
ments by di Serego Alighieri et al. (1989; see also Scarrott, Rolf and Tadhunter 
1990), a significant body of polarization measurements was accumulated (see 
Cimatt i  et al. 1993) which showed that  the strong polarization appeared when 
the observed passband moved below the rest-frame 4000/~ break where dilution 
from the red stellar population disappeared. An objection to this interpretation 
which stood for some while was the apparent absence of scattered broad lines 
seen in the extended, aligned structures by analogy with the polarized broad line 
spectra seen in some Seyfert 2 galaxies. While it is true that  the 4-m telescopes 
did manage to solve this problem we are now moving into the era of faint ob- 
ject spectropolarimetry with the Keck telescope which is giving a much clearer 
view of these phenomena. Before moving on to a more detailed discussion of the 
high redshift phenomena, I should like to dwell for a moment on what has been 
learned from studies of nearby objects. 

3 I o n i z a t i o n  C o n e s  

The apparent biconical ionization cones seen most clearly in the Seyfert 2 galax- 
ies will be discussed in detail by others at this symposium. I shall, nonetheless, 
review some of their properties as they bear on our observations of more distant 
and more powerful AGN. I will also note that  their existence was presaged by 
much earlier observations of the distinctly different kinematic behaviour of the 
high- and low-ionization emission lines in long-slit spectra of Seyferts (e.g., in 
NGC 1365 by Phillips et al. 1983 and JSrs~iter, Lindblad and Boksenberg 1984) 

The hypothesis that  the triangular regions of highly excited gas, with one 
apex at the galactic nucleus, are the projections on the sky of bi-conical zones 
of material illuminated and ionized by an equatorially obscured AGN (Fig. 2) 
appears to be well supported by observation. The sharp edges seen in some ob- 
jects, notably in NGC 5252 (Tadhunter and Tsvetanov 1989), suggest that  the 
shapes are limited by the radiation field rather than by the matter distribution 
- -  at least on scales up to 10 or 20 kpc. In the same object, Prieto and Freudling 
(1993) showed that  there was apparent continuity, both in morphology and ve- 
locity, between the ionized and the neutral gas. The location of the source of 
radiation at the galactic nucleus is supported both by the cone morphology and 
by the absence of a sufficiently strong ultraviolet continuum within the cone 
which could represent a local source of ionization - -  although we must beware 
of the possible presence of 'spectrally hidden', hot thermal ionizing sources. The 
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fact that  many of the cones are apparently one-sided can be explained by the 
obscuration of the galactic disk. The general absence of clearly delineated cones 
in the Seyfert ls is simply a result of projection: we do not recognise the cones 
when our line-of-sight lies inside them. What  actually constitutes the edge of the 
shadowing body, however, is still not clear when nearby objects are examined 
in detail (e.g., NGC 4151, Evans et al. 1993; Pedlar et al. 1993; Robinson et 
al. 1994). The apparent opening angles of the cones can be influenced both by 
projection - -  the angle between the cone axis and our line of sight - -  and by 
the distribution of material, e.g., a disk with its plane lying within the cone. 
We do not yet, in my view, have a sufficient sample of appropriately observed 
Seyferts - -  both in terms of sample selection and total number - -  to rule out 
the hypothesis that  all ionization cones have the same intrinsic opening angle 
(work in progress by Tsvetanov, Fosbury and Tadhunter).  

Fig. 2. A cartoon of the broad ionization cone produced by obscuration of an AGN by 
a thick torus 

Amongst the known Seyfert 2s with detected ionization cones, there is a very 
close correspondence between the cone axis and the axis of symmetry of the nu- 
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clear radio source, especially when the latter is measured on the smallest spatial 
scales (Wilson and Tsvetanov 1994). This suggests that the collimation mech- 
anisms of the radio plasma and the ionizing radiation are very closely related 
although the radio jets are clearly narrower than the cones. These authors also 
note, however, that  there is no relation between the cone axis and that  of the 
galactic disk except, perhaps, in late-type spirals where a weak trend could be 
produced by an observational selection effect. The apparently ubiquitous occur- 
rence of the phenomenon and the coincidence of the radio and cone axes means 
that ,  in these studies, we have a wonderful example of what I call the 'shadow 
puppet '  phenomenon: the use of observations on large spatial scales to map 
physical structures in galactic nuclei which are still well below direct resolution 
by telescopes. Since it is so important  to be able to overlay accurately images 
at different frequencies, these studies will be greatly aided by the radical im- 
provement in astrometric precision which will result in the near future from the 
application of the Hipparcos results to the HST Guide Star Catalog. 

Even when seen in projection against the disk, the kinematic state of the 
cone material can usually be distinguished from it by its different ionization 
state - -  specifically by measuring the [O m] and the Ha lines respectively. Such 
studies are valuable for distinguishing between material which partakes of the 
general galactic rotation or flow within a bar or is in a radial flow, perhaps 
associated with radio jet  plasma or, possibly, part of a concurrent starburst 
wind. Detailed studies of the gas kinematics in NGC 1365 are interpreted by 
Hjelm and Lindblad (1996) as an accelerated radial outflow with the velocities 
decreasing rapidly towards the cone edges. In the case of some powerful radio 
galaxies, there are velocity components along the radio axis with velocities as 
high as thousands of km s -1 which seem very likely to be due to entrainment 
of material with the radio jet  (Tadhunter 1991). Such extreme velocities along 
the radio axis appear to be found more frequently at high redshift (McCarthy 
1993). 

In more distant radio galaxies there are, perhaps, no known cases of the 
well-delineated cones we see in the Seyferts. Is this simply a mat ter  of lower 
intrinsic spatial resolution or are there differences in the collimating mechanism 
and/or  mat ter  distribution in the radio-loud objects? Amongst the high redshift 
radio galaxies (HzRG) which demonstrate the 'alignment effect', the rest-frame 
ultraviolet morphologies certainly do not resemble the Seyfert cones although, 
at least, the close axial alignment with the radio source is similar. We must 
remember, however, that  the spatial scale of the extensions in the HzRG is 
about an order of magnitude larger than that in the nearby Seyferts: deep HST 
images will be important  in resolving this issue and may already be doing so in 
a few cases. 

4 J e t / C l o u d  I n t e r a c t i o n s  

The particle beams which power the large-scale double radio lobes in the ra- 
dio galaxies propagate through the host galaxy and its local environment. The 
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beams are very efficient at transmitting power from the nucleus and radiate 
only very little of this to make themselves visible. Occasionally a jet  will hit 
something more substantial than a diffuse interstellar/intergalactic medium and 
the resulting interaction produces enhanced radiation over a wide band of fre- 
quencies. This can tell a captivating story about both the jets and the galactic 
neighbourhood. 

The detailed physics of such interactions is undoubtedly quite complicated 
(e.g., van Breugel et al. 1985) but one of the first tasks is to establish the influence 
of any photon beam generated at the base of the jet at the nucleus (Fig. 3). In 
the absence of any jet  bending, the beam will travel along approximately the 
same path and can have a profound effect on the interaction site. Such photon 
beams are expected in both FR I and FR II radio sources (see the review by Urry 
and Padovanni 1995) and, when aimed at the observer, produce the BL Lac or 
Blazar phenomenon. One might expect to learn about these beams both from the 
statistics of completely identified samples of radio sources and from their effect 
on the excitation and ionization of the EELR. What  evidence there is suggests 
that ,  while the photon density in the beams can be quite high - -  producing 
higher ionization parameters along the radio axis than in the diffuse EELR - -  
the total fraction of the AGN luminosity carried by them is small. 

Although there is a general tendency for the EELR excitation state to be 
higher along the radio axis, there are relatively few cases where a current je t /c loud 
interaction has been clearly recognised. These are presumably the most promis- 
ing sites to examine for the presence of local sources of ionization associated 
with shocks but there may be, even here, a significant or even dominant con- 
tr ibution by ionizing photons from the AGN - -  especially if there is a beamed 
component. From the cases which have been studied, there appear to be two 
distinct kinds of behaviour (Clark and Tadhunter 1996). EELR associated with 
radio lobe hot-spots (e.g., PKS 2250-41, 3C 171, 4C 29.30 and Coma A) show 
evidence for shock excitation: highly disturbed kinematics and a relatively low 
ionization state. The EELR associated with the inner knots in the radio jet  (e.g., 
PKS 2152-699 and the inner source in Coma A), in contrast, have a very high 
ionization state and a somewhat calmer velocity field. It may be that these latter 
objects are dominated by the effects of the beamed radiation from the AGN, a 
conclusion which is supported by the presence of a blue, polarized and presum- 
ably scattered continuum in PKS 2152-699 (Tadhunter et al. 1987; Tadhunter 
et al. 1988; di Serego Alighieri et al. 1988; Fosbury et al. 1990). The interaction 
site in this object radiates over a very wide band of frequencies, from the radio 
to the X-ray (Fosbury et al. in prep, see Fig. 4), and is in many ways similar 
in appearance to an AGN. This may be telling us that  many of the observed 
properties of AGN could be due to jet  interactions occurring close to the jet  
source. 

Interesting and very nearby examples are the optical filaments along the 
radio axis of the FR I radio galaxy Centaurus A. It has been proposed that  
these are ionized by the BL Lac beam from the nucleus (Morganti et al. 1991, 
1992). In this case, the required beam luminosity is very similar to that  seen 
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Fig. 3. In addition to the broad ionization cone there may be - -  in the radio-loud 
sources - -  a Doppler boosted photon beam which, initially at least, travels in the same 
direction as the particle jet which powers the outer radio lobes 

directly in BL Lac itself. It would make Cen A into a 4th magnitude AGN if 
seen along the beam axis. An alternative explanation for the ionization of the 
filaments using the EUV cooling radiation from high speed shocks within the 
gas clouds (Sutherland, Bicknell and Dopita 1993), while attractive for some 
interactions, seems inappropriate here since there is no evidence from the radio 
observations of a jet currently propagating close to the excited gas - -  although 
the macroturbulent velocities within the filament structures are quite high. 

5 Diagnostic Tools 

In addition to the measurement of the structures of extended nebulosities which 
are assumed to be excited by the AGN radiation field, statistical methods can 
be used to infer the radiation pattern of the nucleus. To achieve this, complete 
samples of sources are needed which are selected on the basis of an isotropic 
property. The low-frequency radio emission is generally assumed to be the most 
reliable and the 3CR and 3CRR catalogues (McCarthy, van Breugel and Kapahi 
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Fig.4.  A sketch of the jet/cloud interaction in PKS 2152-699. In this case, there is a 
common axis of apparently photon-induced activity which is traced from the VLBI scale 
out to at least 100 kpc. This axis is somewhat displaced from the current large-scale 
radio axis. The outer [OIII]-emitting clouds are well outside the radio structure and 
are presumably photoionized 

1991; Laing, l~iley and Longair 1983) are valuable source lists for such work. 
Barthel (1989) was able to derive approximate parameters for the obscuration 
and beaming in these radio-loud objects by analysing the relative numbers of 
objects classified as blazars, quasars and radio galaxies. Considerable work has 
been done on the radio and X-ray beaming properties of both the FR I and FR II 
sources (see the review by Padovanni and Urry 1995) and Morganti at al. (1995) 
have used Monte-Carlo simulations to analyse the radio properties of their 2 Jy 
subsample in the south. 

Such isotropic selection can also be used as a direct test of the unification 
hypothesis by examining the individual object classes on the basis of a second 
isotropic property. Jackson and Browne (1990) applied this test to the [O hi] line 
emission of radio galaxies and quasars from the 3C but it failed for the reason, 
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which we now understand, that much of the [O III] emission from these objects 
comes from a region which is little larger than the broad line region (BLR) and 
so is obscured in a similar way. This could be shown to be a plausible explanation 
if the [O III] line emission is significantly polarized in radio galaxies. By noting 
that the [O II] lines have a much lower critical density for collisional de-excitation, 
Hes, Barthel and Fosbury (1993) showed that carefully matched subsamples of 
quasars and radio galaxies, again from 3C, are indistinguishable from their [O II] 
luminosity. 

A dominant characteristic of much of the circumnuclear activity we have been 
discussing is the notion of gas clouds being excited by an external radiation field. 
The observed properties of such configurations differ markedly from the classical 
internally stellar-photoionized H II regions, not only for their different ionizing 
spectra but also in the importance of the detailed geometry of the clouds, the 
position of the observer with respect to the illuminating source, and the effects of 
dust. This distinction becomes particularly apparent in the ultraviolet spectrum 
where several of the dominant lines are resonance transitions. There have been 
recent attempts, therefore, to develop photoionization models which take explicit 
account of the geometry and the physical effects of dust. 

Optical studies of EELR in low redshift objects show, in general, little ev- 
idence for dust extinction. RBFT87 showed - -  for a sample of homogeneously 
observed radio galaxies - -  that, while the nuclear narrow line spectra exhibit 
small amounts of reddening, the EELR show none. This does not imply, how- 
ever, that the EELR clouds are dust-free for it can be shown that reddening is a 
very insensitive diagnostic of dust in externally photoionized clouds. Because of 
its importance in understanding many aspects of objects at high redshift - -  both 
the stellar properties and the polarization of the aligned light - -  other methods 
have been developed to detect the presence of dust. 

