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Preface 

The Workshop "Present and Future of the Cosmic Microwave Background" 
was held in Santander (Spain), June 28 - July 1, 1993, at the Universidad Inter- 
nacional Men~ndez Pelayo (U.I.M.P.). 

The idea was to review and discuss the most recent developments in this 
field as well as the future prospects. The present status of the observations of 
the spectrum and anisotropies of the cosmic microwave background (CMB) were 
presented by invited speakers. The Workshop also intended to cover experimental 
developments, data analysis and theoretical aspects related to this background. 

We had also in mind the idea of promoting scientific collaborations and con- 
tacts at the European level, in fact many people came from the different tab- 
oratories that are now collaborating in the European Network on the CMB ( 
Santander, Tenerife, Manchester, Oxford, Rome and Paris). 

The last decade has been very successful for cosmology. On the theoretical 
side, the inflationary model has originated a paradigm giving a global density 
parameter I2 ~ 1 and the primordial spectrum of the density perturbations. 
On the observational side, the emergence of large-scale struclure (big voids, the 
great wall,...) in the universe is a real fact, but the most relevant contribution 
-if  confirmed- is without any doubt the one by COBE. The FIRAS instrument 
has confirmed the prediction of a black-body spectrum for the cosmic microwave 
background (CMB) over a wide range covering the submillimeter region and this 
is a strong support for the big-bang model, whereas the DMR experiment has 
detected anisotropy in the CMB at the level 10 -5 on angular scales above 10 °. 
This level of anisotropy is consistent with the inflationary scenario based on a 
scale-invariant spectrum and, to a certain extent, confirms that our ideas about 
gravitational instability operating on initial seeds to form galaxies, clusters, etc. 
are along the right lines. 

These proceedings contain the review talks and contributions presented at 
the workshop. 

The organizers express their cordial thanks to all participants, and especially 
to our speakers who kindly accepted our invitation. We are also indebted to 
the sponsoring institutions: U.I.M.P. and Universidad de Cantabria (STRIDE 
Programme of the EEC) and as a collaborator Facultad de Ciencias de la Uni- 
versidad de Cantabria. 

Santander 
October 1993 

J. L. Sanz 
E. Marlluez- Gonzdlez 

L. CaySn 
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The CMB Spectrumat Centimeter Wavelengths 

M . B e r s a n e U i  1, G . F . S m o o t  2, M . B e n s a d o u n  2, G . D e  A m i c i  2 a n d  M . L i m o n  2 

1 Istituto di Fisica Cosmica, CNR, 20133 Milano, Italy 
Lawrence Berkeley and Space Science Laboratory, Berkeley, CA 94720, USA 

ABSTRACT - The results of ground-based measurements of the cosmic microwave 
background (CMB) spectrum at cm-wavelengths are discussed. \'Ve report on the anal- 
ysis of our most recent measurement at a frequency of 2 GHz (15 cm wavelength) in 
the context of the present observational situation. 

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

The low-frequency portion of the CMB spectrunl is expected to exhibit the 
largest deviations fronl a purely planckian distribution in the event of energy 
releases in the early (z_ < 3 × 10 c) Universe. Theoretical predictions of spectral 
distortions have been investigated soon after the CMB discovery [1,2] and studied 
in greater detail in recent works (e.g. [3,4] and references therein). Since the 
early 80's an I tal ian-American collaboration has performed several ground-based 
absolute measurements of the CMB spectrum in the Rayleigh-Jeans region [5,6,7] 
progressively improving the observational limits and extending the frequency 
coverage. The nleasurements from 1982 to 1988 were perfornled in 6 campaigns 
from the White Mountain Research Station, California, while the last two sets of 
measurements  were taken from the South Pole. Fig. 1 describes the experiment 
technique used above 1 GHz. Each radiolneter measures the signal difference, 
AS, between the zenith sky and a calibrating blackbody source cooled at liquid 
helium temperature  whose antenna temperature  3, TA.lo~a, is precisely known. 
To derive the CMB antenna temperature,  TA.CMB,  all the local contributions to 
the zenith sky signal need to be evaluated: at centimeter wavelengths they are 
dominated by the emission from the atmosphere, TA.a~ ..... the Galaxy, TA.C~z, 

and the ground, TA.,r,.o.~,,z: 

TA .CMB = G( A S )  + TA.load -- 6Ti.n~t - TA,,,t.m -- TA,G~.Z -- TA,trr ........ d 

The radiometer calibration constant, G, is repeatedly nleasured during the ex- 
periment.  The term 5~.,.,,t, refers to changes in the radiometer performance due 
to the inversion of the instrunlent during the calibration. Generally, the accu- 
racy of the measurement is limited by the systematic uncertainties related to 
the subtracted foreground components. 

3 Tile antenna temperature is defined as TA = P / k B  = T , [ e z p ( T v / T )  - 1] -~, where 
T,, = h v / k ,  P is the power intercepted by the antenna, and B is the bandwidth. 
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Pig. 1. Schematic of the measurement technique for the 2 GHz radiometer (South 
Pole). The concept applies to other cm-wavelength measurements. 

2 T h e  M e a s u r e m e n t  a t  2 G H z  

We designed our new instrument to measure at a frequency of 2 GHz, where 
significant distortions can be present and the Galactic foreground is still an 
order of magnitude lower than the CMB signal at high Galactic latitudes. The 2 
GHz radiometer used a rectangular, E-plane corrugated horn, and a total power, 
RF-gMn receiver with a low-loss front-end filter [8,9]. 

Even from a dry, high-altitude site as the South Pole the emission from 
the atmosphere is the largest correction at 2 GHz, being --- 40% of the CMB 
signal. We directly measured TA,,~tm with the 2 GHz radiometer by measuring 
the differential emission at zenith angles 00-300 , 00-400 , 00-500 . We observed sky 
regions with small (< 0.1 K) differential Galactic signal (RA-,- 5 h) to minimize 
the error due to the related correction. Including systematic uncertainties we find 
TA.~ t , ,  = 1.04 ± 0.10 K. We also obtain an independent evaluation of TA.,~t,,, by 
extrapolating to 2 GHz our measurements at 3.8 GHz and 7.5 GHz from the 
same site. The high frequency measured values are corrected for the effect of the 
different beam pattern and fitted to the spectral shape predicted by models of 
atmospheric emission. We find TA.,~t.,,,. = 1.08 =E 0.07 K, in good agreement with 
the measured value. 

The emission from the ground and from the Sun was minimized by the design 
of the antenna and by shielding the instrument with large aluminum reflectors, 
both during absolute and differential measurements. We evaluate the effect of 
ground emission (~ 50 mK level) with simulations, which yield results consistent 
with lower limits placed by specific tests performed at the site. 

To subtract the GMactic emission we rely on existing low-frequency maps 
[10] and evaluations of the spectral index [11]. We convolve the high resolution 
(0.85 °) 408 MHz Haslam map to our antenna beam pattern (HPBW~ 22 °) after 



correcting for HII  Galactic emission. In fig. 2a we show a his togram of all our 
measurements  of TA..,k:~ =--- TA.CMB +TA.G,,Z, i.e., after all foregrounds except the 
Galaxy  have been removed. As a crosscheck, one out of the six runs of absolute 
calibration (dark area) was performed pointing the antenna at 5 = - 7 4  °, R A =  
3 h 5'", a direction where the Galactic emission was ~ 25% lower than at  Zenith 
(6 = -90° ) .  Fig. 2b shows the his togram for TA.CMZ~, i.e., after TA.C,U has 
been subtracted from each run. When we convert TA.C~tZ~ into thernmdynamic  
tempera ture  we find TCMB(2 G H z ) =  2.55 ± 0.15 K, where the errorbar is 68% 
confidence level and dominated by systematics.  

15 

10 

2.7 2.8 2.9 
T,.s~ [K] 

15 

10 

5 

0 '~ 

I 

2.4 2.5 2.6 

Fig. 2. Histograms of the sky antenna temperature (left) and CMB antenna tempera- 
ture (right). Dark area represent data from run n.6. 

3 Overall  G r o u n d - B a s e d  R e s u l t s  

The 2 GHz measurement  is the latest achievement of a larger collaborative effort 
(Table 2; [5,6]) to characterize the centimeter range of the CMB spectrum. Mea- 
surements were obtained at 13 different wavelengths spanning over two decades 
in frequency. The best fit blackbody spectrum to ground-based measurements  
gives TCMB =2.64±0.04 K, or about  80 m K  lower than the average results at 
higher frequencies [12,13]. We have been aware of this apparent  discrepancy since 
high frequency measurements,  such as those based on interstellar CN, have be- 
come sufficiently accurate 4. We repeated measurements  at constant frequencies 
with improvements  and changes in the hardware and from different sites, to 
search for possible undetected overall systematic  errors. However, we have al- 
ways found self-consistent results, and all the measurements  performed from 
both  White Mountain and the South Pole agree within 1~ (see Table 1). 

4 It should be noted that CN-measurements now show an excess of 80-4-32 mK over 
the FIRAS and COBRA results (see [14] for a discussion). 
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T a b l e  1 
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GHz cm K K K 
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Sironi et al. 1991, ApJ, 378, 550 
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Witebsky eta] 1986, ApJ, 310, 145 
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0.60 50 AG1986 1.170=I=0.300 7.010±0.870 3.004-1.20 

0.82 36 SP1989 0.900±0.350 3.010-4-0.340 2.704-1.60 

1.41 21.3 WM1986 0.8304-0.100 0.8004-0.160 2.114-0.38 
1.47 20.4 WM1988 0.9354-0.070 1.4984-0.317 2.274-0.25 

SP1989 1.0464-0.076 0.819-4-0.205 2.264-0.21 

SP1991 ~ . . . . . . . . .  

2.0 15 SP1991 1.0654-0.070 0.3304-0.098 2.554-0.14 

2.5 12 WM1982 0.950/=0.050 0.1484-0.030 2.624-0.25 
WM1983 0.950"4-0.050 0.2004-0.030 2.794-0.15 
SP1989 1.1554-0.300 0.1344-0.025 2.50±0.34 

3.7 8.1 WM1986 0.8704-0.108 0.0664"0.030 2.594-0.13 
3.8 7.9 WM1987 0.8984-0.064 0.0574"0.010 2.56/=0.08 

WM1988 0.9554"0.055 0.0604"0.010 2.714-0.07 
SP1989 1.109±0.060 0.0554-0.015 2.64±0.07 

4.75 6.3 VvM1982 1.0004-0.100 0.0404"0.030 2.734"0.22 
WM1983 0.9974"0.070 0.0354"0.025 2.704-0.07 

7.5 4.0 WM1988 1.1754-0.078 0.0104"0.005 2.60:t=0.07 
SP1989 1.2224-0.059 0.0074-0.004 2.69+0.07 
SP1991 ~ . . . . . . . . .  

10 3.0 WM1982 1.1904"0.113 0.0034-0.003 2.91±0.17 
WM1983 1.2004"0.130 0.0044"0.002 2.644"0.14 
WM1984 1.1224-0.120 0.0044"0.002 2.654-0.21 
WM1986 1.2224-0.065 0.0084-0.004 2.564.0.08 
WM1987 1.1734"0.086 0.0064-0.003 2.624-0.09 

33 0.9 WM1982 4.8504-0.140 0.001±0.001 2.824-0.21 
WM1983 4.530+0.090 0.0014-0.001 2.81±0.14 
WM1984 4.3404-0.090 0.0014-0.001 2.814-0.14 

90 0.3 WM1982 12.600±0.570 0.001±0.001 2.584"0.74 
WM1983 9.8704"0.090 0.0014-0.001 2.574-0.12 
WM1984 11.3004-0.130 0.0014-0.001 2.534-0.18 
WM1986 15.0204-0.100 0.0014"0.001 2.68±0.14 
WM1987 13.8404-0.035 0.0014"0.001 2.604"0.11 
WM1988 9.3604"0.040 0.0014.0.001 ... 
WM1989 8.8004.0.020 0.001±0.001 ... 

" AG: Alpe Gera, Italy; WM: White Mountain, USA; SP: South Pole, Antarctica.  
l, Analysis in progress. 



An obvious candidate for an overall systematic bias is an underest imate of 
TA.lo~a, since the cold load calibrator [15] is a piece of equipment shared by dif- 
ferent radiometers. Note however that  before 1988 another cold load was used, 
sinlilar in design but with different corrections to be applied to the liquid heliunl 
boiling tenlperature. Recently we directly tested the cold load to nleasure the 
enlission fronl the internal radiometric walls of the dewar and found no nlea- 
surable effect (< 40 m K  upper linrit) at 2 GHz. A systematic overestimate of 
TA.~tm could also produce the observed discrepancy. However one would have 
to explain the internal consistency of our atmospheric data  set. We find very 
good agreement in all nleasurements (from 2 to 90 GHz) between evaluations 
of TA.~tm based on different scan angles; our results fit well the spectral shape 
expected from atmospheric models; finally, we find consistency in our TA.CMB 
results obtained from sites with significantly different atmospheric emission. The 
foreground correction with the highest relative uncertainty is the Galactic enfis- 
sion. The uncertainties in the 408 MHz map and in a,y.,~ donrinate the error on 
TCMZ~ below 2.5 GHz. However, at frequencies >~ 6 GHz the Galactic emission is 
small enough that  any overestimate of TA.a,,I would not significantly affect the 
results. We have so far been unable to detect overall systematic errors through- 
out our nleasurements. It is highly unlikely that  a single source of error can 
fully reconcile the low and high frequency data, although it is conceivable that  
a conspiracy could do that.  