Measurements from the far-infrared to the mm of objects over a range of 
redshifts (e.g., Chini and Kriigel 1994; Dunlop et al. 1994; Serjeant et al. 1995; 
Ivison 1995) have detected substantial quantities of dust (up to 10 s Mo). Little 
is known, however, about the spatial distribution of the dust and it may be 
associated with the obscuring torus rather than the very extended extranuclear 
structures. Observations with ISO will be sensitive to thermal radiation from 
dust over the whole observed redshift range and, hopefully, the temperature 
distribution will tell us something about the spatial distribution. 

A novel and very sensitive test for dust in emission nebulae is based on 
detecting the depletion of refractory elements from the gas phase onto dust 
grains. This was proposed by Ferland (1993) in order to understand the observed 
weakness of the forbidden ionized calcium doublet in the near-infrared spectra 
of LINERS. Standard photoionization models with solar gas-phase abundances 
predict the [Ca II]AA7291, 7324 lines to be amongst the strongest in the spectrum 
at the ionization level of these objects. Observations in the appropriate spectral 
region of a range of extended nebulosities around galaxies, including so-called 
'cooling-flows' were made by Donahue and Voit (1993) who failed to detect the 
line and concluded the presence of dust. Villar-Martin and Binette (1996) have 
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investigated the problem using the photoionization code MAPPINGS (Binette 
et al. 1993a,b), adapted to include several important aspects of dust physics, 
namely the effects of scattering on the radiation transfer and the contribution 
of dust to the thermal and ionization balance of the plasma. They examined in 
detail several alternative processes which could suppress the calcium lines but 
concluded that their absence over a certain range of the ionization parameter 
must imply depletion. Work in progress by Villar-Martln, Fosbury and Binette 
applies this modelling to observations of some low redshift radio galaxies and 
Seyferts with EELR. 

The recognition of the importance of the rest-frame ultraviolet spectrum for 
the study of the nature of objects at the highest redshifts has led to studies 
of line formation in externally ionized clouds with particular emphasis on the 
geometrical aspects and the effects of dust on the resonance line transfer. This 
has many exciting applications for the physical study of objects at the intriguing 
early stages of galaxy formation and evolution. A particular attraction here for 
the objects with luminous AGN is the illumination of quiescent material at large 
radial distances which may only be in the very earliest stages of becoming part 
of a galaxy. 

If we accept the unification of the powerful radio galaxies with the radio 
quasars - -  a picture which must be correct at some level (Antonucci 1993) 

- -  our studies of the HzRG are constrained by the knowledge of the general 
properties of the ionizing radiation field from the quasars. The obscuration of 
the quasar due to orientation does, however, leave us with a clear view of the 
much fainter EELR which is currently being exploited with the HST and large 
groundbased telescopes. A powerful technique which follows from the acceptance 
of unification is the use of the 'associated absorption' spectrum of radio quasars 
to give a complementary view of the extended structures we see in emission in the 
radio galaxies. This may help us quantify some of the geometrical factors which 
characterise the matter distribution and can be applied both with absorption 
lines and dust absorption/scattering. 

The particular geometry of the radio galaxies, with the radio axis lying some- 
where between the plane of the sky and about 450 to it, implies that we see clouds 
both from the front (illuminated) face and from the back. This can result in side- 
to-side asymmetries both in the line spectra and in the scattered light, especially 
if dust dominates over electron scattering. Such asymmetries should, in princi- 
ple, give us a measure of orientation in 3-dimensions which can be compared 
with radio measurements of jet-sidedness and depolarization asymmetry (Laing 
1988; Garrington 1988). 

Villar-Martin, Binette and Fosbury (1996) have studied the particular case of 
the C Iv/Lya vs. C Iv/C III] diagnostic diagram which, because of its inclusion of 
two resonance lines, is particularly sensitive to geometrical effects (Fig. 5). The 
computed diagrams are compared with a set of observations which has recently 
been very significantly enlarged by van Ojik's (1995) work on the ultra-steep 
radio spectrum selected high redshift objects. We find that the observed trends, 
in particular the large C Iv/Lya ratios, can be satisfactorily explained in almost 
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all cases by the effects of seeing illuminated clouds from behind or in front. The 
only cases where dust is needed to quench Lyc~ are the highly obscured sources 
like F10214+4724 (Elston et al. 1994) and TX0211-122 (van Ojik et al. 1994) 
which are probably characterised by a more 'closed' geometry than the other 
radio galaxies. We also address the question of the neutral clouds - -  which are 
presumably outside the radiation cones and so do not see the AGN directly - -  
which produce the spatially extended Lya absorptions seen in objects like 0943- 
242 (RSttgering et al. 1995). These screens are clearly kinematically distinct from 
the line emitting clouds and so are presumably spatially separated from them. 
Such neutral clouds act as very efficient Lya reflectors, even if they contain dust, 
and this process may be responsible for part of the extensive Lya  halos seen to 
enshroud objects like 1243+036, z = 3.57 (van Ojik et al. 1995). Such neutral 
reflectors could be recognised by the absence of other optical/UV emission lines 
and it is important  to point out that pure Lya  emitters do not necessarily signify 
star-forming regions. 

This particular diagnostic diagram is useful for objects observed from the 
ground with redshifts greater than about two. Similar tools need to be developed 
for the intermediate redshift sources. 

The production of polarized light in the Seyferts and the radio galaxies by 
scattering of anisotropically emitted radiation from the AGN has led to an ex- 
tension of the concept of a 'reflection nebula' to super-galactic scales. The quan- 
ti tative understanding of these phenomena is hindered, particularly in the case 
of the HzRG, by the faintness of the sources, the complexity of the geometric 
structure and, not least, by our ignorance of the precise nature of the scatterers. 
Assuming the close resemblance of dust found at 100 kpc from a radio galaxy 
at a redshift of 4 to dust in the Solar neighbourhood today is a leap of faith of 
gigantic proportions. Nonetheless, models built on the basis of this assumption 
are quite successful in explaining at least the gross features of the observations 
(Manzini and di Serego Alighieri 1996). A purely empirical diagnosis of dust or 
electron scattering in any particular case is rather difficult. Thomson scattering 
by hot electrons can be distinguished by its thermal broadening of any scat- 
tered lines. Using the wavelength dependence of polarization can, however, be 
misleading because of the presence of one or more unpolarized diluting sources, 
possibly with different spectra. The effects of a complex geometry on the scat- 
tered spectrum and polarization can make it very hard to reach the underlying 
physical processes. I like to use the analogy of the twilight sky on Earth. This 
is dominated by Rayleigh scattering from molecules in the atmosphere and the 
process has a well understood wavelength dependence. The spectacular range of 
colours produced by a partially illuminated atmosphere viewed along different 
paths should, however, make us a little cautious when interpreting observations 
of the colour of galaxy-scMe reflection nebulae. An investigation of the observed 
continua around a rest wavelength of 2200/~ will, perhaps give us some direct 
evidence for the presence of dust and perhaps, even, its nature. 

In some cases, particularly close to the AGN - -  as seen in some Seyfert 2s 
(e.g., Antonucci, Hurt and Miller 1995) - -  it is clear that  there can be sufficient 
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Fig. 5. An illustration of the viewing geometry which strongly affects the appearance 
of the UV emission spectrum of the EELR. The Ly~ and C IV resonance lines escape 
preferentially from the front (illuminated) faces of the clouds. Lya photons can also be 
reflected efficiently from neutral clouds which do not see the ionizing radiation from 
the AGN directly: such reflection may be responsible for part of the extended Lya 
haloes seen in some high redshift radio galaxies 

Thomson optical depth to produce diffuse electron scattered radiation. It seems, 
however, that  on the larger scales, scattering by dust is much more plausible 
due to its considerably higher efficiency per unit mass. The recent discovery of 
polarized broad lines, similar in width to those seen in quasars, in some HzRG 
(di Serego Alighieri et al. 1996; Dey and Spinrad 1995) strongly favour dust 
scattering but does not entirely rule out scattering by a population of cool (< 
105 K) electrons. 

To finish this section, I should like to make a few remarks about the mea- 
surement of polarization in these faint sources. Although the polarimetric mode 
on the Low Resolution Imaging Spectrograph on the W M Keck 10-m telescope 
(LRIS, Oke et al. 1995) is now being used to make superbly high quality mea- 
surements, many of the observations which have established the importance of 
polarimetry for the study of these scattering phenomena have been made with 
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3 - 4-m-class telescopes. It is generally true that, for the faint radio galaxies, 
both imaging and spectropolarimetric measurements have an uncertainty which 
is dominated by photon statistics. Instrumental polarization and other system- 
atic effects are calibrated as well as possible and are generally below the 1% 
fractional polarization which can be reached in reasonable integration times for 
many of these sources. Considerable care, however, is needed in the analysis of 
these statistical errors for any particular observation. This is particularly true 
for polarimetry (as is well known by the protagonists of high precision stellar 
polarimetry) since several of the quantities of interest have asymmetric distri- 
bution functions and results can be severely biased at low signal-to-noise ratios 
(Fosbury, Cimatti and di Serego Alighieri 1994 and references therein). We have 
found that the best way of calculating the error distributions, both as part of 
data analysis and in the design of an observational strategy, is to perform Monte- 
Carlo simulations with a relatively detailed stochastic model of the particular 
observational setup. Estimators for the Stokes q and u parameters are better 
behaved than those for fractional polarization and position angle. 

6 A G N  a t  V e r y  H i g h  R e d s h i f t  

A close examination of the superb images of some HzRG which have been ob- 
tained with the Hubble Space Telescope Wide Field and Planetary Camera 2 
(e.g. Fig. 6 and Longair, Best and RSttgering 1995) will give us a good idea of 
the problems we face in interpreting the state of these distant galaxies. To my 
knowledge, there has so far been n o  confirmed identification of a young stellar 
population in any HzRG. The continuum spectra above a rest wavelength of 
~4000/~ appear to be dominated by an evolved, red stellar population and be- 
low 4000/~ by the light responsible for the alignment effect (Rigler et al. 1992). 
The remarkably small dispersion of these objects in the K-band Hubble diagram 
(Lilly 1989, but see McCarthy 1993 for a recent review which includes more 
high redshift objects) also allows us to argue for an evolved stellar population 
although we must beware of strong emission lines moving into the photometric 
windows (Eales and Rawlings 1993). 

A direct comparison of the K-band with the (rest-frame UV) HST images 
shows objects which are as different as chalk and cheese. This is beautifully 
consistent with the ensemble of polarization observations which show (Cimatti 
et al. 1993) the polarization 'switch on' as the observed passband (usually V 
or B) is moved by increasing redshift below the H and K break. In 3C 324 
(z = 1.2, Longair, Best and RSttgering 1995) the position of the K-band nucleus 
occupies a central 'hole' in the very elongated HST image. It is clear from these 
pictures that, on the largest scale, these objects do not resemble the spectacular 
ionization cones seen in the Seyferts on the kpc scale. If the broad radiation 
cones are really there, they are not uniformly filled with matter which is, rather, 
distributed in a highly non-random manner. Although there is generally not 
a precise spatial coincidence between the radio source and the UV light (but 
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Fig. 6. HST images showing the rest-frame ultraviolet images of three z ,,, 1 radio 
galaxies with overlayed radio contours (courtesy Malcolm Longair, NASA and NRAO) 

see 4C 41.47, Miley et al. 1992), there are indications in some objects - -  and 
3C 324 is a good example - -  that  the light traces the path of the radio jet. 
This fact has often been used to argue the case for jet-induced star formation 
and, indeed, we cannot rule out the presence of blue stars in these regions which 
would dilute the fractional polarization of the scattered light. A salutary counter- 
example, however, is the z = 0.811 source 3C 265 which is misaligned with the 
radio source by about 35 o and yet is highly polarized with an E-vector which is 
perpendicular to the UV extension (Jannuzi and Elston 1991; Dey and Spinrad 
1995; di Serego Alighieri et al. 1996; Cohen et al. 1996) and not the radio axis. In 
some cases, emission beyond the radio lobes has been reported (van Breugel and 
McCarthy 1990; Eales and Rawlings 1993). Unless this material is the remnant  
of an earlier and now faded radio source, it must represent quiescent gas ionized 
by AGN photons. 

A determination of the distribution of mat ter  around these distant objects 
is crucial for coming to an understanding of their formation. The observations 
of the giant Lyol halo in the z = 3.6 radio galaxy 1243+036 (van Ojik et al. 
1995) gives us a clue which I think helps us to draw some of the diverse threads 
together and begin to understand what is going on. The salient point here is the 
recognition of a component of the aligned EELR which is clearly associated with 
the (bent) radio structure and one which extends well beyond the radio source 
but  is quite kinematically distinct. The gas contained within the region of the 
radio structure has a high velocity dispersion (,v1 500 km s -1 FWHM) and, in 
particular, there is a blueshift at the point of the radio bend of 1100 km s -1 which 
coincides with a Ly~ enhancement. The large scale (20") halo, in contrast, has a 
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velocity width of only 250 km s -1 and a global velocity gradient of 450 km s -1. 
The faint extended UV continuum emission, while aligned with the principal 
(inner) radio axis, does not follow the bend in the structure. 

I agree with van Ojik et al. that these observations argue strongly that  the 
gaseous halo in 1243+036 must predate the AGN and its associated radio source. 
It also may go some way towards explaining the apparent dichotomy between 
those lower redshift EELR which appear to be smoothly rotating and those which 
appear chaotic: there may always be a component of the previously quiescent 
gas which has been disturbed after the birth of the radio source. The attraction 
of these quiescent halos is that they may represent material caught in the act 
of forming the galaxy. The presence of a powerful AGN illuminates the birth 
and give us opportunities for study which would be absent without the nuclear 
activity. 

Having established the presence of a spatially extended scattered component 
which contributes to the alignment effect the polarization measurements are now 
being used as a major tool in attempts to separate out the different sources of 
radiation seen in these high redshift objects. Since the intrinsic fractional po- 
larization of scattered radiation depends on the nature and on the geometrical 
configuration of the ensemble of scatterers, the measurement of the contribution 
of unpolarized diluting continuum is difficult. One technique, which has been ap- 
plied to nearby Seyferts, is to look at changes in polarization across the scattered 
broad lines. An increase in polarization in the broad lines suggests a diluting un- 
polarized continuum called FC2 by Antonucci (1993, see also Binette, Fosbury 
and Parker 1993). This could be starlight or nebular continuum (Dickson et al. 
1995). 

The detection of broad, polarized lines in the aligned radio galaxies is now 
well established (di Serego Alighieri et al. 1996; Dey and Spinrad 1995) and 
in 3C 265, broad MgiI has even been seen in the extended component. They 
have also been seen in lower redshift objects like 3C 234 (Antonucci 1984; Tran, 
Cohen and Goodrich 1995) and Cygnus A (Antonucci, Hurt and Kinney 1994). 

My conclusion is that,  at these high redshifts, the nuclear radiation field is 
still playing a dominant role in the excitation of the extranuclear gas but that  
the spatial distribution of the material is influenced by the passage of the radio 
jet. I believe, however, that  this may not constitute the whole story and CDM N- 
body simulations show us that  the matter distribution over the scales of interest 
(100 kpc) was rather different at redshifts of a few from what it is now. Galaxies 
were forming within filamentary structures which, if illuminated by a powerful 
quasar, might look something like some of the aligned radio galaxies we see with 
HST rather than the filled ionization cones we see in the Seyferts on a much 
smaller scale. 

Although I have been discussing the radio galaxies - -  objects with hidden 
quasars - -  there are some important implications for the work on quasar 'fuzz' 
which is directed towards the measurement of host galaxy properties. If scat- 
tering is redistributing a few percent of hidden quasar luminosity to make part 
or all of the continuum alignment effect in the galaxies, this scattered light will 
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also appear  in the quasar images. Indeed, if the scattering is from dust grains, 
the forward scattering which we would see when imaging a quasar could be a 
significantly larger fraction of the direct flux and so seriously contaminate  any 
host galaxy starlight (Fig. 7). Without  knowing the detailed distribution of the 
scatterers, this will be difficult to separate from the galaxy light and the colour 
information will be crucial. 

Fig. 7. The geometry which produces the scattered, aligned light in the radio galaxies 
can also produce forward-scattered haloes in quasars. In the higher redshift, luminous 
quasars where any stellar host galaxy may be apparently faint in the rest-frame ul- 
traviolet part of the spectrum, such scattered haloes can produce pseudo-hosts which 
contribute as much as 10% of the total quasar light 

7 Conc lus ions  

The energy output  of an active galactic nucleus has a profound effect on the state 
of its surroundings. The consequences of these interactions can be mapped  on a 
scale of Mpc using the quasar absorption line 'proximity effect' and to a tenth of 
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this in the radio galaxy extended emission lines. Studies of these phenomena have 
told us a great deal about the nature of the nuclei themselves and have allowed 
us to simplify our classification schemes for diverse AGN types. At the high- 
est redshifts, AGN not only help us identify galaxies but they act as sources of 
illumination which enable us to study material in the process of forming galaxies. 
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Outflows from the Nearest  Barred Galaxies  
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Abs t r ac t .  I review the evidence for bars and outflows associated with three very 
nearby galaxies, beginning with the two nearest infrared starbursts (NGC 253 and 
M 82). These two starbursts and their outflows are rather similar to one-another, even 
though M 82 is a much less massive galaxy. The existence of a large (25 kpc) soft X-ray 
halo in NGC 253 and its lack in M 82 may be related to M 82's low mass. I also discuss 
the curious case of the circumnuclear region in M 31: are the goings-on there (including 
the nearest example of the LINER phenomenon) due to a bar, an outflow, or neither? 
Finally, I summarize recent empirical results concerning the link between galaxy disk 
dynamics and circumnuclear starbursts. 

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

The gas flows in and around typical starburst  galaxies are clearly complex. This 
complexity arises both  from the effects of a non axisymmetric  gravitat ional po- 
tential (bars, oval distortions, and companion galaxies) and from the hydro- 
dynamical  consequences of the enormous rate of mechanical energy deposition 
inside the starburst .  The former is int imately related to the causes of starbursts,  
while the lat ter  is an effect of the starburst.  Both processes causally connect 
the s tarburst  with regions that  are one or two orders-of-magnitude larger than 
the s tarburst  itself. Understanding these gas flows is then central not only to 
understanding the starburst  phenomenon, but for relating it to broader issues 
of cosmogony. 

During this conference considerable attention has been focussed on the roles 
of gravity and bars in sending gas inward to fuel the starburst  phenomenon. In 
this review my main aim is to give a brief review of the outflows tha t  are one of 
the pr ime consequences of the starburst .  I will also concentrate on the nearest 
examples of galaxies with bars and outflows, since these have the best and most  
complete sets of data. 

In Sect. 2, I will outline the conceptual framework for the interpretation 
of observations of outflows from starburst  galaxies. In Sects. 3 and 4, I will 
summarize  the evidence for bars and outflows in the two nearest powerful star- 
bursts: NGC 253 and M 82. A more 'general purpose '  review of observations of 
starburst-driven outflows can be found in Heckman, Lehnert and Armus (1993). 

I also want to stress the point that  while bar-driven inflows and galactic 
winds are conceptually distinct, it is not always straightforward to tell them 
apar t  observationally. To illustrate this, in Sect. 5, I will discuss the central-most 
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two kpc in M 31. Are the curious phenomena there (including the nearest-known 
LINER) related to a galactic wind or a bar or neither? 

Finally, in Sect. 6, I will describe some results from a recent survey of edge-on 
starburst galaxies that illuminate the relationship between galaxy disk dynamics 
and the properties of circumnuclear starbursts. 

2 S t a r b u r s t - D r i v e n  O u t f l o w s :  A C o n c e p t u a l  O v e r v i e w  

The engine that presumably drives the observed outflows in starburst galaxies is 
the mechanical energy supplied by massive stars in the form of supernovae and 
stellar winds (cf. Leitherer and Heckman 1995). For typical starburst parame- 
ters, the rate of supply of mechanical energy is of-order 1% of the bolometric 
luminosity of the starburst and typically 10 to 30% of the Lyman continuum lu- 
minosity. Some fraction of this mechanical energy may be radiated away by dense 
shock-heated material inside the starburst. However, observations of starburst 
galaxies imply that a significant fraction is available to drive an outflow (see 
below). Radiation pressure acting on dust grains may also play a role in driving 
the observed outflows, since the amount of momentum associated with photons 
is only a factor of several smaller than the equivalent momentum supplied by 
supernovae and stellar winds (cf. Leitherer and Heckman 1995). 

The dynamical evolution of a starburst-driven outflow has been extensively 
discussed (cf. MacLow and McCray 1988; Tenario-Tagle and Bodenheimer 1988). 
Briefly, the deposition of mechanical energy by supernovae and stellar winds 
results in an over-pressured cavity of hot gas inside the starburst. This hot 
cavity will expand, sweep up ambient material and thus develope a bubble-like 
structure. If the ambient medium is stratified (like a disk), the bubble will expand 
most rapidly in the direction of the vertical pressure gradient. After the bubble 
size reaches several disk vertical scale heights, the expansion will accelerate, and 
it is believed that Raleigh-Taylor instabilities will then lead to the fragmentation 
of the bubble's outer wall. This allows the hot gas to 'blow out' of the disk and 
into the galactic halo in the form of a weakly collimated bipolar outflow (i.e. the 
flow makes a transition from a superbubble to a superwind). It seems clear that 
outflows driven by low-luminosity starbursts and outflows propagating into an 
ambient medium that is not strongly flattened will spend relatively longer in the 
superbubble phase. 

The observational manifestations of superbubbles and superwinds are many 
and varied. The ambient gas (both the material in the outer superbubble wall 
and overtaken clouds inside the superbubble or superwind) can be photoionized 
by the starburst and shock-heated by the outflow. This material can produce soft 
X-rays and optical/ultraviolet emission and absorption lines. The hot gas that 
drives the expansion of the superbubble/superwind may itself be a detectable 
source of X-rays, especially if a significant amount of 'mass-loading' of the outflow 
occurs in or around the starburst (cf. Suchkov et al. 1996). Finally, cosmic ray 
electrons and magnetic field may be advected out of the starburst by the flow 
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and produce a radio synchrotron halo and possibly an X-ray halo via inverse 
Compton scattering of soft photons from the starburst (cf. Seaquist and Odegard 
1991). 

Optical and X-ray data allow us to address the important question as to 
the fate of the gas flowing out of starbursts: will this gas escape the galaxian 
gravitational potential well and carry the newly synthesized metals into the 
intergalactic medium, or will the gas remain bound to the galaxy and perhaps 
cool and return as a galactic fountain? 

Taking a spherically symmetric isothermal potential with an outer cut-off at 
rmax and a depth corresponding to the square of the circular orbital velocity 
(Vcirc), then the escape velocity for material at a radius r is just 

Vesc(r) = Vcirc[2 q- 21n(rmax/r)] 1/2 (1) 

Following Wang et al. (1995), the 'escape temperature'  for hot gas in a galaxy 
potential with an escape velocity vest is given by 

Test = 2.3 • 106(Vesc/4OOkms-1)2K (2) 

Thus, we can compare either the outflow speeds measured optically or the 
gas temperature derived from the X-ray data to the galaxy rotation curves to 
make inferences about the likely fate of the outflow. 

3 N G C  253 

The galaxy NGC 253 contains - along with M 82 - the nearest (3.4 Mpe) and 
best-studied example of a nuclear starburst. The starburst is quite compact, 
with a size of only a few hundred pc (cfi Pina et al. 1992; Forbes et al. 1993). Its 
luminosity is near the characteristic 'knee' in the IR galaxy luminosity function 
(Lbol "~ 3• l~ LO; cf. Soifer, Houck and Neugebauer 1987). 

NGC 253 itself is a typical late-type barred (SAB(s)c) galaxy with an abso- 
lute magnitude that  is near the fiducial Schecter L, value (Mn = -20.3) and 
a rotation speed Vrot = 180 km s -1. These values make NGC 253 the most lu- 
minous and most massive member of the Sculptor group (Puche and Carignan 
1991). Despite its group membership, it is not obviously undergoing any signif- 
icant tidal interaction with other group members (cf. Puche, Carignan and van 
Gorkom 1991). 

The nearly edge-on orientation of NGC 253 is ideal for studying its outflow, 
but made it difficult to discern the presence of a bar. The existence of a bar in 
NGC 253 was deduced by Pence (1980) based on a deprojected optical image, 
and he later observed large- scale gas streaming motions in its disk that  he 
attributed to the barred potential (Pence 1981). Subsequently, near-IR imaging 
confirmed the presence of a stellar bar (Scoville et al. 1985), and a circumnuclear 
(0.6 • 0.2 kpc) molecular counterpart to the stellar bar has also been discovered 
(Canzian et al. 1988). Telesco, Dressel and Wolstencroft (1993) argue that  the 
compactness of the starburst in NGC 253 is due to lack of an Inner Lindblad 
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Resonance, which allows the bar-driven inflow of gas to extend all the way into 
the nucleus. 

As first seen by Fabbiano and Trinchieri (1984), there is a 'fan' of X-ray 
emission to the south-east of the starburst, along the galaxy minor axis (Fig. 1). 
The ROSAT PSPC data imply that  this material has a temperature of about 
7x106 K and an unabsorbed luminosity in the ROSAT band of about 4• 
erg s -1 (Dahlem et al. 1996). This can be compared to the estimated mechanical 
luminosity of the starburst of ,~ 1042 erg s -1. 

Fig. 1. An overlay of the ROSAT HRI X-ray image (contours) and an optical Ha image 
(greyscale) of the central 2~3 (2.3 kpc) of NGC 253 

As noted by McCarthy, Heckman and van Breugel (1987), the minor-axis 
Ha  filaments seem to lie along the sides of the X-ray source, suggesting that  
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the optical emission arises in material that is being compressed and accelerated 
by the hot outflowing material visible in X-rays. This impression is confirmed 
by optical spectroscopy (Fig. 2), which shows that  the emission-line gas here 
exhibits the 'line-splitting' characteristic of a hollow structure that  is expanding 
or outflowing at a velocity of several hundred km s -1 (Ulrich 1978; Heckman, 
Armus and Miley 1990). 