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

At present ground-based results provide the best observational linfits to the 
CMB spectrum at centimeter wavelengths. They can be used in conjunction 
with other measurements to constrain models of expected spectral distortions. 
In fig. 4 we show the nraximum /~-distortion allowed by FIRAS and by using 
the low-frequency datm it seems unlikely that  future progress in low-frequency 
spectral measurements may improve limits on such distortion nrodels. On the 
other hand free-free distortions (as can be expected from re-ionization processes 
or non-recombination models) are significantly constrained by cm-wavelength 
results. Using all the available nreasurements we find a 2or upper linrit to the 
free-free parameter  YAt =- f (1  - T ~ / T v ) ~ d t  < 1.9 × l0 -~. The best fit suggests a 
negative free-free parameter  (]¢~t/ -- - 6 .5  :k 8.4 × 10 -: ' ,  2c~) which would inlply 
an electron temperature,  Te, lower than radiation temperature,  T~. 

Accurate measurements of the CMB spectrum at cnl-wavelengths require 
significant progress in our understanding of the Galactic enlission. An improve- 
ment by a factor of 3 in the determination of a,y,,, above 408 MHz and by a 
factor of 2 in the absolute calibration of the Haslam map would greatly enhance 
the quality of our results. The sanle data obtained in past campaigns (Table 2) 
could be reanalyzed using the new measured Galactic parameters  and one can 
expect to constrain free-free distortions over an order of magni tude better. Such 
progress is within the reach of present technology and require relatively inexpen- 
sive, though long-term projects. New collaborative efforts between groups from 



Berkeley, Milano, Rome, and South American Institutions are underway to pro- 
duce absolutely calibrated maps at several frequencies between 0.4 and 5 GHz. In 
our 1991 South Pole campaign we performed a measurement at 408 MHz using 
a prototype instrument to scan the sky at ~ = - 6 0  °, and gained experience for 
future measurements [16]. Improved instruments are now under construction by 
the Berkeley and Milano groups. This project is also expected to be extremely 
beneficial to present and future measurements of the CMB anisotropy which are 
now reaching sensitivity levels A T / T  -.. 10-5-10 -6, i.e., the level expected for 
Galactic foreground confusion and CMB anisotropy detection. 
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Fig. 3. Recent measurements of the CMB spectrum and distortion models: sol id line - 

Best fit free-free distortion; d a s h e d -  2or limits to free-free; d o t - d a s h e d -  FIRAS limit 
to /z-distortions; dot ted  - Ground-based limit to tz-distortions. Filled circles are results 
from the Italy-USA collaboration. 
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1 A b s t r a c t  

Several techniques for the measurement of the Sunyaev-Zel'dovich effects in clus- 
ters of galaxies are now yielding reliable results. The data are being used to 
study cluster atmospheres, measure the Itubble constant, and search for clus- 
ter peculiar velocities. This review summarizes the observational status of the 
Sunyaev-Zel'dovich effects and the implications of recent results. 

2 T h e  Effects  

The Sunyaev-Zel'dovich effects (Sunyaev & Zel'dovich 1972, 1980) arise from 
inverse-Compton scatterings of photons of the microwave background radiation 
(which has temperature Tr = 2.74 K, Mather et al. 1990) by electrons in a gas 
at temperature Te >> Tr. On average, an inverse-Compton scattering causes a 
photon's energy to increase by an amount proportional to kBTe/meC 2, and the 
optical depth to such sca tterings is % ~ neeTd, where kB is the Boltzmann 
constant, me is the electron rest mass, c is the speed of light, ne is the electron 
concentration, CrT is the Thomson scattering cross-section, and d is the path 
length through the scattering medium. The fractional change in the specific in- 
tensity, Iv, of the background radiation as viewed through the scattering medium 
is proportional to the product of these terms, and is a decrease 

AIu kBTe 
- -  -2  To - -  (1) 

I v me c2 

in the Rayleigh-Jeans part of the spectrum. A second effect, 

A i r  Vr 
--'re - -  , ( 2 )  

Iv c 

arises if the scattering medium is in motion (with peculiar radial velocity Vr) 
relative to the reference frame defined by the background radiation. 

The largest detectable Sunyaev-Zel'dovich effects are expected from clus- 
ters of galaxies, for which X-ray data, have demonstrated the presence of a hot 



(kBTe ~ 8 keV) and relatively dense (he ,~ 2 × 103 m -3) intracluster medium 
with a scale d ~-, 1 Mpc. Such gas has re ~ 0.004, and causes a fractional en- 
ergy gain ~ 0.015 per scattering, so that  the thermal Sunyaev-Zel'dovich effect 
is expected to be AI~/Iv ~ --8 x 10 -5, corresponding to a brightness tem- 
perature change ATaj ~ -0 .3  mK. The kinematic effect is smaller by a factor 

0.11 (Vr/1000 kms  -1) (ksTe/8 keV) -1, relatively small for hot clusters. The 
flux density of the Sunyaev-Zel'dovich effect from the core of a cluster of galaxies 
at wavelength ,k is then AScore ~ 5 (ATaj /mK) ()~/cm) -2 (~¢ore/arcmin) 2 mJy, 
where tgcore is the X-ray core radius of the cluster. 

Although the brightness temperature effects are almost frequency indepen- 
dent at ~ ~ 50 GHz, outside the Rayleigh-Jeans regime they have different 
spectra (Fig. 1). The largest thermal and kinematic effects are both seen at 
zero frequency, but the thermal effect changes sign at 220 GHz and reaches 
a positive peak at 310 GHz while the kinematic effect remains negative (for 
positive Vr). Accurate spectral measurements of the combined effect towards a 
cluster of galaxies should be capable of separating the thermal and kinematic 
components: e.g., observations at 220 GHz measure only the kinematic term 
(ATRj(220 GIlz) = 0.33ATK0). 

The amplitudes of the Sunyaev-Zel'dovich effects (ATT0 and ATI(0) depend 
only on the physical properties of the cluster producing them. Clusters with the 
same properties at different redshifts therefore display the same brightness tem- 
perature effects. This distance independence of the thermal Sunyaev-Zel'dovich 
effect makes it a sensitive probe of distant clusters and their evolution (e.g., 
Markevitch et al. 1992, 1993; Bartlett & Silk 1993). 

Inverse-Compton scatterings are a feature of non-thermal plasmas as well as 
thermal plasmas, so that  a Sunyaev-Zel'dovich effect may also be expected from 
the radio-emitting plasma in the diffuse lobes of a radio source (McKinnon et 
al. 1990), although it may be difficult to detect near bright radio emission. No 
detections of this effect have been reported. 

3 T e c h n i q u e s  

Three distinct techniques are in use for measuring the Sunyaev-Zel'dovich effects 
of clusters: single-dish radiometry, bolometric observations, and interferometry. 
Table 1 lists measurements of cluster effects over the past 10 years and gives the 
significance of the best-detected effect in each paper. 

3.1 S ing le -d i sh  r a d i o m e t r y  

The most heavily used technique, to date, is that of single-dish radiometry, where 
the brightness of the radio sky towards a cluster of galaxies is measured using a 
radiometer mounted on a large radio telescope. 

In order to reduce the effects of the atmosphere above the telescope a differ- 
ential (typically twin-beam) system is used, and the data record the difference 
in the brightnesses of matched beams (of full-width to half-maximum tgh) sep- 
arated on the sky by an angle t~sw > t~h. A variety of switching schemes have 
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Fig. 1. The spectra of the thermal and kinematic Sunyaev-Zel'dovich effects. Their 
amplitudes, ATT0 and ATK0, may both be measured from accurate spectral data. 

been used in attempts to optimize the removal of atmospheric signals (which 
are > 103 times brighter than the Sunyaev-Zel'dovich effects): these schemes are 
described in detail in the published work (e.g., Birkinshaw & Gull 1984). Al- 
though beam-switching is efficient at subtracting atmospheric effects, it restricts 
the choice of clusters. Clearly the technique fails for clusters at low redshift that  
have angular sizes >> 0sw, because the 'off' beam positions are contaminated 
by the Sunyaev-Zel'dovich effect. (The angular size of a cluster in the Sunyaev- 
Zel'dovich effect is a factor 2 - 4 larger than in the X-ray surface brightness). 
The technique is limited at high redshifts by the effects of beam dilution when 
observing clusters with angular size <~ Oh, but since the angular size of a cluster 
changes only slowly with redshift at z ~> 0.5, this limitation is often not severe. 
Figure 2 shows the variation with redshift of the observable central Sunyaev- 
Zel'dovich effect from a typical cluster for observations with the OVRO 40-m 
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Table  1. The Sunyaev-Zel'dovich effect in the last decade 

reference detection significance 

Single-dish radiometers 
Andernach et al. 1983 l a  
Lasenby & Davies 1983 0a 
Birkinshaw & Gull 1984 4a 
Birkinshaw et al. 1984 7a 
Uson 1985 3a 
Andernach et al. 1986 4a 
Uson 1987 2a 
Klein et al. 1991 3a 
Birkinshaw et al. 1993 7a 
Herbig et al. 1993 5a 

Bolometers 

Meyer et al. 1983 0or 
Radford et al. 1986 l a  
Chase et al. 1987 2a 
Wilbanks et al. 1993 6a 

Interferometers 

Partridge et al. 1987 0cr 
Jones et al. 1993 5a 

telescope at 20 GHz (O h : 1.8 a.remin, 0sw = 7.1 arcmin). 
Another difficulty is that  much of this work is done at cm-wavelengths, where 

large antennas are readily available, and the atmosphere is relatively benign, 
but  where the radio sky is confused by non-thermal sources associated with 
galaxies (in the ta.rget cluster, the foreground, or the background) and quasars. 
The effects of these radio sources must  be subtracted if the Sunyaev-Zel'dovich 
effects are to be seen cleanly. 

Herbig et al. (1993) have recently detected the Sunyaev-Zel 'dovich effect of 
the Coma  cluster using these methods on the OVRO 5.5-m telescope at 32 GHz. 
At this frequency the telescope provides beams with Oh = 7 arcmin separated 
by 0sw = 22 aremin, and a three-stage differencing scheme was used to eliminate 
atmospheric and other error signals. Their result, an antenna tempera ture  effect 
o f - 1 7 5  4-21 #K, corresponding to a central Sunyaev-Zel'dovich effect ATRj0(= 
ATT0 + ATK0) = --510 + 110 p K ,  is a convincing measurement  of the Sunyaev- 
Zel'dovich effect from a nearby, well-studied, cluster of galaxies. 

More  distant clusters have been the subject of recent work by Birkinshaw 
el al. (1993), who used the OVRO 40-m telescope at 20 GHz to measure the 
ampli tudes and angular structures of the Sunyaev-Zel 'dovich effects of 0016+16, 
Abell 665, and Abell 2218. The scan data  for these clusters are shown in Fig. 3: 
the centers of the Sunyaev-Zel'dovich effects are consistent with the X-ray centers 
of the clusters, and the angular structures are consistent with simple models of 
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Fig. 2. The redshift dependence of the observing efficiency of the OVRO 40-m telescope 
at 20 GHz for clusters with core radius 300 kpc. The efficiency, y, is the central effect 
seen by the telescope divided by the true amplitude of the Sunyaev-Zel'dovich effect, 
and measures the beam-dilution and beam-switching reductions of the cluster signal. 
The decrease in y at z > 0.15 is slow, so that the 40-m telescope is sensitive to the 
Sunyaev-Zel'dovich effects of clusters over a wide redshift range. 

the cluster atmospheres. The errors vary significantly over the three scans, part ly 
because of different corrections for radio source contamination (several points are 
near sources brighter than 100 ttK, and several of the sources are variable: Moffet 
&: Birkinshaw 1989), but also because the errors include estimates of position- 
dependent systematic errors. 

3.2 B o l o m e t r i c  m e t h o d s  

The principal advantage of a bolometric system is the high sensitivity that  is 
achieved, but these devices are also of interest because of their frequency range: 
at present they provide the best sensitivity for observing the microwave back- 
ground outside the Rayleigh-Jeans part  of the spectrum, and hence for detecting 
the kinematic component  of the Sunyaev-Zel'dovich effect. Furthermore, the best 
systems consist of several detectors arranged in an array, and some provide si- 
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Fig. 3. Measurement'~ of the microwave background radiation as a function of dec- 
lination near the clusters 0016+16, Abell 665 and Abell 2218. The largest Sun- 
yaev-Zel'dovich effect is seen at the point closest to the X-ray center for each cluster 
(offset from the scan center in the case of Abell 665), and the apparent angular sizes 
of the effects are consistent with the predictions of simple models based on the X-ray 
data (Birkinshaw et al. 1993). The horizontal lines delimit the range of possible zero 
levels, and the errors include both random and systematic components. 

multaneous operation in several bands. A suitable choice of differencing between 
elements of the array reproduces many of the sky-noise subtraction properties of 
radiometric observing, and the multiband capability holds out the hope of rapid 
spectral measurements. These same differencing schemes introduce limitations 
on the selection of clusters that are similar to those that apply to radiometric 
work, but the smaller angular separations of the beams often causes the mini- 
mum redshift cutoff to be rather high, and the peak observing efficiency to be 
low (as in Chase et al. 1987). 
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The most severe problem with this technique is the extremely high sky bright- 
ness against which observations must be made. Coupled with the varying opacity 
of the sky, this implies that  telescopes on high, dry, sites are essential for efficient 
observing. In the future, space operation with bolometer arrays may provide ex- 
cellent Sunyaev-Zel'dovich effect data. 