A counterpart of the outflow can be seen in the X-ray and Ha images on 
the opposite (north-west) side of the starburst. This north-west region is much 
fainter, presumably because it must be viewed through the obscuration of the 
galaxy disk. A molecular manifestation of this back-side outflow to the north- 
west was discovered by Turner (1985). 

In addition to this kpc-scale 'nuclear' outflow, NGC 253 has a much larger X- 
ray halo (Fig. 3; see also Pietsch 1993). The X-ray halo is galaxy-sized (roughly 
25 by 12 kpc), with its long axis Migned with the galaxy minor axis. Absorption 
of the soft X-ray emission by the near-side of the disk of NGC 253 can be seen 
on the north-west side. In maps made with the full angular resolution of the 
PSPC, the halo appears filamentary, with an overall 'X' shape (Pietsch 1993). 

The X-ray halo is quite soft, and is much less conspicuous at energies above 
0.5 keV (Pietsch 1993; Dahlem et al. 1996). The implied temperature is a few 
million K, and the unabsorbed luminosity of the halo component in the ROSAT 
band is about 104~ erg s -1. Interestingly, the rotation speed for NGC 253 and 
equation (2) implies that the escape temperature from NGC 253 at radius of 
10 kpc will be about 2.4 million K if it has an isothermal dark matter  halo 
extending out to a radius of ,v50 kpc (cf. Puche and Carignan 1991). Thus, the 
observed hot halo gas is close to the escape temperature, and its fate is unclear. 

Observations at 0.33 GHz by Carilli et al. (1992) show that  NGC 253 is also 
one of the few known galaxies with a radio halo. The radio and X-ray halos are 
similar in size, but the radio halo is more nearly spherical and does not show 
the limb-brightened 'X' shape seen in the ROSAT image. 

The relationship of the starburst and its kpc-scale outflow to the galaxy-scale 
X-ray and radio halos is a matter of debate. On morphological grounds, Carilli 
et al. (1992) suggest that  the radio halo may be powered by an outflow from 
the inner part of the 'normal'  star-forming disk of NGC 253, rather than from 
the nuclear starburst. Indeed - as Fig. 1 shows - the inner disk of NGC 253 is 
riddled with giant H II regions, and Carilli et al. note that a radio 'spur' seems to 
connect to a region of bright Ha emission located several kpc from the nucleus 
in the disk. ROSAT data also show that  the inner disk (with a radius similar to 
the lateral extent of the X-ray halo) is a soft X-ray source. This could represent 
hot gas flowing out of the disk and into the halo. 

Nevertheless, the rarity of X-ray halos in normal spiral galaxies on the one 
hand (cf. Vogler, Pietsch and Kahabka 1996) and their near-ubiquity in galaxies 
with powerful central starbursts (Dahlem et al. 1996) suggests to me at least 
that  the X-ray halo in NGC 253 is primarily powered by the starburst. I would 
therefore propose the following possible interpretation, which is based in part on 
the numerical simulations presented by Suchkov et al. (1994, 1996). 
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Fig. 2. A spectrum of (from left to right) the [N n])~6548, Ha, and [N 11]),6584 emission- 
lines in a region 2~5 (2.5 kpc) in total length along the minor axis of NGC 253. The 
spectrum is centered on the starburst, with northwest to the top. Note the complex 
kinematics throughout this region, and the double-peaked emission-lines with velocity 
separations of 300 to 600 km s -1 in the gas to the southeast of starburst (on the front 
side of the outflow) 

Gas with a temperature of about 107 K is created in the starburst and flows 
out along the galaxy minor axis. The outflowing gas produces the kpc-scale X-ray 
source seen in Fig. 1 (cf. Bregman, Schulman and Tomisaka 1995; Suchkov et al. 
1996), while swept-up, shocked-heated disk gas produces Ha emission along the 
walls of the outflow. As the outflow propogates into the halo, its X-ray emissivity 
drops dramatically due to the steep drop in its density and to adiabatic cooling. 
However, the outflow creates a high-pressure piston of gas that  drives a shock 
into the pre-existing halo gas at a velocity of about 400 km s - l ,  heating the 
halo gas to several million K, and producing a limb-brightened X-ray source 
(Suchkov et al. 1994). The fact that this halo source is 'X'-shaped rather than 
'8'- shaped suggests that  the outflow has recently 'blown out '  of the galactic halo 
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Fig. 3. An overlay of the ROSAT PSPC X-ray image of NGC 253 in the 0.25 key 
band (in contour form) on an optical continuum image (greyscale). The displayed field 
size is 30' (30 kpe) on a side. The ROSAT image has been processed by first digitally 
subtracting the point-like sources (including the nucleus) and then heavily smoothing 
the residual map to bring up diffuse, low-surface-brightness emission (see Dahlem et 
al. 1996) 

(cf. MacLow and MacCray 1988). The size of the halo and the inferred shock 
speed would imply a dynamical  age of a few • 107 years - similar to the est imated 
s tarburst  age. 

4 M 82  

The overall properties (size, luminosity, edge-on orientation) of the M 82 and 
NGC 253 starbursts are quite similar. However, they occur in very different 
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galaxies. On the basis of its dust-riddled morphology, M 82 is classified as an 
Amorphous galaxy in the Revised Shapley-Ames Catalog and an I0 galaxy in the 
Third Reference Catalog of Brigh~ Galaxies. It is a much smaller and less massive 
galaxy than NGC 253, with Ms = -18.6 and a rotation speed of only about 110 
km s -1. These properties are rather atypical of starbursts with comparable IR 
luminosities (Lehnert and Heckman 1996a). 

M 82 is a member of the M 81 group. It is clearly interacting tidally with 
M 81, as is most evident in H I kinematic studies (cf. Yun, Ho and Lo 1993). 
M 82 apparently suffered a direct encounter with M 81 of-the-order 10 s years 
ago, and its outer H I disk is being tidally disrupted as a result (Yun, Ho and 
Lo 1993). The latter authors argue that the gas in the starburst region has not 
been accreted from M 81, but is rather gas from M 82's pre-encounter HI disk 
that  was driven inward by a bar that  was in turn excited by the encounter with 
M 81. 

However, the existence of a bar in M 82 is not as well-established observa- 
tionally as in the case of NGC 253. Telesco et al. (1991) used near-IR images to 
argue on morphological grounds for the presence of a stellar bar with a length 
of about 1 kpc (several times larger than the starburst). Yun, Ho and Lo (1993) 
note several characteristics of the kinematics of the H I disk in M 82 that  are con- 
sistent with (but do not require) the presence of a bar. Larkin et al. (1994) use 
near-IR imaging to identify a kpc- scale dust lane which apparently lies in front 
of the stellar population on one side of the nucleus and behind the stars on the 
other. They argue that this is suggestive of a stellar bar with leading dust lanes. 
Achtermann and Lacy (1995) have investigated the kinematics of the ionized gas 
at high spectral and spatial resolution using the 12.8pm line of [Ne II]. They find 
indirect morphological evidence for the presence of a bar (a nuclear ring and an 
emission-line counterpart to Larkin et al.'s dust lanes). However, they conclude 
that  direct kinematic identification of a bar remains elusive (because the likely 
orientation of the bar is nearly in the sky-plane). 

The presence of an outflow in M 82's famous Ha filament system was also 
debated for many years, and the long and complex history of this was nicely 
summarized by Bland and Tully (1988). While scattering of starburst light by 
dust in the halo of M 82 clearly plays an important role in what we see (cf. 
Scarrott, Eaton and Axon 1991), there is now no doubt that  an outflow is also 
occurring. The kinematic signature of expanding superbubbles or a hollow bi- 
conic outflow was first noted by Axon and Taylor (1978). Bland and Tully (1988) 
later published optical Fabry-Perot data that  clearly showed the presence of a 
large-scale bipolar outflow (superwind) along the optical minor axis of the galaxy 
(see also Heckman, Armus and Miley 1990). The outflow's kinematic signature 
is graphically illustrated in Fig. 4, which also shows how similar it is is to the 
one in NGC 253 (compare Figs. 2 and 4). 

The outflow interpretation was also bolstered by X-ray observations by Wat- 
son, Stanger and Griffiths (1994), Fabbiano (1988), and Bregman, Schulman 
and Tomisaka (1995) showing diffuse X-ray emission co-extensive with the Ha 
emission-line filaments. The X-ray morphology of the M 82 outflow is rather 
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F ig .  4. A spectrum of (from left to right) the [N II])~6548, Ha,  and [N IqA6584 emission- 
lines in a region 5~1 (5.1 kpc) in total  length along the minor axis of M 82. The spectrum 
is centered on the starburst ,  with northwest to the top. Note the complex kinematics 
and double-peaked emission-lines with velocity separations of 300 to 600 km s - I .  The 
gas to the southeast is on the front side of the outflow and is blueshifted relative to 
vsy~. Compare to Fig. 2 for NGC 253 
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different from that  in NGC 253. In M 82, the entire 10-kpc-scale X-ray nebula 
resembles the small nuclear outflow in NGC 253. This can be seen by comparing 
Fig. 5 to Fig. 1. 

Fig. 5. An overlay of the archival ROSAT HRI X-ray image (contours) and an optical 
image (greyscale) of the Ha (dark) and red stenar continuum (light) of the central 
5' (5 kpc) of M 82. The optical image was kindly provided by Dr. Eric Smith 

Note too the laterally limb-brightened morphology of the Ha filament system 
(particularly to the North of the galaxy). This is suggestive of a 'blow-out' of hot 
gas from M 82's disk into its halo, with the Ha emission produced by a sheath 
of shocked and entrained disk gas with a ruptured top (see Sect. 2 above). In 
support of this interpretation, the X-ray emission can be detected out to about 
a factor of two larger radius than the Ha emission (~5 kpc vs. -~2.5 kpc). 
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Moran and Lehnert (1996) have analysed ROSAT PSPC and ASCA data 
that illustrate the spectral complexity of M 82 and its halo. They conclude 
that the hot gas in M 82 has a temperature of about 7• K in and near the 
starburst, declining to 4• 106 K in the halo. The corresponding unabsorbed X- 
ray luminosities of these two spectral components are 1041 erg s -1 and 5• 1039 
erg s -1. These can be compared to the estimated mechanical luminosity of the 
starburst (,~ 1042 erg s-l).  The rotation speed for M 82 and Eq. (2) implies that 
the escape temperature from M 82 at a radius of 5 kpc will be about 1 million 
K, even if this small galaxy has an isothermal dark matter halo extending out 
to a radius of -~50 kpc. Since the observed halo gas is about four times times 
hotter than this, it may well be escaping from M 82. 

Like NGC 253, M 82 also has a radio-synchrotron halo extending out to a 
radius of at least 8 kpc (Seaquist and Odegard 1991). As in the case of NGC 253, 
this radio halo is more nearly spherical than the X-ray nebula. The spectrum 
of the radio emission in M 82 steepens markedly with increasing radius, which 
Seaquist and Odegard attribute to the more rapid cooling of the most energetic 
electrons by inverse Compton scattering of the starburst IR photons. They then 
derive an outflow speed for the relativistic plasma of about 2 000 km s-1 ( ~  vest). 
They also estimate that relativistic particles comprise only a few percent of the 
energy content of the M 82 outflow. They note that this ratio is similar to that 
observed in supernova remnants, as expected in the superwind model. 

To summarize, the outflow in M 82 is similar to that in NGC 253 but differs in 
some important respects. In Sect. 3, I argued that the outer (25-kpc-scale) limb- 
brightened X-ray halo in NGC 253 is produced as the superwind drives a shock 
into a pre-existing gaseous halo surrounding NGC 253 (cf. Suchkov et al. 1994). 
Perhaps a dwarf galaxy like M 82 lacks such a halo (as Steidel 1993 suggests and 
may be generally true based on his identifications of galaxies responsible for Mg II 
absorption in quasar spectra). On the other hand, the X-ray outflow in M 82 
is considerably brighter than the inner (kpc-scale) X-ray outflow in NGC 253. 
In the context of models by Bregman, Schulman and Tomisaka (1995) and by 
Suchkov et al. (1996), this may imply that there is a larger amount of mass- 
loading of the outflow in M 82 than in NGC 253. That is, Suchkov et al. (1996) 
show that for a given starburst energy injection rate, the X-ray luminosity of 
the outflow is proportional to roughly the cube of the mass outflow rate. Thus 
a factor of two increase in the mass outflow rate leads to nearly an order-of- 
magnitude increase in L• 

5 M 31 

Let me begin this section by admitting that M 31 is a confusing case: it may 
or may not contain a bar, it may or may not have an outflow, and certainly 
does not contain a nuclear starburst. Why then am I discussing it here? First, 
I am intruiged by the mysterious goings-on in the circumnuclear region of M 31 
(and their possible connections to bars, inflows, outflows, and the LINER phe- 
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nomenon). Second, M 31's unmatched proximity offers us our best opportunity 
to study the circumnuclear region of a typical L, spiral galaxy. 

Fig. 6. An Hc~+[N Ill image of the innermost 9' (1.9 kpc) of M 31, kindly provided by 
Dr. Nick Devereux 

M 31 has long been known to have a kpc-scale circumnuclear region of low- 
surface-brightness optical emission-line gas (cf. Rubin and Ford 1971). This gas 
has been studied more recently in some detail by Jacoby, Ford and Ciardullo 
(1985), Ciardullo et al. (1988 - hereafter C88), and Devereux et al. (1994). The 
salient properties of the M 31 circumnuclear nebula shown in Fig. 6 are as follows: 

1. It has an Ha luminosity of about 1039 erg s -1, and a spatially-integrated 
IN II]A6584 ([O II]A3727) equivalent width of about 1~ (2.5/~). These parameters 
are typical of the weak emission-lines seen in the nuclei/inner bulges of early 
type galaxies (cf. Heckman 1980). 
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2. It has an overall size of about 2 kpc and a half-light radius of about 300 
pc. It has a complex filamentary structure with a very different overall geometry 
than that  of M 31's large-scale disk (the emission-line region is nearly round 
whereas M 31's disk is of course seen at high inclination). 

3. The velocity field shows a globally-organized, large-scale shear with an 
amplitude of several hundred km s- 1, however the velocity field is considerably 
more complex than that  of gas in simple circular orbits. The line-of-sight velocity 
dispersion of the gas (30 to 40 km s-1) is much smaller than this shear, implying 
that  the nebula must be geometrically thin along the line-of-sight. 

Based on results 2 and 3 above, C88 concluded that the nebula is a warped, 
rotating disk that is highly inclined to M 31's galactic plane. They suggest that  
the complex kinematics results from a combination of rotation and outflow, with 
the latter induced by a galactic wind. The existence of a wind emanating from 
the otherwise totally quiescent nucleus of M 31 would be very important,  since it 
would imply that  galactic winds may in fact be ubiquitous. However, the nature 
of this wind's power source would be something of a mystery. Could it be the 
supermassive 'slumbering monster' in the nucleus (cf. Kormendy and Richstone 
1995 and references therein)? 

In contrast, Stark and Binney (1994) have argued that  it is not necessary to 
invoke a galactic wind in M 31. They maintain that both the morphology and 
kinematics can be understood if we are observing gas moving in closed orbits 
in M 31's galactic plane under the influence of a weak barlike potential (with 
the bar being viewed nearly end-on). Stark and Binney contend that  a bar (or 
a triaxial bulge) must be present in M 31 to account for the twisting of the 
isophotes in the bulge with respect to those of the outer disk (Lindblad 1956; 
Stark 1977). Others (McElroy 1983; C88) have not been persuaded that  this is 
the case. It is clear that  a kinematic test is required, which Stark and Binney 
say must involve a more complete map of the velocity field in the gas than has 
been constructed to date. 

Motivated in part by these arguments, my JHU colleagues Gerhardt Meurer 
and :]onathan Gelbord and I are undertaking a detailed spectroscopic investiga- 
tion of the kinematics and physical state of the ionized gas near the center of 
M 31. Our analysis builds on the extensive pioneering work by Rubin and Ford 
(1971) and C88. While our analysis effort is still in progress, we do have one 
interesting new result: the optical emission-line ratios in the nebula are typical 
of the class of Low Ionization Nuclear Emission-line Regions ( 'LINERs' - cf. 
Eracleous and Koratkar 1996). This should not be truly surprising: the centers 
of most early-type disk galaxies contain LINERs and M 31 is the nearest such 
galaxy. M 31's identity as a LINER was also foreshadowed by C88, who showed 
that  [N H])~6584 is brighter than Hc~ and that IS H]~6724 is strong. 

Since I cut my scientific teeth on LINERs, forgive me if I digress for a bit 
to consider the possible sources of ionization for the M 31 LINER. At present 
the upper limit on any nuclear UV point source rules out photoionization by an 
AGN, although a time-dependent model of the type discussed by Eracleous, Livio 
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and Binette (1995) could be invoked. Likewise, there is no suitable population 
of young, high-mass stars and associated supernovae to photoionize or shock- 
heat the gas respectively (cf. C88). Stark and Binney suggest that  the gas may 
be shock-heated as it makes a transition between the inner xl and outer x2 
orbits in their hypothesized barred potential. Jacoby, Ford and Ciardullo (1985) 
have concluded that  the central stars of planetary nebulae in the bulge of M 31 
(post-asymtotic giant branch stars, henceforth 'PAGB') may not be sufficient to 
photoionize the nebula. 

However, I think this possibility of photoionization by PAGB stars is worth 
revisiting on account of two recent developments. First, Binette et al. (1994) 
have computed photoionization models utilizing such stars and have shown that  
a LINER-type spectrum can be readily produced. Second, we now know consid- 
erably more about the nature of the UV light in the central part of M 31. 

I have compiled measurements of the vacuum-UV (1500/~) flux from M 31's 
bulge as measured through a variety of apertures ranging in effective radius from 
about 25 pc (IUE) to about 1 kpc (OAO). I then find that  the growth curves 
(flux interior to r vs. r) for the Ha+[N n] emission and the UV continuum have 
the same shape. The fact that  the UV light and the emission-line gas track one 
another in this overall sense is suggestive of an energetic link between them. 

A Hopkins Ultraviolet Telescope spectrum of the central-most 30 by 370 pc 
of M 31's bulge was analysed by Ferguson and Davidsen (1993), who concluded 
that  about 65% of the flux at 1500/~ was produced by PAGB stars. Their stellar 
atmosphere model for the PAGB stars then provides a scaling factor between 
the flux at 1500~ and the flux of stellar Lyman continuum photons. If I make 
the huge assumption that the fraction of the UV light that  is due to PAGB 
stars is the same throughout the inner bulge of M 31 as it is in the small region 
they measured, I then find that the predicted Lyman continuum flux is about 
twice as large as is required to explain the observed Ha emission. It is likely 
that  a significant fraction of the UV light is also used to heat the dust grains 
responsible for the far-IR source that  is roughly co-spatial with the emission-line 
nebula (Devereux et al. 1994). 

Binette et al. (1994) have shown that photionization by PAGB stars leads to 
a LINER spectrum for an ionization parameter log U = -4 .  They also use stellar 
evolutionary models for an old bulge population to self-consistently determine 
both the Lyman continuum (and hence Ha) luminosity and the luminosity of 
the red stellar continuum. This leads to a prediction that  the Ha emission-line 
equivalent width should be about 1 /~ (as is observed in M 31). 

Thus, it would seem that there is no real problem with a very 'subdued' 
interpretation of the circumnuclear emission-line nebula in M 31: it represents 
diffuse gas in the disk of M 31 orbiting in a weakly-barred potential and irra- 
diated by an ensemble of the central stars of planetary nebulae. It would then 
have a lot to do with bars, but nothing to do with galactic winds. 

While this explanation may well be correct, it does not provide an obvious, 
natural explanation for the other phenomena occuring in the same region. First, 
there is a diffuse nonthermal radio source with a size and overall morphology that  
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is very similar to the Ha nebula and far-IR source (Walterbos and Grave 1985). 
Curiously, this radio source and the co-spatial far-IR source fall exactly along 
the magical radio-FIR correlation obeyed by actively-star-forming and starburst 
galaxies (cf. Condon 1992)! Given the absence of a significant population of 
massive stars in this region, this is very hard to understand in the context of 
current models for the radio-FIR correlation. In the same region there is also 
a source of diffuse X-ray emission (presumably hot gas) with a luminosity of 
about 1039 erg s -1 (Primini, Forman and Jones 1993). How does this relate to 
the emission-line nebula, the far-IR source, the radio source, and the possible 
bar?? 

No matter what the final explanation, it seems clear that M 31 is a wonderful 
laboratory to study the dynamics and physical state of the interstellar medium in 
the bulges of spiral galaxies and the low-power end of the LINER phenomenon. 

6 D i s k  D y n a m i c s ,  B a r s  a n d  t h e  S t a r b u r s t  P h e n o m e n o n  

Matt Lehnert and I (Lehnert and Heckman 1995, 1996a,b) have recently com- 
pleted an optical spectroscopic and imaging survey of the ionized gas in a far-IR 
flux-limited sample of about 50 spiral galaxies whose disks were viewed from 
within 300 of edge-on. These galaxies were also selected to have a warm far-IR 
color temperature, to insure that the bulk of the far-IR emission is powered by a 
young stellar population. Most of the galaxies have IR luminosities in the range 
10 l~ to 1011'5 L@ and Lm/LoPT = 1 to 10 (i.e. they are moderately powerful 
starbursts). Our data consist of R and narrow-band Ha images and long-slit 
spectra along the major and minor axis. 

In Lehnert and Heckman (1996b) we have discussed the implications of these 
data for the 'superwind' paradigm and concluded that such outflows are ubiqui- 
tous amongst the more 'IR active' half of the sample. In Lehnert and I-/eckman 
(1996a) we have used the rotation curves to study empirically the relationship 
between the disk kinematics and the size and strength of the starburst. I would 
like to highlight some results from this latter paper that I think are of particular 
relevance to this meeting: 

1. The rotation curves of the starburst host galaxies generically have an inner 
solid body portion changing at the 'turnover radius' (rto) to an outer fiat portion. 
We find that rto agrees very well with the starburst size as estimated by the Ha 
half-light radius. Thus, starbursts occur within the inner region of solid body 
rotation (Fig. 7). One possibility is that the competition between tidal shear and 
gravitational instability favors cloud growth in the region of solid body rotation 
(Kenney, Carlstrom and Young 1993). Models of bar-driven inflow (cir. Piner, 
Stone and Teuben 1995) also predict that rings of gas will accumulate near rto 
(between two Inner Lindblad Resonances, if present). 

2. The rather normal, symmetric rotation curves exhibited by most of our 
galaxies imply that fueling a circumnuclear starburst does not require severe 
dynamical disruption of the galactic disk, at least for the moderately luminous 
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Fig.  7. The half-light radius of the Hcr emitting region (the starburst) plotted versus 
the radius at which the galaxy rotation curve turns over from its inner solid-body to 
flat outer portion. The sample consists of far-IR-selected disk galaxies seen at moderate 
to high inclination. See Lehnert and tteckman (1996a) for details 

starbursts in our sample (see above). This is a markedly different situation than 
for the rare but spectacular 'ultraluminous' IR galaxies in which major mergers 
are probably occuring (cf. Scoville and Soifer 1991; Mihos and Heruquist 1994a). 
Thus, the mechanism by which typical starbursts are triggered is not yet clear. 
Perhaps the capture of dwarf galaxies or mild grazing encounters with neighbors 
are responsible (cf. Mihos, Richstone and Bothun 1992; Mihos and Hernquist 
1994b; Noguchi 1988). Secular evolution of the disk with a bar-driven inflow 
(possibly resulting from a mild tidal interaction) is suggested by the empiri- 
cal links between bars and circum-nuclear starbursts (e.g. Devereux 1989; Ho, 
Filippenko and Sargent 1996). 
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3. Using the rotation speed as a surrogate for galaxy mass, the typical rotation 
speeds of 100 to 220 km s -1 in our sample imply that the starburst host galaxies 
have typical masses ranging from about 5% to 100% of the mass (M.) of a 
fiducial L. spiral galaxy. We find very little correlation between the host galaxy 
rotation speed and the IR (-~ bolometric) luminosity of the starburst. Even quite 
low mass galaxies (10% M.) can apparently 'host' quite powerful starbursts (L -,~ 
1011 Le). 

4. Weedman (1983) pointed out that the emission-line widths in starburst 
nuclei were surprisingly small compared to expectations for gas in virial equilib- 
rium in the bulge of a typical disk galaxy. He proposed that the starburst was 
therefore not in dynamical equlibrium, and would rapidly evolve into a highly 
compact configuration (as a precursor to the formation of a Seyfert nucleus). 
We confirm Weedman's result (by comparing Vrot to the width of the nuclear 
emission-line profiles). However, the narrowness of the nuclear lines arises in our 
sample because the gas in the nucleus (few arcsec) does not sample the full range 
of the rotation curve (which is solid body in the central region). 

5. The maximum star-formation rate allowed by causality is one in which 
all the gas in a starburst is converted into stars in one dynamical time-scale. 
This leads to a prediction that the maximum starburst luminosity will scale like 
the cube of the starburst velocity dispersion (Heckman 1993). Comparing the 
far-IR luminosities and rotation speeds implies that most of the starbursts in 
our sample are forming stars at a rate that is typically an order-of-magnitude 
below this limit (even assuming a normal Initial Mass Function and a normal gas 
fraction). However, several extreme objects have such high luminosities for their 
rotation speeds that they violate this limit unless they are forming only massive 
stars and/or gas dominates the mass of the starburst. Both of these hypotheses 
have been offered on other grounds for starbursts (cf. Scoville and Soifer 1991; 
Rieke et al. 1993). 