This technique is exemplified by the recent work of Wilbanks el al. (1993), 
who used the CSO on Mauna Kea with a three-element array to detect the 
Sunyaev-Zel'dovich effect from Abell 2163, a cluster of galaxies with an excep- 
tionally hot atmosphere (Arnaud et al. 1992) and a bright radio halo source 
(Herbig & Birkinshaw 1993). The combination of drift-scanning and element-to- 
element differencing used by Wilbanks et al. achieved an excellent separation of 
the atmospheric signal from the Sunyaev-Zel'dovich effect, and the time-series 
analysis of their data provides a measurement of the angular structure of the 
effect. At the wavelength of operation (,~ = 2.2 mm) radio source confusion 
is not a problem: low-frequency work on Abell 2163 is precluded by the radio 
environment near the cluster center. 

3.3 I n t e r f e r o m e t r i e  m e t h o d s  

The two techniques discussed above have provided most of the existing data on 
the Sunyaev-Zel'dovich effect - -  they are good for surveys of clusters but are 
suitable only for simple mapping (as in Fig. 3). Interferometry is probably the 
best method for making detailed images of Sunyaev-Zel'dovich effects. 

The major problem with using interferometers to map the microwave back- 
ground radiation has been that these telescopes are usua.lly designed to pro- 
vide high sensitivity at high resolution, and hence have large antennas which 
are widely separated. Observations of clusters of galaxies, on the other hand, 
demand sensitivity on large angular scales, and structure on these scales is re- 
solved out by large antenna.antenna separations. Thus, for example, the VLA 
observations of Partridge el al. (1987) suffered from a factor > 10 suppression 
of the Sunyaev-Zel'dovich effect signal from Abell 2218 because of the excessive 
size of the array. 

If an interferometer optimized for microwave background work were to be 
built., it would offer substantial advantages over single-dish radiometers. First, 
the mix of antenna-antenna separations in an interferometer corresponds to a 
range of angular scales on the sky: the wider antenna separations are insensitive 
to the Snnyaev-Zel'dovich effect and can be used as a monitor of confusing 
radio sources, while the shorter antenna spacings are simultaneously sensitive 
to the emission from these sources and the Sunyaev-Zel'dovich effect. Second, 
the instrument would produce a map of the decrement on the sky (on some 
restricted range of angular scales: although a map of sources and decrement 
together could theoretically be made). Third, the systematic errors introduced 
by an interferometer are quite different from those of the other methods, and 
hence will provide important independent measurements of the effect. 

Jones el al. (1993) have now used the Ryle interferometer to map the fields 
of a number of clusters, and have achieved a detection of the Sunyaev-Zel'dovich 
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effect in Abell 2218. This work was done at 15 GHz, and Ryle telescope baselines 
from 18 to 108 m were used to locate sources and to map  the diffuse Sunyaev- 
Zel'dovich effect. The Sunyaev-Zel'dovich signal seen is roughly consistent with 
that  shown in Fig. 3, but there is a hint of structure between the scales of the 
1.8-arcmin beam of the OVRO telescope and the 0.5-arcmin resolution limit of 
the Ryle data.  Even with the small (13-m diameter)  antennas and the most  
compact  configuration of the Ryle telescope, the effect is heavily resolved and is 
detected only on the shortest baselines. 

4 D a t a  

Since the first discussion of the Sunyaev-Zel'dovich effect (when it was proposed 
as a test for the thermal  or non-thermal  nature of cluster X-ray sources; Sunyaev 

Zel'dovich 1972), many  searches for the effects have taken place. At present 
detections at the 4~r confidence level or greater have been reported only for the 
seven objects listed in Table 2: six clusters of galaxies, and a line of sight towards 
the quasar PHL 957 that  is thought  to pass through one or more clusters. The 
table reports only independent observations of the clusters, eliminating earlier 
reports based on subsets of the same data  used in later papers. 

Table  2. Sunyaev-Zel'dovich effect detections at > 4a significance 

cluster redshift reference 

PHL 957 line of sight 0.4 - 2.5 

0016+16 0.541 

Abell 576 0.038 

Abell 665 0.182 

Abell 1656 (Coma) 0.023 
Abell 2163 0.170 
Abel] 2218 0.171 

Andernach et  al. 1986 

Birkinshaw & Gull 1984 
Birkinshaw et  al. 1993 

Lake &: Partridge 1980 
Birkinshaw et  al. 1981 

Birkinshaw & Gull 1984 
Birkinshaw et  al. 1993 

Herbig et  al. 1993 
Wilbanks et  al. 1993 
Schallwich 1979 
Birkinshaw et  ai. 1981 
Birkinshaw et  al. 1993 
Jones et  al. 1993 

The consistency of the measurements  has generally been poor. Part  of the 
problem has been the different telescope characteristics that  have been used 
(beam-width,  beam-switching angle, etc.), so that  a detailed knowledge of the 
cluster structure is required to compare the results of different observers, but  
a larger and more serious problem has been the presence of unrecognized sys- 
temat ic  errors in the data. Thus for Abell 576, for example,  later measurements  
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(Lasenby  & Davies  1983, Bi rk inshaw & Gul l  1984) do not  confi rm the ear ly  
r epor t s  of  large effects (Lake & Pa r t r i dge  1980, Bi rk inshaw et al. 1981). More 
recent  obse rva t ions  have been in be t t e r  agreement  as a consequence of  the  in- 
creased soph i s t i ca t ion  forced on observers  by the diff iculty of  the  observa t ions .  

A rough  ind ica t ion  of  progress  in the  m e a s u r e m e n t  of  the  Sunyaev-Ze l ' dov ich  
effect can be seen in Tab le  3, which for Abel l  2218 lists  the  measu red  results ,  
ATRj ,  and  the impl i ed  centra l  decrement  at  low frequency, ATrtj0 (ca lcu la ted  
us ing a mode l  for the  cluster  gas der ived f rom the Eins t e in  X-ray  image  of  
the  cluster;  Bi rk inshaw & Hughes 1993). The  tab le  conta ins  only  those  inde-  
penden t  obse rva t ions  t h a t  c la im errors  of be t t e r  t han  0.5 m K  in the  measu red  
br ightness .  Abel l  2218 is used because  i t  has  been observed mos t  f requent ly.  
A l t h o u g h  m a n y  of  the  recent  resul ts  in Table  3 are consis tent  wi th  a value 
of  ATru0 near  - 0 . 7  m K ,  the  resul ts  are h ighly  d i scordan t .  Using the  exis t ing 
Sunyaev-Ze l ' dov ich  effect d a t a  to  draw physical  conclusions requires  a careful 
cons ide ra t ion  of  the  severi ty  of the  res idual  sy s t e ma t i c  errors:  it  is unwise to  use 
the  pub l i shed  m e a s u r e m e n t s  uncri t ical ly .  

T a b l e  3. Independent measurements with error < 0.5 mK towards Abell 2218 

reference reported A T R j / m I (  inferred ATRj0/mK 

Perrenod & Lada 1979 - 1.04 J: 0.48 - 2.83 + 1.30 
Schallwich 1979 - 1.22 4- 0.25 - 2.01 4- 0.41 
Lake & Partridge 1980 + 0.71 4- 0.38 -t- 1.89 4- 1.01 
Birkinshaw et al. 1978 - 1.05 4- 0.21 - 2.90 4- 0.58 
Birkinshaw & Gull 1984 - 0.38 4- 0.19 - 1.00 4- 0.50 
Birkinshaw & Gull 1984 - 0.31 4- 0.]3 - 0.69 4- 0.29 
Uson 1985 - 0.29 4- 0.34 - 0.64 4- 0.53 
Radford et al. 1986 + 0.16 4- 0.43 + 0.49 4- 1.32 
Radford et al. 1986 + 0.41 4- 0.32 + 1.16 4- 0.90 
Klein et al. 1991 - 0.60 4- 0.20 -11 .4  4- 3.8 
Birkinshaw et al. 1993 - 0.40 4- 0.05 - 0.62 4- 0.08 
Jones et al. 1993 - 0.05 4- 0.01 - 1.30 4- 0.25 

5 Implications 

5.1 H u b b l e  c o n s t a n t  

I f  the  k inema t i c  effect is smal l ,  then  the measured  Sunyaev-Ze l ' dov ich  effect f rom 
a c luster  of  ga lax ies  is p r o p o r t i o n a l  to some average of neTed t h rough  a cluster ,  
where  the  average depends  on the s t ruc ture  of the  cluster  and the  p rope r t i e s  
of  the  te lescope used. Similar ly ,  the  measured  X-ray  flux f rom the  cluster  is 
p r o p o r t i o n a l  to some average of  nTeA(Te)d , where A is the  emiss iv i ty  of  the  cluster  
gas  (which depends  on the  gas t e m p e r a t u r e  and me ta l l i c i ty  as well as the  energy 
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band observed). X-ray spectral data measure Te and tile metallicity. Thus the 
two unknown quantities ne and d, the electron concentration and the path length 
through the cluster, can be deduced from the observed Sunyaev-Zel'dovich effect 
and X-ray surface brightness. If the path length is compared with the angular 
size of the cluster, a measure of the cluster's distance is obtained, and hence the 
value of the Hubble constant can be measured (Gunn 1979). 

This method makes a number of assumptions about the degree to which the 
structure of the atmosphere can be modeled, and assumes that the cluster atmo- 
sphere is spherical (so that  the line of sight path length can be compared with 
the angular size). These are not necessarily good assumptions - -  in particular, 
there is a selection effect in favor of clusters elongated in the line of sight (which 
tend to have the highest surface brightnesses). Clusters of galaxies are neverthe- 
less excellent cosmological probes because they can be seen to large distances, 
and hence the Hubble constant can be measured on scales ~ 1 Gpc without re- 
course to the usual cosmic distance ladder and without the need for significant 
corrections for local velocity anomalies. Furthermore, each cluster provides an 
independent measurement of the Hubble constant: there is no need to assume 
uniformity of clusters, since each can be treated as an individual. 

Over the past few years, this method has been applied to two clusters for 
which excellent X-ray and Sunyaev-Zel'dovich effect data  exist, Abell 665 and 
Abell 2218 (Birkinshaw el al. 1991, Birkinshaw & Hughes 1993). Remarkably 
similar values of the Hubble constant (of about 45 and 50 kms  -1 Mpc -1) are 
obtained, tending to support the 'long' distance scale for the Universe. The error 
on H0 ~ 25 per cent, dominated by uncertainties in the Sunyaev-Zel'dovich effect 
data  and in the value of T¢. 

Although this same method could also be used to measure q0, the errors 
are too large for an interesting result to be derived. If q0 were to be measured 
to -4-0.5 using the clusters Abell 2218 and 0016+16 then the distance of each 
would be needed to an accuracy of better than 5 per cent. The 2 per cent error 
on the Sunyaev-Zel'dovich effect data that this implies is beyond the present 
observational capabilities. 

5 .2  C M B  s t r u c t u r e  a n d  s p e c t r u m  

The distance independence of the Sunyaev-Zel'dovich effect causes the (nega- 
tive) luminosity from a cluster of galaxies to increase in magnitude with redshift 
as L cx - ( 1  + z) 4. If clusters at high redshift were similar to those detected 
today, then their Sunyaev-Zel'dovich effects would make a significant contribu- 
tion to radio source confusion and to the small-angular-scale anisotropy in the 
microwave background radiation, and their integrated effect might cause a sig- 
nificant distortion of the spectrum of the microwave background radiation. The 
Sunyaev-Zel'dovich effects of superclusters and protoclusters have also been sug- 
gested as possible sources of significant brightness fluctuations in the microwave 
background (Hogan 1992; SubbaRao et al. 1993). 

The absence of any detectable y parameter in the cosmic microwave back- 
ground spectrum (Mather et al. 1990), and the absence of large numbers of 
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extended negative sources in deep radio surveys (e.g., Fomalont el al. 1991), 
can be used to set limits both to cluster evolution and to the value of q0 (since 
q0 dictates how the volume element in the Universe evolves). This exercise has 
been conducted by a number of investigators (e.g., Markevitch el al. 1992, 1993; 
Bartlett & Silk 1993). Their results indicate the strong dependence of the pre- 
dictions on both the value of q0 and the manner in which cluster atmospheres 
evolve. The X-ray fading of distant clusters (Edge et al. 1990, Gioia el al. 1990) 
provides direct evidence for cluster evolution, and reduces the sensitivity of the 
method to the volume element evolution at large redshift, but useful limits to 
the evolution of clusters and q0 have been set in this way. 

5 . 3  C l u s t e r  P r o p e r t i e s  

The X-ray and Sunyaev-Zel'dovich effect data probe different properties of clus- 
ter atmospheres, and so a comparison of these data should provide unique in- 
formation on the intracluster medium. Attempts to deduce the Hubble constant 
(Sec. 5:1) have been based on a simple model for cluster atmospheres 

ne = ne0 (1 + (r/re×)2) -~p (3) 
T~ = constant 

where variations of the shape parameter/3 and the scale parameter re× (or its 
angular equivalent, 0¢x) are sufficient to describe the X-ray surface brightnesses 
of many clusters. Since the Sunyaev-Zel'dovich data (e.g., Fig. 3) are consis- 
tent with the same vMues of/3 and 0¢× it is of interest to ask what variations 
from (3) are consistent with the data, but the poor angular resolution of most 
Sunyaev-Zel'dovich effect data. permits only limited statements about structural 
properties to be made. Note that any structural deviations from (3) (e.g., be- 
cause of strong clumping of the intracluster medium) will complicate the use 
of the Sunyaev-Zel'dovich effect as a cosmological probe, but that  the agree- 
ment between the values of H0 deduced from two clusters suggests that these 
structural variations are not large (Birkinshaw & Hughes 1993). 

Sunyaev-Zel'dovich effect data can also be used to limit the peculiar veloc- 
ities of clusters, provided that the value of the Hubble constant is known (e.g., 
Rephaeli & Lahav 1991). If the smooth isothermal atmosphere model (3) is 
adopted, then for H0 = 50 kin s -1 Mpc -1 it is found that the peculiar velocities of 
0016+16, Abell 665, and Abell 2218 are consistent with zero, ]Vr] ~ 4000 kms  -1. 
For H0 = 100 k m s - l M p c  -1 these clusters exhibit positive peculiar velocities 
of several thousand kms -1 (Birkinshaw el al. 1993). As in Sec. 5.1, these large 
velocities could be another manifestation of the orientation bias, and spectral 
data are needed for definitive measurements of yr. Since microwave background 
data could also be used to measure the transverse motions of clusters of galaxies 
(e.g., Birkinshaw 1989), it may be possible in the future to measure the peculiar 
velocities imposed on the Hubble flow by the formation of large scale structure. 

Under the assumption that cluster peculiar velocities are small, and with 
some choice of H0, the X-ray and Sunyaev-Zel'dovich effect structural data can 
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be used to estimate the gas temperature, which can be compared with the result 
obtained by direct X-ray spectroscopy. Differences between these temperatures 
are possible because the Sunyaev-Zel'dovich effect data are sensitive to the prop- 
erties of gas in the outer parts of a cluster while the X-ray data are more sensitive 
to the dense cores of cluster atmospheres, but no evidence for thermal structure 
has been found. Clusters detected in the Sunyaev-Zel'dovich effect tend to be 
hotter than average (c.f., Abell 2163; Sac. 3.2), presumably because the strong 
Te-dependence of ATpd has led observers to prefer high-Te clusters. 

6 Future prospects 

Single dish systems operated at centimeter wavelengths offer an efficient method 
of searching samples of clusters for the Sunyaev-Zel'dovich effect (especially 
with the improved sensitivity and stability afforded by modern HEMT-based re- 
ceivers). Such surveys offer the best method of avoiding selection effects that bias 
interpretations of the data, and are needed to establish the Sunyaev-Zel'dovich 
effect as a routine astrophysical tool. 

Bolometer arrays continue to improve. The extended spectral grasp of these 
devices should allow operation beyond the null in the thermal Sunyaev-Zel'dovich 
effect at 220 GHz, and achieve the spectral separation of the thermal and kine- 
matic effects. The measurement of the radial peculiar velocity of a cluster of 
galaxies at moderate redshift would allow the study of the evolution of clus- 
tering through the changing velocity field. However, space-based systems may 
be necessary to achieve sufficient sensitivity, and improved radiometers (using 
modern HEMTs) may displace bolometers as the detectors of choice. 

Clusters with suitable angular sizes can now be mapped using radio interfer- 
ometers, and detailed Sunyaev-Zel'dovich effect images should be available for 
a number of clusters in the near future. The next step should be the construc- 
tion of an interferometer customized to the study of the microwave background 
radiation by having a large number of small antennas arranged in a dense array. 

Further substantial progress in observing, detecting, and mapping Sunyaev- 
Zel'dovich effects requires the development of optimized instruments to replace 
the general-purpose telescopes presently in use. Improved Sunyaev-Zel'dovich ef- 
fect data are needed to match the high-quMity X-ray data that are now available 
(Asuka's spectroscopic data, ROSAT's images) or will become available in a few 
years (AXAF-S's spectroscopy, AXAF-I's images), and which promise to extend 
our knowledge of cluster atmospheres to substantial redshifts. Such Sunyaev- 
Zel'dovich effect data will assist in the study of the evolution of clustering and 
cluster atmospheres, and may map the Itubble flow to redshifts > 1. 
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1 Introduction 

The same, hot electrons responsible for the X-ray emission observed from galaxy 
clusters produces, via inverse Compton scattering, the Sunyaev-Zel'dovich effect, 
a spectral distortion of the Cosmic Microwave Background (CMB) [1]. The de- 
tection of the effect towards individual clusters has proven to be difficult, but 
there now appear to be several well established examples [2]. With the develop- 
ment of bolometer arrays an d the use of dedicated radio telescopes, the Sunyaev- 
Zel'dovich (SZ) effect should soon become as useful a tool for studying galaxy 
clusters as X-ray observations have been. 

Like the X-ray observations, the SZ effect probes the state of the hot intra- 
cluster medium (ICM) and thus the global properties of the cluster gravitational 
potential.  For example, if the gas was heated by infall during cluster formation, 
then its temperature  represents the depth of the potential well. This makes X-ray 
observations of clusters particularly useful for constraining models of large-scale 
structure formation. Using a simple approach like Press and Schechter [3], one 
can write the number density N of clusters per comoving volume as a function 
of mass as follows: 

d~nM V ~--M ztivl ) ( dlmr - d / ~ )  e-d/2  , ( i )  

where po = 1.88x10 -29 g /cm 3 is the current mass density (for the case considered 
here of a flat universe), uz(M) = 6c(1 +z)/c~, 5¢ = 1.68, and ~ ( M ) i s  the current- 
epoch, linearly extrapolated power spectrum smoothed with a top-hat filter on 
a scale of mass M. 

2/3 
In a fiat universe, T = T15Ml~ (1 + z), where the mass of the cluster M~5 

is expressed in terms of 1015 solar mass units [4]. The constant TI~ is given by 
hydrodynamical  simulations to be 6.4h 2/3 keV, with h = Ho/100 km/s /Mpc  [5]. 
Thus one can turn equation 1 into the temperature function of galaxy clusters, 
and by comparing this with data, constrain the amplitude of the density per- 
turbations. This is done in figure 1, where I show the temperature function for 
two power spectra: P(k) oc k '~ for n = - 1  and n = - 2  (all results presented are 
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for 12 = 1 and h = 1/2). The data  are taken from Henry and Arnaud 1991 [6] 
(squares) and Edge et al. [7] (triangles). The n = - 1  power spectrum approxi- 
mates a cold dark mat ter  (CDM) universe on cluster scales, while the n = - 2  
power spectrum resembles, for example, a mixed dark matter  (MDM) universe. 
Notice that  the shape of the latter fits that  of the temperature function better.  
Two normalizations are given for the CDM-like spectrum, one corresponding to 
the COBE amplitude of CMB temperature fluctuations [8], and the other chosen 
to match the abundance of clusters. Unlike CDM, the n = - 2  spectrum accounts 
for both the COBE result and the abundance of clusters, making it a currently 
fashionable model for structure formation [9, 10, 11, 12, 13]. 
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Fig. 1. Solid lines: upper-(n = -1 ,b  = 1), lower-(n = -1,  b = 1.7) Dashed line: 
(n = -2 ,  b = 1.7) Data: see text. 

From the above exercise, one sees the utility of the X-ray observations for 
testing models of galaxy formation. In this contribution, I explore analogous 
methods employing the SZ effect. Specifically, for the two power spectrum dis- 
cussed above, I calculate the distribution of Compton y values at different epochs, 
the number count-flux relation for clusters, and the overall effect of the cluster 
populat ion on the spectrum and anisotropy of the CMB. With new data on the 
SZ effect, one hopes that  some or all of these quantities will soon prove their 
worth in constraining models (see, for example, refs. [14, 15, 16, 17, 18, 19, 20]). 
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2 T h e  I C M  M o d e l s  

In order to proceed and transform equation 1 into observable SZ distributions, 
such as the Compton y distribution function, we must model the cluster gas 
density and spatial extent. For simplicity I model these quantities as power laws 
in the cluster virial mass and redshift: 

ng o( MlPs(1 + z) q re c~ M ~ ( I  + z) ~. (2) 

The four exponents here are not completely independent. The X-ray luminosity 
_2~rl/2_3 ~ M~(1  + z) Q, where P = 2p + 3r + 1/3 and may be written as L --, ng~ r c 

Q = 2q + 3s + 1/2. One expects, if the gas has not cooled or been significantly 
heated after infall, that  in a flat universe (p, q) = (0, 3) and (r, s) = ( 1 / 3 , - 1 ) ,  
and hence P = 4/3 and Q = 7/2, the so-called "self-similar" case [4]. One 
can a t tempt  to determine P and Q from the observations. For example, the 
observed correlation L ,,, T 275 for the local cluster population implies that  
P = 11/6. Note that  this rules out the simple self-similar value. Constraining Q 
in a similar manner requires temperature measurements at larger redshifts. As 
these do not yet exist, I will consistently use Q = 7/2 in the following. 

To explore the importance of the somewhat unknown ICM physics on the 
SZ results, I consider three models for each power spectrum. Model A will be a 
purely self-similar model, ignoring the obseived L - T relation. The other two 
models, however, will adopt P = 11/6, satisfying the correlation, and Q = 7/2. 
Of these, Model B will also employ (r, s) = (1 /2 , -1 ) ,  which allows the gas 
density to scale with the mean background density, while Model C will use 
(r, s) = ( 1 / 3 , - 1 ) .  The models are then completely specified. 

3 T h e  C o m p t o n  y D i s t r i b u t i o n  F u n c t i o n  

The Compton y parameter  is an integral of the ICM pressure along the line 
of sight: y ,,, ngTrc. Equations 2 then allow us to transform the cluster mass 
function into a distribution of Compton y values for each model. To normalize the 
relation between y and the the mass and redshift, I use the observed properties 
ofA665, one of clusters with a SZ detection [21]. At a redshift of 0.18, this cluster 
has a T ,~ 8 keV, a r c  = 0.2h -1 Mpc, and a measured y = 1.68x10 -4. The result 
for each model is shown in figure 2 for z = 0 and z = 1. Notice that for z = 0 the 
normalization and shape of this function depend primarily on the spectral index 
n, offering a new way to constrain the power spectrum. In addition, we observe 
that  the CDM-like scenarios all display positive evolution towards the higher 
redshifts, exactly opposite to the case of the n = - 2  spectrum. Perhaps this 
too can be used to constrain the power spectrum, especially since it is no more 
difficult to obtain the y distribution at large z than it is at z = O, in contrast to 
a measurement of the X-ray temperature function. 
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Fig .2 .  Sol id  lines: upper - (z = 0,n - -1 ,  b = 1), lower - (z = 0, n = -1 ,  b : 1.7) 
Dot -dashed  lines: (z = 1 ,n  -= - 1 ,  b = 1) Dashed lines: (z = 0,n = -2 ,  b = 1.7) Dot ted  
lines: (z = 1,n -= -2 ,  b = 1.7) 

4 C o u n t s  

Depending on the observation frequency, clusters will appear  as either sources of 
radio emission or as decrements relative to the mean CMB brightness. In either 
case, one can calculate the number  counts as a function of signal strength. To 
do so, I adopt  the "isothermal-/~" model for the spatial distribution of the ICM 
and use vc as the core radius. The  Kompaneets  equation [22] gives the surface 
brightness profile which can be integrated to obtain the total  flux density. I 
impose a cutoff at 5re for the results here. After normalizing all the relations 
to A665 and t ransforming the mass function into a flux density distribution 
function, I integrate over redshift to obtain the counts shown in figure 3. The  
turn-down at small flux density is caused by the loss of gas to cooling in the 
smaller objects. Observing such counts requires large sky coverage, but may  
never-the-less provide useful constraints on cluster evolution models. 

5 E f f e c t s  o n  t h e  C M B  

Here we study the effects of the entire cluster population on the spectrum and 
anisotropy of the CMB. The combined effect of all clusters is to produce a mean y 
distortion in the CMB spectrum. This can be calculated easily by integrating the 
source counts discussed above. The largest distortion occurs with the unbiased 
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CDM-like power spectrum employing Model A, for which 9 = 6 x10-6, a value 
lower than COBE's current limit of y < 2.5x10 -5 [23]. The other models fall 
anywhere from a factor of 10 to 100 below the COBE limit. Thus it seems 
unlikely that  one can use measurements of the CMB spectrum to constrain 
models of cluster evolution, at least if ~2 = 1. 