In the long run, these survey results can hopefully be combined with detailed 
investigations of a small sample of the nearest and brightest starburst galaxies 
to shed some light on the 'care and feeding' of starbursts. 
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The Nuclear  High Exci tat ion Outflow Cone 
in N G C  1365 
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Abs t r ac t .  The morphology and kinematics of the high excitation outflow cone in the 
nuclear region of the Seyfert 1.5 galaxy NGC 1365 is investigated. An empirical model 
based on ground-based [O In] emission line data consists of a somewhat hollow double 
cone with its apex at the Seyfert nucleus. The cone axis is well aligned in space with 
the normal to the symmetry plane of the galaxy and the position angle of its projection 
on the sky coincides closely with that of a jet-like radio feature. The opening angle of 
the cone is 100 ~ and the orientation such that the line of sight to the Seyfert 1.5 nucleus 
falls inside the cone. The outflow velocities within the cone are accelerated and fall off 
towards the edge. 

An HST FOC narrow band exposure of the nuclear region in [O III] emission shows 
the cone to be resolved into a large number of discrete clouds. A number of star forming 
regions surround the nucleus, of which the brightest seem to have absolute magnitudes 
in B of about -17  m. 

1 Introduct ion 

Emission line regions around active galactic nuclei (AGN) often are eccentric and 
lack circular symmet ry  around the nucleus. Regions of high excitation, charac- 
terized by strong [O III] line radiation, may tend to axial symmetry,  sometimes 
in the shape of a cone or double cone with its apex at the nucleus. Wilson and 
Tsvetanov (1994) list 11 cases of such so called ionization cones. These ioniza- 
tion cones generally seem to be aligned with linear radio sources or radio jets, 
when present, while their orientation with respect to the symmet ry  plane of the 
galaxy may  be dependent of the galaxy type (Wilson and Tsvetanov 1994). I t  
is generally assumed that  ionizing radiation from the active nucleus is confined, 
possibly by an obscuring torus, to this cone. 

When the ionization cone has an opening angle and orientation such tha t  
it intersects with the galactic plane, it may  create an extended narrow line 
region (ENLR) in the plane that  need not be aligned with the axis of the actual 
ionization cone (Pedlar et al. 1993). The motions within this ENLR will agree 
with the motions of galactic rotation. 

Where the ionization cone does not interfere with mat te r  in the plane, we may  
find tha t  the gas of high excitation within the cone shows a peculiar kinematic  
behaviour and in some cases clear indications of outflow from the nucleus. I t  is 
impor tan t  to observe the detailed kinematics of the ionization cone, as well as 
the morphology and the relation of the cone structure to the radio structure, in 
order to understand these phenomena.  



284 Per Olof Lindblad, Maja Hjelm, Steven JSrss and Helmuth Kristen 

An illuminating case is the galaxy NGC 1365, where the difference in distri- 
bution between high and low excitation gas is demonstrated in Fig. 2. In the 
present paper  we will discuss this case in more detail. 

2 N G C  1 3 6 5  

NGC 1365 is a supergiant galaxy in the Fornax cluster. An optical image of the 
galaxy is shown as Fig. la. It contains a strong bar that  should cause inflow 
of interstellar mat te r  to the nuclear region (P.A.B. Lindblad et al. these pro- 
ceedings). In Fig. lb we show a CCD image of the nuclear region of the galaxy 
obtained with the ESO N T T  at very good seeing. In this image we can see a 
large number  of H II regions resolved in the surrounding of the nucleus, 

F |g.  1. a NGC 1365 photographed at the prime focus of the ESO 3.6 m telescope on a 
IIIa-J plate. The width of the frame is l l ' .  b The nuclear region of NGC 1365 obtained 
with CCD in the R band at the ESO NTT (courtesy M. Tarenghi). The width of the 
frame is 36" 

Note in particular the two strong star forming regions to the right and slightly 
below the nucleus, which we will return to later. The very nucleus itself is a 
Seyfert 1.5 which is strong in the red and infrared and saturated in this image. Its 
spect rum shows both broad and narrow Ho~ components,  the broad component  
having a velocity width of 1800 km s -1 . We also see the strong dust lanes coming 
in from the front side of the bar, and the Seyfert nucleus is found to be absorbed 
by several magnitudes in V. 

As reported by Sandqvist (these proceedings) the nucleus is surrounded by 
a number  of resolved and unresolved ((Y.I10 • (Y.'25 FWHM) continuum radio 
sources as well as a molecular ring. In particular, there is a 5" long jet-like radio 
source extending from the nucleus in position angle 1250 . 
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Observing this nuclear region with narrow band filters, the difference in dis- 
tribution of Ha and [O m] becomes obvious as seen in Fig. 2. Ha is dominant in 
the star forming regions while [O III] shows a one sided distribution. Consider- 
ing that  NW is the near side, we may indeed get the impression of a cone-like 
feature emerging from the plane and being projected against the far side of the 
disk, while simultaneously we have a system of star forming regions, presumably 
confined to a circumnuclear disk in the symmetry plane of the galaxy. 

3 K i n e m a t i c s  

We placed a number of spectrograph slits across the nuclear region. The wave- 
length region covered Hfl and [O III] $5007. Velocity fields of the nuclear region 
of this galaxy have previously been derived by JSrs/iter (1984) and Teuben et 
al. (1986) for the low excitation lines, by Edmunds et al. (1988) for the high 
excitation lines and by JSrs/iter and Lindblad (1989) for the two sets of lines. 

As first shown by Phillips et al. (1983), the [O ~I~] lines turn out to be double 
in some areas. To see the character of these velocities let us look at the velocities 
along a selected slit, presented in Fig. 3, passing over the cone. We see here the 
[O III] velocities as a function of position along the slit, and we see the lines to 
be split .at the two ends of the slit. The Hfl velocities share the velocities of 
that  [O III] component which runs from positive velocities over a sharp drop to 
negative. These velocities make up what we call the 'disk' velocity field. The 
other [OIII] component runs from negative to positive velocities, also via very 
sharp gradients, and makes up what we will call the 'cone' velocity field. In the 
middle these two fields cannot be separated. 

We combine all these measurements along the slits to give the velocity fields 
in Fig. 4. Left we see the normal velocity field as given by measurements mainly 
of H~, and right the cone velocity field given by [O III]. 

The disk velocity field has been interpreted by model simulations, as de- 
scribed by P.A.B. Lindblad et al. in these proceedings, and the strong gradients 
and twists seen in Fig. 4a seem to be due to the twisting of closed gaseous orbits 
in connection with an inner resonance, as was also concluded by Teuben et al. 

The cone field (Fig. 4b) shows large negative velocities, while the disk field 
has large positive velocities and vice versa. There also seems to be a discontinuity 
in the field that  makes it difficult to close the contours. If we think in terms of 
a cone emerging from the plane, the negative velocities would mean outflow 
motion. Positive velocities could refer to a counter cone seen through the plane 
of the galaxy. 

4 T h e  C o n e  M o d e l  

As a further development of suggestions by Edmunds et al. and by JSrs/iter and 
Lindblad we have designed a model with the following characteristics, involving 
13 independent parameters (Hjelm and Lindblad 1996): 
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Fig.  2. Combined colour picture of the nuclear region of NGC 1365, where the contin- 
uum is blue, Ha is red and [O 111] )~5007 is yellow, Danish/ESO 1.5 m telescope. The 
scale indicates offsets from the nucleus in arcseconds 

The  model  is an outflow cone with its apex at the centre of the galaxy and 
the counter  cone, par t ly  absorbed,  behind the plane of  the galaxy. The  cone 
is somewhat  hollow and the outflow velocity, as well as the intensity of  line 
emission, can vary with distance f rom the centre and distance f rom the cone 
axis. 
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The [O III] lines are assumed to contain emission from: 

- The near half  of the double cone seen in front of the plane of the 
galaxy. 
- The counter cone, symmetr ic  with the cone but absorbed in the 
plane. The absorption is derived from an extinction map,  based on three 
colours. 
- A component  in the plane with the same distribution and velocities 
as the hydrogen lines. 

The best fitting model to the velocities measured and to the morphology is 
shown in Fig. 5. It  has the following characteristics: 

- The cone opening angle is 100 ~ 
- The cone axis deviates 50 from the normal to the symmet ry  plane of 
the galaxy as derived from H I 21-cm line observations (JSrs~iter and van 
Moorsel 1995). 
- The position angle of the cone axis, as projected on the sky, deviates 
4 ~ from the minor axis. 
- The position angle of the cone axis lies within 1 ~ from the position 
angle of the radio jet. 
- The radial outflow velocity is accelerated and increases with the square 
of the distance from the centre. The velocity is largest at the axis of the 
cone and decreases to zero at the edge of the cone. 

With  these characteristics the cone fits well with the extreme end of the 
relation of Wilson and Tsvetanov.  The cone is wide enough that  the line of sight 
falls inside the cone which permits  us to see the Seyfert nucleus within the cone 
and thus also the broad line region. 

The close agreement between the position angle of the cone axis and the radio 
jet  indicates a physical relationship, and that  the jet  is actually oriented along 
the cone axis. With  knowledge of the orientation of the jet  relative to the line 
of sight, of the surface brightness of the jet  relative to the noise, and assuming 
tha t  the disk is optically thin to radio radiation, we can deduce a value for the 
jet  velocity > 0.7c in order for a counter-jet not to be seen. However, it cannot 
be excluded that  the disk is optically thick in the radio domain. 

Meaningful line ratios in the presence of such a cone can only be made where 
the contributions from the cone and the disk can be separated, i.e. where the 
spectral lines are double. In the light from the cone H/3 is too weak to be accu- 
rately measured. [N II]/Hc~ ratios are possible to est imate in the counter cone, 
where lines are redshifted with respect to the disk line components.  In the diag- 
nostic diagram this line ratio lies in the region occupied by AGNs. 

5 H S T  O b s e r v a t i o n s  

We have obtained pre-refurbishment observations with the Faint Object  Camera  
(FOC) on the Hubble Space Telescope (HST) of the nuclear region of NGC 1365 
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Fig. 5. Model ionization cone. The NW (upper fight) side of the galaxy is the near 
one. The cone axis falls closely along the normal to the plane of the galaxy and the 
white cone component is the near one. The counter cone (black) is seen through the 
galactic plane. The straight fine marks the line of nodes 

(Kristen et al. 1996). The FOC was used in the F/96 mode which gives an 
11 ~' x 11" field which was positioned to include the nucleus and the two bright 
nuclear hot spots mentioned above. Two narrow band filters were used to extract  
the [O nil A5007 line and the continuum on the blue side of the line. 

The continuum-subtracted [O III] image is reproduced in Fig. 6. We see only 
the strongest [OIII] emission in the bo t tom of the cone about  2" SE of the 
nucleus (Fig. 2). The image has been deconvolved with the Richardson-Lucy 
algorithm. 

The cone is resolved into a large number of discrete clouds, which was also 
the case for the [O III] cones of NGC 1068 (Macchetto et al. 1994) and NGC 4151 
(Boksenberg et al. 1995). We also see an intriguing streak directed (almost)  
towards the nucleus. This is not seen in the point spread function and thus should 
be real. The nuclear [O III] source has a FWHM of 2.8 pixels, corresponding to 
0('06. This suggests an unresolved central source with an upper limit for its 
radius of 3 pc. 

The blue continuum, obtained with the HST FOC and deconvolved with the 
Richardson-Lucy algorithm is shown in Fig. 7. We see a large number  of bright 
spots tending to fall on an elongated ring around the nucleus. This phenomenon 
may  be related to the molecular ring described by Sandqvist in these proceedings. 
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Fig. 6. Inner part of the ionization cone obtained with the HST FOC in the light of 
[OIII] )~5007. The frame is continuum-subtracted and deconvolved with the Richard- 
son-Lucy algorithm. The units on the axes are arcseconds offset from the centre. The 
unresolved nucleus is indicated (A) 

The two brightest star forming regions, designated L2a and L3a, have B 
magni tudes of 17 TM. With reddening estimated from the Balmer lines we get 
absolute B magnitudes of - 1 7  m. Their radii are < 5 pc. These star forming 
regions might be of a similar nature as the super star clusters found by Barth  et 
al. (1995) in nuclear rings of barred galaxies with My of - 1 4  m to - 1 5  m, and with 
radii < 4 pc. Barth et al. suggest these luminous regions to be young globular 
clusters. The relation of these super star clusters to the continuum radio sources, 
however, remains obscure. 
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Fig. 7. The blue continuum, obtained with the HST FOC and deconvolved. Over- 
lay isophotes represent a ground based B image. The unresolved Seyfert nucleus (A) 
and the brightest hot spots (L2a and L3a) are indicated. The units on the axes are 
axcseconds offset from the centre 
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Abs t r ac t .  Hubble Space Telescope observations of the centers of elliptical galaxies 
reveal that there are two types of ellipticals, divided by luminosity and morphology. 
The first type, denoted Type I (or core galaxies), have luminosity profiles which can 
be fitted accurately with a double power law for radii smaller than ~ 1 kpc, and are 
characterized by high luminosity, relatively low central surface brightness, and low 
ellipticity. Type II galaxies (power law galaxies) have power law brightness profiles 
that rise steeply into the very center, and are characterized by high central surface 
brightness, high ellipticity, and relatively low luminosity. The Type II galaxies often 
have a distinct, bright, thin (r < 25 pc) nuclear disk. There are no elliptical galaxies 
with isothermal cores. Dust is the rule rather than the exception in Virgo ellipticals. 
Elliptical galaxies often have gaseous disks, dusty disks being the most common. Recent 
COSTAR plus FOS observations show that the small nuclear disks in two luminous 
radio ellipticals, M 87 and NGC 4261, are rotating around central masses greater than 

109 MO. The respective mass to light ratios are M / L  V ~., 3000 and 5000, leading to 
the conclusion that these galaxies host massive black holes. 