Additionally, the clusters produce an anisotropy in the CMB, and here there 
appears to be more potential for observing the effect. In figure 4, I show the rms 
temperature  fluctuations generated by the clusters for a single gaussian beam as 
a function of the beam FWttM in arcminutes. The cluster centers are assumed to 
be uncorrelated for this calculation. These numbers are meant to be representa- 
tive of the amplitude expected. One cannot interpret them as the usual standard 
deviation of gaussian fluctuations because the cluster induced perturbations are 
not gaussian in general, being dominated by rare, bright events. This is clear, 
for example, from the slope of the number counts calculated above. In any case, 
it does appear that  unbiased CDM-like models produce rather excessively large 
anisotropies given the OVRO limit of 6 T / T  < 1.7x10 -~ for gaussian fluctuations 
at 20 GHz [24]. There is a slightly more stringent limit from the AT [25]. 
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6 C o n c l u s i o n  

With  new detectors and dedicated efforts, the SZ effect should soon become a 
useful tool for probing cluster evolution and structure formation.  In particular,  
the y distribution function may  be useful for constraining the power spectrum of 
density perturbat ions,  both  by observing the distribution at the current epoch 
and by determining the sense of its evolution with redshift. Observations of 
the C M B  anisotropy at arcminute scales also appear  to be a powerful way to 
constrain models of structure formation.  We found that ,  for example,  unbiased 
CDM-like scenarios result in rather  large anisotropies, perhaps in violation of 
existing limits. This later s ta tement  must  be explored further by adequately 
modeling the nongaussian nature of the cluster induced perturbations.  

Although we only considered the case of a flat universe here, one must  not 
overlook the value of the SZ effect for studying an open universe. Because of its 
unique distance independence, one can observe distant clusters with the same 
ease as those nearby. This is a significant advantage over the X-ray observations, 
which suffer from a lack of photons from distant clusters. Thus the SZ effect can 
be used to search for the high redshift clusters expected in an open universe. 
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1 Introduction 

If the simple hot Big Bang model is assumed, the CMB is expected to emerge 
from the early universe exhibiting a black-body (BB) spectrum. Indeed before 
the end of the lepton era the high number density of electrons and positrons 
ensures full thermal equilibrium between matter and photons in the Universe. 
After the annihilation of electron pairs CMB photons interact with a plasma 
composed by protons, He nuclei (about 23% in weight) and electrons, whose 
number density u¢ reduces to ~ 10-1°+ 10 - 9  times the photon number density 
n 7. This fact together with the decrease of the particle density with the expansion 
makes harder and harder the thermodynamical equilibrium between photons and 
plasma at increasing times. 
A nice consequence is that energy injections in the radiation field after a fiducial 
epoch ztherm leave tracks on CMB spectrum. Indeed in pioneering works Wey- 
mann (1966), Zeldovich and Sunyaev (1969), Sunyaev and Zeldovich (1970a), 
Peebles (1971) pointed out that CMB spectrum is a unique probe of physical 
processes that possibly have occurred in the early universe. 

2 Physical processes in the primeval plasma 

After the electron-pair annihilation and before the recombination epoch the equi- 
librium established between baryonic matter and radiation mainly depends on 
three processes: the Compton scattering (C), the bremsstrahlung (B) and the ra- 
diative Compton (RC). While the former process conserves the photon number, 
the latter processes produce and absorb photons. Their joined action change the 
photon occupation number 71 (v, ~) with the time (Danese and De Zotti 1977): 

o n _  on on on (1) 

Kompaneets (1956) solved the general problem for the Compton scattering pass- 
ing from the collisional integral equation to a very simple kinetic equation, which 
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0-7 ~c ~ a,~ ~ + ~ + ~ ' (2) 

where ~ = hv/(kTe) is a dimensionless frequency; the characteristic time tc is 

~2 
t c  = t~e ~--~- --~ 4.5 x lO~8(To/2.7K) -1 ¢-l~bl (1 + z) -4 s, (3) 

where tzo = 1/(neorTc) is the photon-e lec t ron collision time, To is the electron 
temperature, Tr = To(1 H-z) is the radiation temperature (evo = aT 4 is the 
present radiation energy density) and ¢ = Te/Tr; kTe/mc ~ is the mean fractional 
change of photon energy in a scattering of cool photons off hot electrons (Te >> 
Tr); $7b is the baryon density in units of the critical density, Ho is the Hubble 

constant and ~b = (Ho/50)2Db. 
The bremsstrahlung term is given by 

1 e x p ( - . o )  O---~ls' = :--gB(~e) [1 -- ~ (exp(ze )  -- 1)] ; 
Ot ~ x~ 

a quite similar expression holds for the radiative Compton term 

~ l R c  1 , , exp( - .o )  
= ~RC gRc(me) -~e [1 - ~(exp(=~) - 1)] ; 

(4) 

gB(~e) and gRc(~e) are the Gaunt factor of bremsstrahlung and of radiative 
Compton respectively. 
In terms of cosmological parameters the rates at which the bremsstrahlung and 
radiative Compton processes are able to change the occupation number are given 
by 

KB = t B  1 -- 2.6 X lO-25(Te/Tr)-7/2(To/2.TK)-?/2(1 + z ) 5 / ~  s -1 (6) 

and 

K n c  = t ~  "~ 0.82 x 10-39(To/2.7K)2(T~/Tr) ~ er ~ b ( l + z ) ~ s _  1 (7) - -  ~ " 

The importance of the radiative Compton respect to the bremsstrahlung is in- 
creasing with increasing redshift and decreasing ~b, because the radiative Comp- 
ton depends on u~ and on the radiation energy density whereas the bremsstrah- 
lung depends on ue ~. For instance if ~b ~ 0.1 the radiative Compton is more 
efficient than bremsstrahlung at z > 2.5 x 105. 

(5) 
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2.1 The  t he rma l l za t i on  epoch 

In absence of strong density fluctuations in the baryonic component and of copi- 
ous production of photons (e.g. via particle decay), the three processes mentioned 
above are able to keep baryonic matter and radiation in thermal equilibrium and 
produce a BB spectrum even in presence of large energy injections only down to 
a redshift z ,-~ 10 6 + 10 r. 
After an energy injection in the radiation field a BB spectrum can be obtained 
only if the photon number density can be adjusted to the new energy density, 
because energy and photon number density depend only on the BB temperature. 
Thus the processes of photon production and absorption dictate the time to reach 
the equilibrium and the timescale is given by 

[On On O n ]  -1 

where n, BB is the photons number density of the black-body at temperature 
T~ (De Zotti 1986). The term (On~at) Is accounts for possible photon sources 
different from bremsstrahlung and radiative Compton. 
If ~b < 0.3 the thermalization redshift for small distortions is given by 

To 
Zth~rm ~-- 2.5410 6 ~ \2.--7K/ ' (9) 

while for large distortions 

Ztherm ~ 2 90 106~b 0"36 (10) 

where Ae/ei is the fractional amount of energy injected in the radiation field 
(ei being the radiation energy density before the heating). The above formulae 
are a rather accurate description of numerical calculations, in the hypothesis of 
energy injection with negligible additional photons (Burigana et al. 1991a). 
Estimates of Ztherm have been recently worked out by Hu and Silk (1993) and 
by Burigana et al. (1993) even in the case of non negl/gible amounts of extra 
photons. In the case that the extra photons are significantly less than those re- 
quired to produce a BB spectrum with the increased energy density, the epoch of 
thermalization Ztherm practically does not change. If with the additional photons 
the photon number density exceeds that required to produce a BB spectrum, 
then a small decrease of Ztherm has been found. In the very special case in which 
energy and photons are added just in the amounts required to produce a BB 
spectrum, Burigana et al. (1993) have shown that distortions of the CMB are 
negligible down to redshifts lower by almost a factor of 20 than those given by 
eqq. (9) and (10). 
After Ztherm the efficiencies of bremsstrahlung and radiative Compton dechne 
and the fu]] equilibrium, if perturbed, can be no longer re-established. However 
kinetic equilibrium between matter and radiation is achieved through Compton 
scattering. 



31 

3 Evolution of Bose-Einste in  spectra 

The effectiveness of Compton scattering in maintaining kinetic equilibrium is 
well represented by the usual dimensionless comptonization parameter (used in 
the following as a dimensionless time parameter) 

~0 z dz texp yo = (11) z $c 

As it is well known, kinetic equilibrium yields a Bose-Einstein (BE) spectrum, 
if photon production is neglected. The photon occupation number 17 is then a 
function of the temperature and of the chemical potential p and reads 

= ~ = [ e x p ( ~  + ~ )  - 1] - 1  . ( 1 2 )  

In particular the radiation energy density is 

= aT? 1 + = ~ T : f ( , ) ,  (13) 

with Ti the radiation temperature before the injection of energy. The photon 
number density can be written as 

aTe3 " " aTe3 (14) 

Simple expressions exist for both f ( , )  and ¢(#): 

1 -  1.11/~ i f ~  << 1 
f(~)=---  0.924exp(-~) i f ~ > l  , ( 1 5 )  

1 -  1.38p i f ~  << 1 
¢(~) =-~ 0.832exp(-#) i f ~  >> 1 

( 1 6 )  

The chemical potential ~ is a measure of the fractional amount of extra energy 
injected in the radiation field. In particular for small distortions, ~ << 1, Ae/ei _~ 
0.7/z. 

Kinetic equilibrium is well maintained as long as t c  << texp, or, more pre- 
cisely, ye(z) > ye(zl) ------ Yl ~ 4 (Zeldovich and Sunyaev 1969; Illarionov and 
Sunyaev 1974; Chan and Jones 1975; Burigana et al. 1991a). Assuming ¢ = 
Te/T,. =const, we get 

Zl - 4.3 x 104 \2.-~--K/ ~ \~ -b]  ' 

where ~' -~ 1 ÷ (~ - 1)/(1 ÷ Ae/e) includes the effect of relativistic neutrinos 
on the expansion time in presence of energy injected in the radiation field (for 3 
species of massless neutrinos, ~ = 1.68). 
On the other hand the photon emitting and absorbing processes can not be 
neglected, particularly at z > zl and at low frequencies ~e ~ 1; as a consequence 
the occupation number y(z, t) can in first approximation be described by a BE 
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Fig. 1. Fractional amount of energy dissipated at redshift zh (z~ < zh < 0.9zthe~,~), cor- 
responding to several present values of the chemical potential, /z0 [#0 ~ 1.4(Ae/ei)~l], 
for mean baryon densities showed in each panel (H0 = 50 km s - t  Mpc - t  ). The solid 
lines show the numerical results; the dashed lines, an useful analytical approximation 
(Burigana et al. 1991b). Spectral distortions are substantially damped between Ztherrn 
and zl, so that even significant amounts of energy released at early times produce only 
small observable effects at present time. 

formula, but with a frequency-dependent chemical potential (Sunyaev and Zel- 
dovich 1970a) 

IzC~e) =/~0 exp [ -~eCz) /Ze]  • (18) 

The characteristic dimensionless frequency zc is a function of time and is given 
by 

~1/2 (19) • c(~) = [~BgB(~) + K R c g R c ( ~ ) ]  1/~ °c  

The critical frequency ~c depends on the mean baryon density ~b through KB, 
K t ~ c  and t c .  

Thus a substantial damping of spectral distortions occurs between Ztherrn and 
zl (see Fig. 1). Moreover bremsstrahlung and/or  radiative Compton produce and 
absorb photons down to Zrec, significantly modifying BE like spectra possibly 
formed before zl. An analytical approximation that takes into account all the 
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Fig. 2. Comparison between the results of numerical integration of the Kompaneets 
equation (solid lines), the analytic approximation of Burigana et al. (1991a) (dashed 
lines) and the original approximation derived by Sunyaev and Zeldovich (1970a) ne- 
glecting photon production processes for z < zt (dot-dashed curves); two values of f2b 
(Ho -- 50, f2T = 1) and of the chemical potential are considered. Lines characterized 
by long dashes and dots plus long dashes (top panel only) refer respectively to these 
two analytic approximation when radiative Compton is neglected. 

effects has been derived by Danese and De Zotti (1980) and improved by Buri- 
gana et al. (1991a). The significant improvement respect to previous approxi- 
mations is mainly due to a more detailed analysis of the competition between 
photon emission processes and Compton scattering. Indeed the maximum fre- 
quency at which bremsstrahlung and radiative Compton are able to establish a 
BB spectrum before the photons are removed by Compton scattering is attained 
at a redshift zp < zi 

(To ",11"~ ( ~' /u'" @F,.j~ zp _~ 2.14 x 104 \2.?K} ~ (20) 
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Fig. 3. Relaxation to a Bose-Einstein like spectrum of early distortions corresponding 
to an energy release iSe/ei = 0.01 for three kinds of distorted spectra and for several 
choices of the redshift of heating, zh, i.e. for the corrisponding value of y~ indicated 
in the top panel. In the two first cases the energy is injected directly in the radiation 
field and a superposition of black-body spectra or a gray body spectrum is assumed as 
initial spectrum (labelled i.c.). In the last case the initial spectrum is a black-body and 
the energy is released by an external source that heats the matter.  The time required 
to achieve the kinetic equilibrium and the final spectrum for early distortions (i.e. 
for y~(Zh) > 2) are essentially the same for the three processes (~b = 0.1, H0 = 50, 

f2T = 1). 

This fact is properly included in the approximat ion  proposed by Bur igana  et al. 
(1991a), which quite well fits the numerical  solutions (see Fig. 2). 

Detailed numerical  calculations have been done for a number  of  possible 
processes trasferring energy to the radiat ion field. 

The  cases presented in Fig. 3 clarify tha t  for y, > 2 the final spec t rum depends  

only on the time and amoun t  of  energy injection and not  on the detailed mech- 

anism of energy injection. 
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As it is apparent from Figg. 2 and 3, the amplitude of the minimum of the 
brightness temperature A T / T  and its location in wavelength significantly de- 
pend on the baryon density and not on the particular process, as first pointed 
out by Sunyaev and Zeldovich (1970a). Good analytical approximations to de- 
tailed numerical calculations give 

and 

Am -~ 5.645b 2/a cm (21) 

Thus detection of spectral distortions generated at epochs Zl <_ z <_ zthe~m would 
be much valuable for estimating the mean baryon density. 
Unfortunately the hope of detecting BE distortions has been significantly re- 
duced by the results of COBE, because FIRAS data (Mather et al. 1993) suggest 
that the chemical potential at zl is very small: 

#o = (-1.2 ± 1.1) × 10 -4 (23) 

(lo" errors). On the other hand it is well known that the best-fit temperature 
of the long-wavelength measurements is about 80 mK below the value found by 
FIRAS. This fact calls for further investigations on the long-wavelength portion 
of the CMB spectrum. 

Because the limits on BE like distortions are narrowed down in a such dra- 
matic way, in the following we shall explore to what extent they constrain some 
of the energy injection processes occurring at epochs z l  < zh < Zth~,n. 

3.1 Rad ia t ive  decay of  massive part icles  

We assume that particle decay processes X --* X p + 7  create at the decay redshift 
zD photons with dimensionless energy 

• x = hvo /kTr ( zo )  ~ ~mxc~/kTr(zD) .  (24) 

The resulting total energy density is 

1 2 
ED ~-- ~mXC B.~nx, (25) 

where B 7 is the branching ratio in the radiative channel and nx = ( 3 / 8 ) ( g f / x ) n i  

= R x u i ;  r~i is the photon number density in the radiation field before the decay, 
g! is the number of states per momentum mode and X is the effective number 
of relativistic interacting species at the decay epoch (the above formulas are 
properly correct for non relativistic particles but they are instructive also in the 
case of relativistic ones). As a consequence we find 

Ae _ x x R x B  7 (26) 
Ei ~CP, IB 
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Fig. 4. Relaxation to a Bose-Einstein like spectrum of early distortions in presence 
of radia t ive  decay wi th  A n . r / n l  = 7.5 10 -3 and Ae /e i  such that  # = 10 -3 (a) and 
# = -10  -3 (b) (see eq. (28), A e / e i  "-' 0.01). The initial spectrum is a black-body plus 
a "l ine" due to the radia t ive  decay (dot ted  lines). The  numer ica l  results  for the present  
spectrum (solid nnes) and the approximation of Burigana et al. (1991a) (dashed lines) 
are showed. The  agreement  results  to be quite  good (I'2b = 0.1, H0 = 50, D r  = 1). 

and 
A n , ~  . Rx B'I , (27) 

where ~CMB = 2.7. 
Using eqq. (13) and (14) for BE like spectra in the case /z << 1 we obtain 

(Burigana 1989; Hu and Silk 1993) 

#~_ 1.4 - 1  = 1 . 4  . . . .  7 - 1  . (28) 
(1 + za,,~/,.,)~ (1 + RxB~)~ 

Equations (26) -- (28) show that  positive and negative values of/z are possible, 
depending on the parameters  of the decay process. Recently Hu and Silk (1993) 
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Fig.  5. Same as in Fig. 4, but for a radiative decay characterized by z2n~/ni = 0.027 
and # = 10 -4 (a) and g = -10  -4 (b). In these cases the agreement between the 
numerical results and the analytic approximation is less good than in the cases of Fig. 
4, due to the larger number of photons injected in the radiation field. 

have explored cases with # < 0, already par t ly  examined by Kawasaki  and Sato 
(1987). 

It  is also apparent  tha t  g could vanish even in presence o f  energy injection 
Ae/ei  > 0, a l though the case requires peculiar combinat ions  of  rex ,  n x  and B v. 
Figg. 4a and 5a show tha t  the cases with g > 0 are well described by the usual 
analyt ical  approximations.  The  same is also true for negative chemical potentials,  
except for a small change o f z c  as proposed by Hu and Silk (1993) (see Figg. 4b 
and 5b). 

As already mentioned above the time evolution of  # is not  exactly the same 
for the negative and positive case, part icularly near Zthe,'m. In the case # = 0 
the numerical  results yield much lower values of  the the rmahza t ion  redshift, as 
expected.  Significant energy inputs are thermalized down to z _~ zt (see Fig. 6) 
and leave very small tracks on the CMB spectrum. 
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Fig.  6. Detailed evolution of a distorted spectrum in the very peculiar case g = 0. Al- 
though a conspicuous amount of photon is injected, z3n~/ni = 0.27 with a large amount 
of energy Ae/ei x 0.375, (see eq. (28)), nonetheless a very small distortion remains at 
the recombination. The dotted line refers to the initial spectrum at za~c - 4.33 105 
corresponding to ye -- 10.6. Bottom panel: at early times a large distortion in the 
RJ region appears that is subsequently strongly smoothed by the combinated action of 
Compton scattering, bremsstrahlung and radiative Compton (dashed llne: z _~ 3.76 105 , 
y, ~_ 7.95; long dashes: z ~_ 3.07105, ye ~ 5.29; dots plus dashes: z ~_ 2.18105, 
y~ __ 2.64). Top panel: the spectrum at the above mentioned times together with that 
at lower redshifts (dots plus long dashes: z ~_ 1.39 105, y, ~_ 1.06; dashes plus long 
dashes: z ~ 9.67 104, y, ~_ 0.51; solid line: z = z~ , ,  y, = 0). We note that between 
z ___ 9.67 104 and zr** the spectrum is stationary except at very long wavelengths, 
where the bremsstrahlung absorption operates; the relaxation is achieved in a time 
corresponding to y, x 10 as in the cases showed in Figg. 4 and 5 (fib = 0.1, H0 = 50, 
/)7" = 1). 

For decays producing  posit ive chemical potent ials ,  in teres t ing l imits on the en- 
ergy densi ty  in the radia t ive  channel  m x  n x  B v as func t ion  of the decay time r 
have been derived by Hu and  Silk (1992) and  Bur igana  et al. (1993). 3:he l imits 
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are in some region more stringent than those derived by stellar evoluti~on (Raffelt 
et al. 1989). 
The decay can be constrained also in the case of negative g. For instance in the 
case of z x  < 0.1 and Zd~c ~ z l  the COBE/FIRAS 95% CL hmit g > - 3  x 10 -4 
implies 

B . ~ x / ~ t i  _< 2 x 10 -4 . (29) 

3.2 V a c u u m  decay  

Many authors have suggested that vacuum energy density decays with time from 
substantial values in the early universe. Because of its negative pressure the 
vacuum behaves as energy source in the universe. The effects on nucleosynthesis 
of the vacuum decay constrain the vacuum energy density to be a small fraction 
of the total energy density of the universe (Freese et al. 1987). Bartlett and Silk 
(1990) showed that  vacuum decay could distort significantly the CMB spectrum 
in the Wien as well in the Rayleigh-Jeans (RJ) region. While Bartlett and Silk 
(1990) have assumed that the vacuum energy decay as a heating source of the 
electrons, more recently Overduin et al. (1993) make the hypothesis that the 
decay at each time produces photons with BB spectral distribution. The resulting 
global spectrum has been compared to that  of the CMB to bound vacuum energy 
density. Indeed in this way they have found constraints much weaker that  those 
obtainable from a full discussion of the possible distortions. 

Burigana et al. (1993) calculated the distortions by assuming the decay as a 
heating source of the electrons, as suggested by Bartlett and Silk (1990). However 
because the number of photons produced in the framework proposed by Overduin 
et al. (1993) is, at least at early epochs, negligible respect to those of the CMB, 
the results also hold for their case. 

The vacuum energy density is assumed to be proportional to the energy 
density ek present in some form in the universe 

~ = x ~ k .  (30)  

The calculation by Burigana et al. (1993) showed that  the limits on Po < 1.0 × 

10 -4 (Mather et al. 1993) entail X ~< 1. × 10 -5. Thus the vacuum energy density 

was not a relevant fraction of the overall energy density. More tight constraints 
derive from the FIRAS limit to the comptonization distortions (see §4.1). 

3.3 D a m p i n g  of  p r i m o r d i a l  d e n s i t y  p e r t u r b a t i o n s  

The dissipation of primordial density perturbations is quite effective soon after 
the thermalization, producing BE-hke distortions. Therefore hmits on chemical 
potential set constraints on the dissipation rate (that in turn bound the initial 
power spectrum of density perturbations) that are independent and complemen- 
tary (information on small scales) to those coming from CMB isotropy measure- 
ments (Sunyaev and Zeldovich 1970b; Daly 1991; Barrow and Coles 1991). 
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Fig. 7. Estimate of Bose-Einstein like distortion in terms of A~/¢ ~ 0.7# in the case of 
adiabatic perturbations. The horizontal line shows the 2cr upper limit on Ae/e based 
on recent FIRAS data (Mather et al. 1993). The calculations have been done neglecting 
photon production; dissipation is taken into account since a critical redshift z~ of order 
of Zth~rm/3. These semplifications introduce only very small changes in the final results 
as it can be seen from the case 17b = 12T = 0.1 for which the results of computations 
with no semplitications are also presented (short continuous line). No bias is assumed 
in all cases except for the heavy line, where b = 3 is considered to illustrate the effect 
of bias. 

Following Daly's approach, Burigana et al. (1993) evaluated the distortions gen- 
erated by the damping of primordial fluctuations due both to non-hnear dis- 
sipation and to photon diffusion. In their computations photon production by 
bremsstrahlung and radiative Compton is included. 

The spectrum of the primeval fluctuations was assumed to be a power taw 

lekl 2 : Ak", ,  (31) 

with such a normalization that yields rms matter fluctuations 5m,rms ~ 1 on 
scale A __ 8 h - l M p c  at the present epoch (z : 0). 
In Fig. 7 the values of chemical potential produced at early epochs by the dis- 
sipation of adiabatic primordial density perturbations are presented as function 
of their spectral index n v for various possible universes. 
The constraints derived from the available data on the index of the initial power 
spectrum ~p are consistent with the C O B E / D M R  results ~p = 1.1 + 0.5 (lo" 
errors, Smoot et al. 1992). 
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The weak dependence of % on Ae/e (apparent from Fig. 7) is easily under- 
stood on the basis of analytical approximations (Wright et al. 1993). Letting 
r - log()~H/~,l(Zh)) the ratio of the present horizon scale to the scale of non- 
linear dissipation at the effective redshift zh, the bound on %) reads 

1 
up ~< 1 + - (7 - 21og(6rH/lO -5) -F log(Ae/ellO-4)) , 

r 
(32) 

where ~rH is the radiation density fluctuation on very large (horizon) scales. The 
parameter r is a function of the cosmological model through the usual scaling of 
perturbation growth as well as the photon producing mechanisms. For instance 
r ~ 7 for the case Ho = 50, ~ T  = 1, ~"~b ~--" 0.06. 
In some cases (e.g. Ho = 50, FiT = 0.1,/2b = 0.1) the constraints are quite close 
to challenge Up = 1. On the other hand it should be noted that  the dependence 
on ~~T i$ such that  in universes with ~'~W ----- 1, ~'~b __~ 0.1 and up _< 1.5 dissipa- 
tion of primordial perturbation would produce practically undetectable spectral 
distortions in the RJ region (Daly 1991; Barrow and Coles 1991; Burigana 1993). 

4 E v o l u t i o n  of  d i s tor ted  spec tra  at z < zl  

At redshifts z _< zl the kinetic equilibrium can no longer be maintained. As a 
consequence time and mechanism of energy injection leave more clear imprints 
on the CMB spectrum. 
It has been shown that  the non-equilibrium occupation number of photons (with 
no bound states) can be generally described by means of a linear superposition 
of Planck spectra (Zeldovich et al. 1972) 

~(~, t) = / R(T, t)ypl(v, T)dT, (33) 

with a temperature distribution function R(T, t) specific for each case. 
In a number of cases spectra with small departures from the Planck form are 
rather accurately described by 

1 So°° 1 { ~n(zlx,')-t-3u]2}dz ' 
r/_~ ~h(z) -- (47ru):/2 exp(x' /¢,)  - 1  x exp 4u " ~ '  

(34) 
where z --- hv/kTr. 
The parameter u is uniquely determined by the amount Ae of extra energy 
injected in the radiation field; for u << 1, u ~_ ¼(Ae/ei) and ¢, = (T//Tr)(1 + 
z)/(1 + z,) _~ (1 + Ae/e~)-l/4( ~_ 1 for very small distortions), being zi the initial 
redshift of the heating process. 

In the case that  distortions are produced through heating of the matter, 
whatever the ratio T~/Tr may be, the parameter u is given by 



42 

If T~ >> Tr, then u = y~. This is the case of scattering of cool photons off hot 
electrons and Ye is then related to the fractional amount of energy injected (in 
this context we will use the symbol y at place of ye): in these circumstancies eq, 
(34 / accurately describes the distorted spectrum even for large energy injections. 
Moreover Zeldovich et al. (1972) showed that the primeval small scale mo- 
tions in the plasma can be described as random motions of plasma clouds with 
maxwellian velocity distribution and a planckian spectrum of radiation at tem- 
perature TR. The corresponding temperature distribution function is 

(4~rw)l/2 exp -- 1) 2 (36) 

where w : 1/6(v/c) 2 (v is the mean squared velocity). It is interesting to notice 
that  in the case of small distortions (y << 1, or u << 1, or w << 1 and (Te/TR - 
1) << 1), the temperature distribution functions reduce to the same expression. 