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

A great deal of study in the decade preceding the Hubble Space Telescope (HST) 
revealed that  elliptical galaxies are not the ancient, homogeneous, and nearly 
pure stellar systems envisioned by Hubble and Baade. Instead, they often are 
found to have a significant interstellar medium, multiple, discrete dynamical  
components,  and stellar populations with a wide range of ages. These facts have 
forced a revision of our ideas about the origin and evolution of elliptical galax- 
ies. Before we can develop a detailed understanding how ellipticals evolve, there 
are many  additional fundamental  issues which must  be addressed. Wha t  are the 
stellar light distributions and deprojected spatial densities of stars in ellipticals? 
For example,  are the centers isothermal as inferred by ground based observa- 
tions? What  are the ages and metallicities of the nuclear stars? What  are the 
types and distributions of orbits, and are cores rotationally supported? How do 
these properties vary as a function of luminosity and environment? Perhaps an 
unlikely question a few years ago, are massive black holes (MBHs) present in 
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the centers of some or all early type galaxies, and does their presence account 
for any of the properties we observe? 

Although all the facts about elliptical galaxies are still far from being deter- 
mined, e.g., we know little about the distribution of stellar orbits or ages, we 
have learned a great deal from HST, and found real surprises. In this review we 
will concentrate on two topics, HST observations of dust and morphology in the 
centers of early type galaxies, and HST observations of MBHs in the centers of 
the elliptical galaxies M 87 and NGC 4261. 

2 Dus t  and Morphology  in the Centers  of Elliptical 
Galaxies  

Two groups, one led by Walter Jaffe and the other by Sandra Faber, used the 
WFPC-1 (pre-refurbishment) to observe the centers of early-type (E, E/S0, and 
SO) galaxies. Because the two groups used different galaxy samples and analysis 
procedures, we will discuss the two programs separately. Although only the first 
in a series of papers from the Faber program has been published, it is reassuring 
that the two groups come to similar conclusions. 

2.1 HST Observat ions  of  a Complete Sample of Elliptical  Galaxies 
in the Virgo Cluster. 

Jaffe's group selected a sample of elliptical galaxies unbiased by any criteria 
other than membership in the Virgo cluster as defined by Huchra (1984), clas- 
sification as E or E/S0 in the RSA (Revised Shapley-Ames Catalog: Sandage 
and Tammann 1981), and brighter than BT ---- 13.45. This statistically complete, 
luminosity-limited sample consists of the 12 brightest E and E/S0 galaxies in 
the Virgo cluster, plus M 87 and NGC 4472, which were added to the sample 
from the tIST archives. Because the Virgo cluster is relatively near (D ,,~ 15 
Mpc; Jacoby et al. 1990), the galaxies can be observed and compared at the 
same high spatial resolution without differences and uncertainties introduced by 
different distances. 

The galaxies were observed for 700s + t700s with the WFPC-1 Planetary 
Camera through the F555W filter (Johnson V). All images were re-reduced with 
the most appropriate WFPC-1 calibration files. The images were deconvolved 
with the Richardson-Lucy algorithm and with a Fourier filtering algorithm. Both 
methods gave comparable results. Details of the observations, reductions, anal- 
ysis, and conclusions given below can be found in Jaffe et al. (1994, hereafter 
J94), Ferrarese et al. (1994, hereafter F94), and van den Bosch et al. (1994). 

The  D imorph i sm of  Ear ly  Type  Galaxies.  A rank ordering of the galaxies 
in the Jaffe sample shows an interesting effect; the most luminous galaxies have 
low ellipticity, whereas the flattened E and E/S0 galaxies are almost exclusively 
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1 to 2 magnitudes fainter. This simple observation presages the discovery that 
shape and the central luminosity profile divide elliptical galaxies into two types. 

The first type, denoted Type I, have luminosity profiles which can be fitted 
accurately with a double power law for radii smaller than 15" (N 1 kpc at Virgo), 
as shown in Fig. 1. The cores have shallow power laws which continue into 
the innermost measurable radius (,,~ 0(/2 = 14 pc). The Type I ellipticals are 
characterized by high luminosity (BT < 11, which implies MB < --20), relatively 
low central surface brightness (typically 17 > pv > 16 mag arcsec-~), low 
ellipticity (< 0.4), and boxy isophotes. 
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Fig. 1. The brightness profiles for a Type I galaxy (NGC 4365) and a Type II galaxy 
(NGC 4342), derived from the Richardson-Lucy deconvolved PC images by finding 
the average surface brightness along the isophotes. The upper curves show the profiles 
along the major axis of the galaxy, while the lower curves show the profiles along the 
minor axis 

All active galaxies in the Jaffe sample are Type I, consistent with the corre- 
lation between radio and X-ray brightness and galaxy luminosity. None of the 
six Type I galaxies (nor any of the Type IIs) have isothermal cores. 

Type II galaxies have power-law brightness profiles that rise steeply into the 
very center, as shown in Fig. 1. Put another way, Type II galaxies do not have 
cores. Type II galaxies are characterized by high central surface brightness (a 
consequence of the steep power law into the center), relatively low luminosity 
(BT > 11; Ms > -20),  flattening, and strongly varying ellipticity caused by a 
disk. As noted by Lauer et al. (1995), the high central surface brightnesses imply 
luminosity densities as high as 103 L O pc -3 to 104 L| pc -3. If the power laws 
persist at scales smaller than HST resolution, the luminosity densities will be 
even higher. 

Another surprise was the discovery that Type II galaxies often have a distinct, 
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bright, thin (r < 25 pc) nuclear disk. Figure 2 shows the stellar nuclear disk found 
by van den Bosch et al. (1994) in NGC 4342. 

Fig. 2. The /-/ST image of NGC 4342 and the residuM map which shows the ste//ar 
nuclear disk in this Type II gMaxy. The map was constructed by subtracting a model 
galaxy from the deconvotved image. North is up and East is to the left. The inset and 
right hand pane] are 2~/6 • 2~.'6 

Type II ellipticals appear to be composite galaxies with a bulge, kpc-scale 
disk on scales of 100 - 1000 pc, in addition to the nuclear disks. The dichotomy 
seen on small scales is well established on large scales by authors such as Ca- 
paccioli et al. (1993) in a survey of 1500 galaxies. They refer to the two classes 
as "bright" and "ordinary," and find the two classes separate at MI3 "~ -19 .3  
(BT "" 12 at Virgo). 

Finally, in the Jaffe sample of Type I galaxies there is no correlation between 
core size or central surface brightness and galaxy luminosity. 

D u s t  in  E a r l y - t y p e  Galax ies .  Dust was found near the nucleus in 11 of the 
14 galaxies. Including the ground-based detection of dust in M 87 (Sparks et al. 
1993), 12 of the 14 have nuclear dust. 

The three active (radio) galaxies in the Jaffe sample, M 87, NGC 4261, and 
NGC 4374, have small (r  ,-~ 100 pc) gaseous nuclear disks or disk-like structures. 
Figure 3 shows the WFPC-1 F555W images of the latter two galaxies. The 
"striations" in NGC 4374 are morphologically similar to the "dust lanes" in 
Centaurus A, which are due to a highly inclined, rotating, warped disk settling 
into one of the principal planes in Cen A's triaxiat potential. In all three galaxies 
the major  axes of the disks (or long direction of the dust lanes in NGC 4374) 
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are approximately perpendicular to the axis of the radio jets. This alignment 
suggests that  the angular momentum in the gaseous disks may determine the 

Fig. 3. The left panel (5'/8 x 5'.'8) shows the deconvolved image of the dusty disk in the 
nucleus of NGC 4261 and the r ight  panel (11'.'2 • 11'.'2) shows the disk-like striations 
in NGC 4374. North is up and East is left 

The disk in M 87 (Ford et al. 1994, hereafter F94) is largely ionized with a 
mass of ,,~ 3.9 + 1.3 • 103 M| The inclined disk in NGC 4261 (Ferrarese et al. 
1996) is very dusty with an optical depth rv N 1. Assuming a galactic extinction 
law and using the Bohlin et al. (1978) calibration of E ( B  - V) versus surface 
density of atomic plus molecular hydrogen, the mass of neutral and molecular 
hydrogen is 5.4 + 1.8 x 104 M e.  Jaffe and McNamara (1994) used the VLA 
and JCMT to detect HI and CO absorption in NGC 4261 against the radio 
emission from the nucleus. The absorption velocities and velocity dispersions 
are respectively 2237 + 44 and 2235 + 15 km s -1 and 44 and 30 km s -1. The 
RC3 systemic velocity of the galaxy is 2210 + 14. The surface density of H I from 
the VLA observations is 7.2 • 1018 Ts cm -2, and the inferred surface density of 
H2 from the CO observations is 2 x 102~ Ts cm -2, where the spin temperatures 
Ts are respectively likely to be ~ 100 K and ,,~ 30 K. 

Several facts suggest that the dusty disk in NGC 4261 resulted from capturing 
a smaller galaxy. The strongest argument for capture is the fact that  the axis of 
the disk is perpendicular to the angular momentum of the stars in NGC 4261's 
center as measured by Davies and Birkinshaw (1986). The geometrical center of 
the disk is displaced by 90 5= 27 mas from the isophotal center of the galaxy and 
67 mas from the nucleus. Perhaps even more surprising, the nucleus is displaced 
by 23 5= 5 mas, which is 3.3 5= 0.7 pc, assuming NGC 4261 is behind the Virgo 
cluster at a distance of 30 Mpc (Nolthenius 1993). The displacement of the disk 
relative to the galaxy and nucleus suggest that  it has been captured and has not 
yet reached dynamical equilibrium. 
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Although the dust in Type I galaxies such as NGC 4374 and NGC 4261 is 
most likely the result of capturing a smaller late-type galaxy, the cold stellar 
disks in the Type II galaxies would be disrupted by collision with a larger late- 
type galaxy. The dust in Type II galaxies either originates from the capture of 
a galaxy with Mcaptured ~_~ 109M| or comes from stars in the parent galaxy. 

Conclusions and Inferences from the  Jaffe Sample  

1. The dichotomy between luminous, round, pressure-supported ellipticals and 
the fainter, flattened, rotationalty supported ellipticals suggests that these 
galaxies formed in fundamentally different ways. Understanding the origin 
of Type I and II galaxies will undoubtedly tell us a great deal about the 
origin and evolution of elliptical galaxies. One obvious hypothesis is that the 
brighter galaxies formed from mergers of the fainter galaxies, or mergers of 
the fainter protogalaxies. 

2. The dynamically cold stellar disks and highly flattened structures of Type II 
ellipticals suggest that these galaxies formed during conditions when gaseous 
dissipation was important and specific angular momentum was high. 

3. The persistence of the extremely thin, cold disks with scale heights less than 
25 pc suggests these galaxies have not undergone major dynamical distur- 
bances since their formation. Alternatively, the galaxies have not undergone 
major dynamical disturbances since the disks formed. 

4. The high surface brightness of the Type IIs is caused by the nuclear disks seen 
near to edge-on. As a corollary, we provisionally conclude that essentially all 
fainter early type galaxies (BT > 11 at Virgo) are of Type II. This is a 
statistical inference based on the fact that the faint round galaxies in Virgo 
can be accounted for completely by projection effects given the number of 
flattened faint galaxies. 

5. Dust is the rule rather than the exception in the nuclei of early-type galaxies. 
The detection of gaseous disks in the three radio galaxies suggests that for 
the first time we are seeing the immediate fuel supply for the engines in these 
active galaxies. The angular momentum in the gaseous disks appears to be 
causally connected to the direction of the radio jets. 

2.2 HST Observations of  the Centers of  a Large and Heterogeneous  
Sample  of  Early-Type Galaxies 

Sample  and Observations.  Lauer et al. (1995, hereafter L95) observed a het- 
erogeneous sample of 45 galaxies with a selection emphasis designed to fill out 
the core parameter relations of Lauer (1985) and Kormendy (1985). The sample 
includes Local Group Es, high luminosity galaxies that appeared to have small 
cores, galaxies like NGC 3115 that are candidates to host MBHs, four M 32- 
like dwarfs in Virgo, and "a few galaxies with unusual central morphologies and 
kinematics". 
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The data  were WFPC-1 PC F555W images with exposure times which var- 
ied from 200s to 5100s and were calculated to obtain 10000 photons/pixel in 
the galaxy center. Spherical aberration was removed from the images with 80 
iterations of the R-L algorithm, using three composite stellar PSFs. 