Chan and Jones (1975) pointed out that  a very similar formula is also valid 
for the case of energy input deriving from primordial turbulence dissipation (in 
the hypothesis of small distortions). 

The representation of the non-equilibrium radiation field by the above for- 
mulae allows for a straightforward derivation of important spectral properties: 
the brightness temperature in the R3 region is 

h~, . l + z  l + z .  
TRj = T , C v ,  T) = 'q 1---~-~ exp(-2U)  ~ T~ 1--4--~(1 - 2U) _ Tr(1 - 3~); (37) 

the fractional amount of energy injected in the radiation field is 

de 
a-~ -~ 4,;  (38) 

the stationary electron temperature (Peyraud 1968; Zeldovich and Levieh 1970) 
is 

l + z  . 
T~q ~_ T i ~ ( 1  + 5.4y) ; (391 

finally in the low to moderate frequency region (yz~ << 1 with zi = z /¢ i )  the 
spectrum can be approximated by 

~'- '~pl(~il  [ 1 +  e---xp(~-~ --~]y~iexp(zi)(tan]l~i/2 / 4 ) ]  . (40) 

As a consequence of eqq. (37) and (39) we expect in the R3 region a jump in 
the brightness temperature, 

AT 
7.4u, (41) 

T 
just  around 

(42) 
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Fig. 8. Distorted spectra formed as a consequence of an energy injection Ae/el = 10 -4 
occurring at redshifts Zh indicated on the left of each horizontM dash (in units of 
105), corresponding to values of y~ indicated on the right of the dashes. The initial 
spectrum, assumed to be a superposition of black-bodies, is represented by the dotted 
lines (labeled i.c.). The bot tom panel shows the results for injections occurring at larger 
redshifts (H0 = 50, Db = 0.03, To = 2.726K). 

if zh >> zeq , or a round 

)tB = 1.3 x 10 3 ~ t 4 f ) b  \ ~ 1  ~ gB(.B)-ii~zh il~ c m  

(43) 
if zh << z,q (see Fig. 8, top panel). 

The  same relationships hold also in the case of  CMB photons  interactions 
with a non relativistic p lasma with T hom son  optical depth vr  < 1. Actual ly  Sun- 
yaev (1980) and Fabbri  (1981) have demons t ra ted  tha t  the Kompanee t s  equat ion 
is still valid in the case of  low probabil i ty scat ter ing (such as in clusters of  galax- 
ies for the Sunyaev-Zeldovich effect) at least for frequencies m < 10. 

Relativistic effects become impor tan t  when a reheating of  the baryonic  mat te r  
result in a very high electron temperature ,  T, > 50 keV, (Wright 1979; Fabbri 

1981), as required for instance by models of  diffuse bremss t rahlung for the X -  
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ray Background Radiation (XBR) suggested in the past (Field and Perrenod 
1977). In this circumstances the effect on CMB spectrum must be evaluated by 
computing the frequency shift distribution averaged over the scattering angles, 
with the proper velocity distribution and convolving with the initial spectrum. 

By fitting FIRAS data with the above approximate equation (40) for comp- 
tonized spectra Mather et al. (1993) found (l~r errors) 

y = (3+  11) x 10 -6.  (44) 

However, as already noticed, distortions after zl keep some memory of the 
time and mechanism of heating (see Fig. 8). 
As expected for y~(zh) > 1 (Fig. 8, bottom panel) the trend is toward a BE like 
spectrum; for lower ye(Zh) the minumum at long wavelengths tend to broaden, 
approaching the value corresponding to a comptonised spectrum given by eq. 
(37). On the other hand at shorter wavelengths for ye(Zh) > 0.1 BE-like spec- 

tra form, even if we start with comptonised spectra (Zeldovich and Sunyaev 
1969; Illarionov and Sunyaev 1974; Burigana et al. 1991b). Therefore the clas- 
sical approximation to comptonised spectra (eq. (40)) strictly holds only for 
y~(zh) £ 0.05. As a consequence the mentioned FIRAS limits are adequate for 

Comptonization at low redshifts zh < 3 x 104. 

Fig. 8 shows that with 0.1 < y~(zh) < 0.5 the amplitude of the distortions in 
terms of AT/T is small at all wavelengths. This may imply less stringent limits 
on heating processes occurring at the corresponding cosmological time. 

4.1 Cons t r a in t s  on physica l  p rocesses  at  z ~_ zl 

Particle decays might significantly distort the CMB spectrum at z < Zl. An 
approximate relationship of the Compton parameter u with the injected energy 
and photon number densities can be derived in a way analogous to that used for 
the chemical potential in §3.1 in the limit u ~ 1 

1 ( l + A e / ~ , )  1 ( I + R x B ~ x / ~ C M B )  
u_~ ~ (1 ~- Au~/ni) ~ -- 1 -- ~ - - - - - - - - - - - -~  -- 1 . (45) 

(1 + RxB~,) "~ 

Fig. 9 shows that the numerical calculations in the cases of energy injection by 
particle decays predict final spectra similar to those obtained with different heat- 
ing mechanisms, provided that the value ofu  and y~(zh) is the same. Comparison 
of very peculiar cases with u = 0 (see Fig. 10) to cases with the same injected 
energy (Fig. 9, bottom panel) shows that a non-negligible number of photons 
helps in decreasing the distortions at least for ye(Zh) >~ 0.1. It is worth noticing 
that in the decaying particles ease comptonized spectra practically never form, 
because at late time enough to produce a comptonised spectrum (ye(zh) < 0.05) 
an excess of energetic photons not yet reprocessed appears. 
In conclusion particle decay processes at redshifts Zh such that Ye (Zh) < 2 modify 
the spectrum in a way that keeps memory of the decay time, of the injected 
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Fig.  9. Distorted spectra formed as a consequence of a radiative decay producing a 
"line" over an unperturbated black-body (dotted lines) and occurring at different cos- 
mic times corresponding to y~ = 0.01 (dashed lines), 0.05 (long dashes), 0.25 (dots 
plus dashes) and 1 (dots plus long dashes) (Ho = 50, f i t  = I, fib = 0.1, To = 2.726). 
Bottom panel: Lle/~i -- 10 -a and An.~/ni ~ 6.75 10 -s so that u = 2.275 10 -4 (see eq. 
(45)). Top panel: Ae/ei = 10 -4 and An-~/rti ~ 6.75 10 -6 so that u = 2.275 10 -~. In 
the two cases mx ~ 40. For y~ < 0.05 a comptonized spectrum is not produced because 
there is no time enough for reprocessing the energetic photons, whereas for values of 
ye greater 0.25 a Wien tail appears and the hollow in the KJ region increases with yr. 
A comptonized spectrum (eq. 40) with the same value of comptonization parameter 
used in each panel is showed for comparison (solid line). 

energy and photons .  Therefore hmits  to these processes by the s t andard  comp- 
ionized spectra  (eq. (40) should be taken as tentative.  

In the case of  vacuum decay the electron tempera ture  becomes very high 
(T~ >> T~) at  low redshift (z ~ 103), as showed by Bart le t t  and Silk (1990), and 
the s tudy  is leaded back to the case of  comptoniza t ion  by hot  electrons. From 
Fig. 11 it is apparent  tha t  the vacuum energy had to be only a t iny fraction 
X < 10 -6  of  the impor tan t  forms of  energy density (see also §3.2). 
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Fig. 10. Same as Fig. 9 but for the very peculiar case u = 0. Here Ae/ei = 10 -'~, 
as in bottom panel of Fig. 9, and consequently zx  results to be ~ 3.6. As expected 
the non-negligible number of photons helps in decreasing the distortion. In spite of 
the "significant" amount of energy (i.e. potentially well detectable by FllZAS for pro- 
cesses injecting energy without photon production) for peculiar values of y,(Zde,) the 
distortion is presently undetectable. 

The comptonization distortions expected in the case of damping of adiabatic 
per turbat ions are rather small and set bounds on the primordial index of power 
spectrum n,p weaker than those derived from the limits on BE-like distortions. 
On the other hand in the case of isocurvature per turbat ions only comptonizat ion 
distortions may survive, because the BE distortions are erased by the very large 
photon production rate via bremsstrahlung, due to the high value of mat te r  
density contrast  6m (Daly 1991; Burigana 1993). For reasonable values of the 
small scale cut -off  Am of the power spectrum of mat te r  fluctuations and for a 
universe with DT = Db = 0.1 it was found up < - 0.2 (Burigana et al. 1993). 

4 . 2  D i s t o r t i o n s  g e n e r a t e d  d u r i n g  t h e  r e e o m b i n a t i o n  

As the expansion of the universe goes on, protons and electrons combine. 
Spectral distortions are also generated during and after the recombination, de- 
pending on the thermal  and ionization history of the universe. 

The s tandard theory of the recombination (Peebles 1968; Zeldovich et al. 
1968) shows that  distortions should be located at )~ < 300 #m and at level 

(vIu < 10 - s  e r g / c m 2 / s / s t )  well away from any possible detection. Actually the 

expected sensitivity of DIRBE in this band is at least a factor of ten above the 
previously quoted limit. On the other hand Lyubarsky and Sunyaev (1983) 
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Fig. 11. Estimates of comptonization distortions produced by vacuum decay, for three 
choices of ek. If the vacuum energy density is assumed to be proportional to radiation 
or to radiation plus neutrinos energy density, the result is essentially indipendent of the 
thermal history after the recombination. In the case ek = e . . . . .  l it is assumed that the 
universe remains ionized at low redshifts; on the other hand, if recombination occurs 
in the standard way, the results are essentially the same as in the other two cases. A 
cosmological model with l'/r = 1, l)b --- 0.03 and H0 = 50 is assumed. The upper limit 
on comptonization distortion from FIRAS data is represented by the horizontal solid 
l i n e ,  

showed that these distortions are enhanced in the submiUimetric region by possi- 
ble preexisting BE like distortions. However for values of the chemical potential 
/~ within the limits imposed by CMB observations and for baryon densities con- 
sistent with standard primordial nucleosynthesis the expected distortions are at 
least a factor of ten smaller than the currently available limits. 

4.3 P o s t - r e c o m b i n a t i o n  d i s t o r t i o n s  

Comptonization of CMB photons as well as bremsstrahlung emission occur in the 
intergalactic medium (IGM) if the ionization keeps at significant levels, distorting 
the CMB spectrum. 

On the other hand Bartlett and Stebbins (1989) have argued that spectral 
observations of the CMB will ever require recombination in fiat universes with 
standard nucleosynthesis. Of course this conclusion depends on the thermal his- 
tory of the IGM. 

To illustrate this point we have computed the distortions generated by free- 
free emission of an ionized IGM with thermal history compatible with the limits 
on the comptonization parameter. We present a case (Fig. 12) with Te --- 5 × 
103 > Tr and u ~ 2.36 × 10 -5, resulting in an excess of brightness temperature 
Tbr at long wavelengths. A different case is presented in Fig. 13 with Te/Tr ~-- 0.2 
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Fig. 12. Evolution of a BB spectrum since z = 1000 (dotted line) for the case of ionized 
matter at constant temperature T~ -- 5000K. The spectrum at several times is showed: 
z : 610 (dashed line), 499 (long dashes), 245 (dots plus dashes) and present time (solid 
line) (H0 -- 50, f;• --- 1). The distorted spectrum is characterized by positive values of 
u and yB as a consequence of the assumption ¢ > ¢i (see eqq. (35) and (46)). 

and u _ - 2 . 1 7  × 10 -5 wherein an important  decrease of Tb~ is produced at long 
wavelengths by bremsstrahlung absorption. 

It  is interesting to notice that  the expected distortion in the case of Te > Tr 
is much smaller than that  expected in the other case. Indeed the comptonizat ion 
parameter  u is proport ional  to the kinetic energy density of the IGM exert  - 
3nekTe, while for a homogeneous IGM the correspondent of  the comptonizat ion 
parameter  u for the bremsstrahlung emission is 

YB :- / ~-~t~pKsCa gBd~ (46) 

with the Gaunt  factor gB weakly dependent on frequency. The two parameters  
may be positive or negative according to the sign of (1 - ¢ i /¢ ) .  
The two cases predict much larger distortions for the case with Te < Tr, because 
of the different dependence of comptonization parameter  u and YB on the ratio 
¢ = To/T~. 
FIRAS da ta  already constrain the comptonization parameter  u so severely that  
in the case Te/Tr > 1 searches for IGM emission would require measurements  
with few m K  precision at long wavelengths, where foregrounds are increasingly 
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Fig. 13. Evolution of a BB spectrum since z = 1500 (dotted line) for the case of 
ionized mat te r  with a constant ratio TJTr  -- 0.2 between the mat te r  and radiat ion 
temperature .  The spectrum at several t imes is showed: z -- 749 (dashed line), 499 (long 
dashes), 245 (dots plus dashes) and present t ime (solid llne) (Ho = 50, f~T = 1). The 
distorted spectrum is characterized by negative values of u and yB as a consequence 
of the assumption on the ratio Te/Tr (see eqq. (35) and (46)). Of course at very long 
wavelengths, where brcmzstrahlung is very efllcient, the spectrum approaches to that  
of a b lack-body with temperature T - Te. The top panel is only a blow-up of a part  of 
the bo t tom one for sake of comparison between the distortions at submill lmetric and 
RJ spectral  regions. 

important (see Bersanelli et al. these proceedings). On the other hand in the 
case Te/Tr < 1 a thermal history compatible with FIRAS limits might produce 
distortions at level that hopely could be detectable in the next future by long 
wavelength experiments. As for the cooling mechanism, it has been suggested 
by Stebbins and Silk (1986) that recombinative cooling could yield Te > 0.2Tr. 