R e s u l t s  a n d  C o n c l u s i o n s .  Although the authors will publish detailed conclu- 
sions in a series of papers, their first paper has the following conclusions: 

l .  There are two types of elliptical galaxies, those with cores (fit by a dou- 
ble power law), and (steep) power-law galaxies (no cores). These two types 
correspond closely to the J94 Type I and II galaxies. With the exception 
of the companion to M 87, NGC 4486 B, which may be a tidally stripped 
galaxy, all of the "Core" galaxies are high luminosity. If I ( r )  ,.~ r - v ,  then 
in "Core" galaxies 7 "~ 1 for r > rb, and 0 < 7 < 0.3 for r < r b. In the 
power-law galaxies 7 is greater than 0.5. They do not find any galaxies with 
0.3 < 7 < 0.5; the distribution is bimodal as in the Jaffe sample. Figure 4 
shows the observed frequency of the two types as a function of absolute V 
magnitude. Although L95 did not observe a statistically complete sample of 
galaxies, the figure shows a clear division into two types by luminosity, as 
found in the Virgo sample. 

Fig. 4. The observed frequency of core and power-law galaxies in the Lauer sample a.s 
a function of absolute V magnitude. Although the sample is not statistically complete, 
the figure shows a clear division into two types by luminosity, as found in the Virgo 
sample 
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Like J94, they do not find any constant surface brightness cores, (as in glob- 
ular clusters). King profiles do not work, and the cores are not isothermal. 
The very galaxies that might be expected to have captured nuclei or bright 
steep cusps due to a black hole do not. 

2. L95 found stellar disks in five power-law and one unclassified galaxy. Because 
they failed to find stellar disks in many highly inclined power-law galaxies, 
they conclude that the disks are sometimes but not always present in power- 
law galaxies, contrary the hypothesis by J94 that stellar nuclear disks are 
always present in Type II galaxies. Unlike J94, they find abundant power- 
law galaxies with low central ellipticity. Although L95's failure to detect 
disks possibly could be due to distance or some artifact of the reduction, 
their identification of power-law galaxies with low central ellipticity argues 
against the J94 hypothesis that edge-on disks are the origin of steep power- 
law profiles. 

3. Luminosity densities are ,,~ 1 0  3 L| to 104 L o for many galaxies at the limit- 
ing HST resolution (r ..~ 0('1 - ~'2). Some galaxies appear to contain nuclear 
star clusters, with luminosity densities ~ 107 L| These appear exclusively 
in the less-luminous power-law galaxies. Core galaxies, precisely lhe galaxies 
that might be expected to have remnants of accreled less luminous galaxies, 
do not have nuclei at limits .~ 105 L| 

4. A few galaxies have non-concentric isophotes in the central regions, i.e., 
displaced centers. 

5. L95 found spiral patterns and dust in a number of galaxies. Specifically, they 
found dust in 13 of the 45 galaxies. The lower frequency of nuclear dust in the 
Lauer sample relative to the Jaffe sample could be due to more conservative 
criteria for dust detection, lower spatial resolution in galaxies at distances 
greater than Virgo, or could be a real difference. If the latter, it appears that 
a cluster environment is very favorable for dust to fall into galaxies. 

Three of the L95 galaxies (NGC 4697, NGC 5845 and NGC 5322) have NGC 
4261-type nuclear dust disks. The beautiful disk in NGC 4697 (r -~ 3") is 
very symmetrical and, like the disk in NGC 4261, has sharp edges. 

2.3 Conclusions About  Morphology and Dust  
in Ear ly - type  Galaxies  

The dimorphism of elliptical galaxies appears to be well established by J94 and 
L95. Type II galaxies often have cold stellar nuclear disks. Dust is common in 
elliptical galaxies, and in Virgo ellipticals is the rule rather than the exception. 
Gaseous nuclear disks, especially dusty disks, occur in 10% to 20% of ellipti- 
cals. These disks may be a prerequisite for fueling the central engines of radio 
ellipticals. 
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3 M a s s i v e  B l a c k  H o l e s  i n  E l l i p t i c a l  G a l a x i e s  

Massive black holes fueled by accretion disks are plausible candidates for the en- 
gines in active galaxies. Using stellar velocity dispersions to measure the central 
masses in ellipticals has been difficult from the ground because seeing prevents 
observing close enough to the center to rule out models with changing velocity 
anisotropies and no central dark mass (cf. Dressler and Richstone 1990). Stellar 
velocity dispersion measurements with the HST are difficult in luminous ellip- 
ticals because of HST's small aperture and relatively low throughput,  and the 
fact that  luminous ellipticals (Type Is) have low central surface brightnesses. 

The discovery of small gaseous nuclear disks in NGC 4261 (Jaffe et al. 1993) 
and M 87 (F94) provided the possibility of measuring central masses from the 
circular motion of ionized gas in the disks. The motion of course may not be 
circular, but if the gas has a disk-like morphology, it is reasonable to make the 
observations and then test the observed velocities against the simplest possi- 
ble assumption, Keplerian motion around a point mass. Here we discuss recent 
observations of the disks in M 87 and NGC 4261. 

3.1 H S T  F O S / C O S T A R  O b s e r v a t i o n s  of  th e  I o n i z e d  Disk  in  M 87 

F94 used HST WFPC-2 narrow-band images of M 87 to find a 100 pc scale 
disk of ionized gas with a major axis approximately perpendicular to the jet. 
Harms et al. (1994, hereafter H94) used COSTAR and the FOS to measure the 
velocity at five positions in the disk found by F94, and concluded that  there was 
Keplerian rotation around a mass of 2.4 x 109 M| The large values of the mass- 
to-light ratio, (M/L)I  = 170 and ( M / L ) v  ".~ 500, led them to conclude there is 
a MBH in the center of M 87. If this is indeed true, the velocities should rise 
parabolically toward the center. To further investigate the dynamics in the disk 
and the mass of the BH, we reobserved M 87 with the apertures and positions 
shown in Fig. 5. In addition to the small 0'/086 aperture positions along the 
apparent major  axis, we used the ff/26 aperture to measure the velocities at two 
positions along the apparent minor axis of the disk, the direction of the jet. 

Representative spectra at these new positions are shown in Fig. 5. We inter- 
pret the multiple components as major outflows along the axis defined by the 
jet. The gas everywhere is very turbulent with a typical FWHM -~ 600 km s -1. 

The conclusion that  we are observing Keplerian motion around a MBH is sup- 
ported and strengthened by the new observations. Fig. 6 shows a preliminary fit 
of the H94 [O III] velocities and the new [O III] velocities to the projection of a 
Keplerian disk onto the line of sight (the equation for VK 2 in H94). The slope of 
the fit gives the Keplerian mass. The plot would be a straight line for a perfect 
fit, and a scatter diagram in the absence of a central mass. Because at least three 
parameters can be varied (central mass, inclination of the disk, and position an- 
gle of the line of nodes), the fit is not unique. However, all combinations of the 
parameters which minimize the rms residuals require a central mass ,.- 2 x 109 
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M| The best fit kinematical inclination i = 36 o is close to the 42 o + 50 geo- 
metrical  inclination of the disk (F94), and the best fit kinematical  line of nodes 
/9 = 60 agrees acceptably well with 11 ~ </9 < 220 determined geometrically. The 
kinematical  line of nodes is only 6 o from the direction perpendicular to the jet, 
again suggesting a causal relationship between the angular m o m e n t u m  in the 
disk and thedi rec t ion  of the jet. 
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Fig. 5. The left panel shows a schematic of the FOS aperture positions relative to the 
nucleus and jet in M 87. The small 0'.'086 square aperture observations were made at 
two different epochs at each position, accounting for the small differences in centering. 
The r ight  panel shows representative COSTAR plus FOS spectra at four positions in 
the center of M 87. The ordinate is observed flux in counts per second 

The dashed lines in Fig. 6 are the extremes which bound the data, and show 
that  the fit requires a mass between 1 and 3.5 • 109 M| Several factors sug- 
gest tha t  the dynamics in the disk are more complicated than simple Keplerian 
motion.  The first is the turbulence in the disk, which shows that  the motion can- 
not be perfectly Keplerian. The apparent spiral structure noted by F94 suggests 
shocks, which can accelerate gas. Finally, the disk in NGC 4261 is eccentric rela- 
tive to the nucleus, and shows signs of mild warps. There may  be similar effects 
in the M 87 disk. In view of these, it is remarkable that  the Keplerian model 
works as well as it does. Though we likely could improve the fit to the da ta  by 
adding more parameters  such as eccentricity, we do not think this is justified at 
this time. 
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The mean radius of the four points closest to the nucleus is 07087 = 6 pc. 
Using the Lauer et al. (1992) WFPC-1 observations of M 87 to estimate the 
luminosity (excluding light from the non-thermal point source), we provisionally 
get (M/L) I  ,-, 1000 and ( M / L ) v  -~ 3000! In view of the good fit of the data  
to the model, and the fact that M/L continues to rise and reaches very high 
values as we approach the center, we conclude there is a MBH with a mass 
,,- 2 • 109 M o in the center of M 87. 

The mass of the black hole and M/L are likely underestimated because we 
have not accounted for the kinetic energy in the turbulent motion. Two impor- 
tant  unanswered questions are, what drives the turbulence in the disk, and how 
do we kinematically and physically account for the outflow (large non-circular 
velocities)? 
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Fig. 6. A preliminary fit of the H94 [O III] M 87 velocities and the new [O m] velocities 
to the projection of a Keplerian disk onto the line of sight. The slope of the fit gives 
the Keplerian mass in units of 109 M o 

3.2 H S T  W F P C - 2  a n d  F O S / C O S T A R  O b s e r v a t i o n s  o f  N G C  4261 

Ferrarese et al. (1996, hereafter F96) use the Planetary Camera in the WFPC-2 
to take F547M (Y), F675W(R), and F791W (I) images of NGC 4261. F96 used 
the images to derive the optical depth in the disk and construct an Ha+IN II] 
image of the nucleus. Figure 7 shows a true color composite image of the galaxy. 
The new images are notable in showing "spiral-like" structure in the disk, and 
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a modest  warp on the NE side of the disk. The color of the bright striations in 
the disk shows that  these are regions of low opacity rather than star-forming 
regions. The nucleus is unresolved in the V and I images, but is extended in 
the R image and in the constructed H a + I N  II] image. The mass of ionized gas is 
not very large, a few tens to a few hundred solar masses. As noted earlier, the 
nucleus is not in the center of the disk. 

Fig. 7. A true color composite image of the V, R, and I images of NGC 4261. The 
major axis of the disk is approximately 1(17 long. North is approximately at the top, 
and East to the left. The reddening of background starlight seen through the spiral-like 
gaps in the disk is readily evident. A linear dust feature can be seen extending beyond 
the disk on both sides of the disk. The projected disk appears widest on the north side 

F96 used COSTAR and the FOS 0?086 aperture to take G570H spectra at 5 
positions along the major  axis and 2 positions on either side of the nucleus along 
the minor axis. The center of the cross was on the nucleus, and 4 additional 
positions filled in the corners of the cross. The positions were spaced by ff.~086 in 
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x and y. Figure 8 shows the best fit of the data to the projection of a Keplerian 
disk onto the line of sight. The data shows the clear signature of rotation. The 
kinematical inclination of the disk, i = 69 ~ is in good agreement with the 63 ~ 
geometrical inclination of the disk. The position angle of the kinematical line 
of nodes (19 ~ rotates 360 from the geometrical major axis, suggesting that  the 
disk twists toward the center. 

The central mass from the best fit to the Keplerian model is 1.2=t=0.4 x 109 M| 
Using the observed light distribution corrected for the extinction in the disk, F96 
obtain ( M / L ) v  ~ 5200! This very large M / L  suggests that  there is a MBH in 
the center of NGC 4261 which is fueled by the gas and dust in the disk. 
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Fig. 8. The observed velocities in NGC 4261 fit to the projection of a Keplerian disk 

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

There is now strong evidence that  there are MBHs with masses ,,~ 109 M| in 
two luminous radio elliptical galaxies. Miyoshi et al. (1995) and Greenhill et al. 
(1995) used VLBI synthesis maps of the luminous H20 maser in the nucleus of 
the Seyfert galaxy NGC 4258 to map a beautiful Keplerian velocity curve in an 
edge-on molecular ring at a radius --~ 0.1 pc. The central mass is 2.1 • 107 MO, and 
the mass density exceeds 3.5 • 109 M o pc -3. This provides very strong evidence 
for a MBH in NGC 4258. Confirmation of the paradigm that  active galaxies are 
powered by MBHs in these three galaxies lends considerable confidence to the 
conclusion that  the paradigm is true in all active galaxies. 

Research on MBHs appears poised to move from seeking to establish the 
existence of MBHs to a study of black hole demographics. Are there MBHs in 
all ellipticals, and in all galaxies? How do the masses depend on parent mass? 
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When and how did MBHs become so massive, and what role do they play in the 
evolution of galaxies? Seeking the answers to these and many other questions 
will profitably occupy astronomers for the next decade. 
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