A diffuse origin of the hard XRB (E _ 3 keY) is largely ruled out by 
the present COBE/FIRAS data, because it would require IGM energy density 
e~cM(z = 0) ~ 10-13ergcm -3 and y ~ 10 -2 (Field and Perrenod 1977). 
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As argued by many authors, conventional sources are expected to inject en- 
ergy in the IGM. Star formation in galaxies and AGNs are unable to transfer to 
the IGM an energy density eIGM ~ 10 -16 erg cm-3; as a consequence 9 ~ 10-5 

is expected (De Zotti and Burigana 1992). 
Formation of large-scale structure could also heat the IGM. Detailed cal- 

culations (Cen et al. 1990; Cen and Ostriker 1992; Cavaliere et al. 1991) have 
shown that  the comptonization should range from f ew x l0  -4 to few×10 -6. The 
most extreme cases of galaxy formation such as explosion driven formation are 
excluded by FIRAS data. 
The results of the Gunn-Peterson test implies that  the IGM is highly ionized at 
least from z ~-, 5; however the associated comptonization is expected to be small 
y ~ 10 -7. 
In conclusion FIRAS bounds on comptonization y < 2.5 × 10 -5 exclude some 

scenarios of IGM evolution and point to a tepid or cold thermal history. 

We gratefully acknowledge helpful and numberless discussions with G. De Zotti, 
A. Franceschini and L. Toffolatti. 
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1 Introduction 

The COBE detection of anisotropy in the Cosmic Background Radiation has 
spurred interest in comparisons between large, 'medium' and small angular 
scales. Since the COBE announcement, most calculations have used theoreti- 
Cal scenarios of Galaxy formation, along with a normalization of the primordial 
perturbation spectrum derived from the COBE data, to predict fluctuations at 
angular scales of 0.5- several degrees. A number of experiments have been done 
at these angular scales, with interesting results. CBI~ anisotropy results from the 
UCSB South Pole expedition (1990-1991), and the third flight of the Millime- 
ter Anisotropy Experiment (MAX) experiment (1991) are presented. These two 
experiments probe the angular range from roughly 10 arcminutes to 3 degrees, 
crucial for testing theories of structure formation. 

Our HEMT measurements made from the South Pole over a range of fre- 
quency from 25 to 35 GHz, with a beamsize of 1.5 degrees, have been used to set 
stringent constraints on structure formation theories normalized by the COBE 
detection. For a Gaussian Autocorrelation Function (GACF) model, these data 
provide an upper limit of 1.5 x 10 -5 at 1.2 degrees. Structure is observed in 
the data at a level of AT/T  ~ 8 x 10 -s, with spectrum consistent with that 
expected from CBR fluctuations, but more consistent with Galactic foreground 
contamination. 

Balloon borne bolometric measurements by the MAX experiment in the fre- 
quency range from 180 to 360 GHz have detected interstellar dust, as well as 
significant structure possibly due to CBR fluctuations. Two separate regions of 
sky were measured, and after subtraction of an interstellar dust (ISD) compo- 
nent, the data from one region have been used to derive a new upper limit for 
a GACF of AT/T  < 2.5 x 10 -5 at 25 arcminutes. The second region (with no 
ISD removal needed) shows a highly significant detection of structure, with a 
spectrum consistent with CBI=t anisotropy. The observed structure corresponds 
to a GACF amplitude of AT/T  - 4 ~+1.7 • --1.1 x 10 -5, for a coherence angle of 25 
ar cminutes. 

It should be explicitly stated here that the GACF upper limits are only 
quoted in order to Mlow a relatively experiment independent way to compare 
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results. GACF limits at a given angular scale can be compared with each other, 
and can be used to test the (common) assumption of Gaussian distributed fluc- 
tuations as opposed to fluctuations well approximated by a GACF. 

2 Foreground Contamination 

Experiments attempting to measure CBR anisotropy at the level of a few parts 
in 106 are prone to systematic errors associated with four principal foregrounds: 
Emission from the Earth's atmosphere, off-axis (sidelobe) pickup of emission 
from the Earth, Moon, Sun, or other objects, diffuse emission from the interstel- 
lar medium (warm dust or radiation from charged particles), and extragalactic 
radio sources. 

2.1 A t m o s p h e r e  

The two experiments described here, ACME-HEMT 1990-1991, and the MAX 
experiment, rely on a choice of site and operating frequencies to reduce atmo- 
spheric emission. The ACME-HEMT system is a coherent amplifier system, and 
uses relatively narrow passbands (4 bands covering a total of 10 GHz centered 
at 30 GHz) in a frequency region with low atmospheric emission, operating from 
a high dry site (the South Pole). MAX is a bolometric system, operating over a 
much broader frequency span (3 bands at roughly 20-30 % bandwidth centered 
near 180, 270 and 360 GHz), and thus receives emission from many more atmo- 
spheric lines. MAX consequently observes from an altitude of 35 km to reduce 
the atmospheric signal. 

2.2 Sidelobe C o n t a m i n a t i o n  

Both experiments use a Gregorian telescope with 1 meter focal length, underfill- 
ing both the elliptical secondary and the primary mirrors. The primary mirror 
and associated telescope mount and pointing system are common to the two 
experiments, although configured differently for ground and balloon operation. 
The underfilled optics and lack of obstruction in the primary beam afford very 
low sidelobe response for each system. Large reflective baffles are used to fur- 
ther reduce the effects of far sidelobe response. The telescope response has been 
mapped in one dimension to a level of more than 65 dB below the on-axis re- 
sponse for both ACME-HEMT and MAX. Measurements made during the third 
flight of MAX imply no significant contamination from sidelobe response. Data 
taken closer than 65 degrees from the Sun during the ACME-HEMT South Pole 
1990-1991 expedition are possibly contaminated by solar emission at the part in 
105 level, and consequently these data are rejected. 

2.3 G a l a c t i c  Foregrounds  

Figure 1 shows the spectral characteristics of the expected Galactic foregrounds, 
in addition to that of a CBR anisotropy. The bandpasses of the two instruments 
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are sketched in to illustrate the spectral discrimination used in the experiments. 
The absolute levels of the three Galactic foregrounds have been arbitrarily cho- 
sen, but  are consistent with the levels expected for reasonably good regions 
away from the Galactic plane. Note that  ACME-HEMT is best able to distin- 
guish between synchrotron and bremsstrahlung radiation and CBR anisotropy, 
while MAX is extremely good at distinguishing ISD emission from CBR. 
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Fig. 1. Spectral characteristics of Galactic foregrounds far from the Galactic plane, 
presented in terms of antenna temperature. Power received in a single mode ttEMT 
system is proportional to TA, while that received by a constant throughput system like 
MAX is proportional to v2TA. Free-free and Synchrotron specific intensity are set equal 
to 50 #K at 30 GHz, assumed to scale as S(v) oc v -2"1 and S(v) oc v -2'7 respectively. 
Dust emission assumes 18.5 K dust with emissivity oc v 1"4 

2.4 E x t r a g a l a c t i c  Sou rce s  

Flat spectrum extragalactic radio sources pose similar problems for ACME- 
HEMT and for MAX. Many types of spectra have been observed from different 
objects, making discrimination of CBR fluctuations from spectral information 
alone problematic. The general technique is to use low frequency surveys at high 
resolution, and morphological considerations to identify possible extragalactic 
contaminating sources. Potentially contaminated regions can then be mapped 
using ground based high resolution telescopes at several frequencies. 
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3 A C M E - H E M T  South  Pole~ 1990-1991 

ACME-IIEMT 1990-1991 refers to an expedition made to the South Pole from 
November, 1990 to January, 1991 to measure CBR anisotropy using the ACME 
telescope equipped with an extremely low noise, liquid 4He cooled, direct am- 
plification IIigh Electron Mobility Transistor (IIEMT) receiver (Pospieszalski 
et al, 1990). The telescope produced a 1.5 degree full width at half maximum 
(FWIIM) response at 30 GtIz, moved sinusoidally on the sky with peak to peak 
separation of 2,1 degrees. The beamsize varies as FWIIM o¢ v -1. Data from this 
expedition have recently been published in Gaier et al (1992), and Schuster et 
al (1993). 

3.1 De tec to r  

The detector consisted of a IIEMT amplifier cooled to 4.2 K with liquid Helium, 
with a noise temperature of 30 K, and a 10 Giiz bandpass centered around 30 
Giiz. This was followed by a warm amplifier and a set of circulators and filters 
designed to produce 4 channels of 2.5 Giiz each. In the absence of atmospheric 
noise, the expected sensitivity was 1.4mKvZ~-c in terms of AT/T for each chan- 
nel. The actual measured noise (during good weather) varied from 1.8 to 3 mK 

3.2 Measu remen t  S t ra tegy  and  R a w  D a t a  Set 

The telescope beam was chopped through 2.1 degrees peak to peak, at 8 IIz. A 
lockin amplifier demodulated the detector output using a square wave weighting 
phased with the position of the secondary mirror, providing a first difference 
measurement of the sky on 0.5 second timescales. The basic measurement strat- 
egy consisted of sequentially stepping through a set of points, integrating on each 
for roughly 20 seconds. The telescope then reversed direction and stepped back 
through the points. The points were chosen to make the positive lobe from one 
integration overlay the negative lobe from the adjacent one. This motion over 
all the points and back is referred to as a full scan. A set of data was obtained 
including 24 hours worth of 9 point full scans on each of 6 adjacent elevations, 
as well as deeper integrations on a 13 and a 15 point strip overlaying some of 
the 9 point strips. The region covered is shown schematically in Figure 2. Mea- 
surements of the Moon, the Sun, the Galactic plane, and the Large Magellanic 
Cloud (LMC) were also performed for pointing and telescope calibration. The 
detector was calibrated with an ambient load 1 to 2 times per day. 

The raw data were edited according to weather, (bad weather were usually 
identified by a dramatic increase in the noise), calibrations, and chopper insta- 
bilities. The data were fit to remove slowly varying offsets and a time varying 
gradient due to large scale atmospheric structure. The effects of this fitting pro- 
cedure have been included in the calculations comparing the data to models. 
The data were then binned in angle and averaged. An error bar was calculated 
for each bin from the dispersion of the data in the bin, assuming Gaussian noise. 
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Fig. 2. Oiientation of ACME-HEMT 1990-1991 data set. Circles represent half power 
points of positive or negative lobes of telescope response. 

Typical  per channel error bars for the best strips are about 22 #K, with a lowest 
error of 18 pK. 

3.3 9 P o i n t  D a t a  Set  

The 9 point data set with the most integration time has been published in Gaier 
et al (1992). It  consisted of 9 adjacent points centered near a = 0.5 hours, 5 = 
-62.250 . This data set is shown in Figure 3. There is a signal in the three lower 
frequency channels which is essentially absent in the highest frequency channel, 
suggesting to the eye at least that  the signal is not thermal (as CBR would be). 
The analysis of this data  set has been performed a number of different ways by 
ourselves as well as others. The most probable signal is spectrally inconsistent 
with CBR anisotropy at the 2 sigma (95 % confidence) level, a result obtained 
via a number of techniques. The four channels are however marginally consistent 
with a 20 gK rms CBR anisotropy. The effects of the beamsize variation between 
channels have not been included in the analysis. Inclusion of this variation in the 
spectral calculation tends to reduce the probability that  the measured structure 
could be CBR anisotropy. Results from our published analysis of this data set, 
using the highest frequency channel for setting upper limits to CBK anisotropy, 
are included in Figure 9. For that  calculation we have assumed that  the signal 
in the lower frequency channels is due to foreground contamination and that  
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the highest frequency channel is thus the least contaminated. This upper limit 
is increased by about 25 % if one assumes a 20 pK rms CBR anisotropy, the 
amplitude implied by coadding the 4 channels assuming a CBR spectrum. 
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Fig. 3. 9 point data set from ~ = -62.25 °. Vertical axis is in antenna temperature 
units, which are the same as thermodynamic temperature units for these frequencies. 

3 . 4  1 5  P o i n t  D a t a  S e t  

The deepest integration from this expedition was performed on 15 points cen- 
tered near a = 2 hours, 6 = -63  °. See Schuster et al (1993). A portion of these 
data were taken with the Sun substantially closer in angle to the measurement 
region. Some evidence for solar contamination prompted the removal of all data 
when the Sun was closer than 65 degrees from the measured point. This resulted 
in only 13 valid data points, which are displayed in Figure 4. These data show 
a signal, present in all four channels, with substantially higher signal to noise 
than the signal seen in Figure 3. The spectrum of the most probable signal is 
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consistent with CBR, but  is more consistent with Galactic emission. Figure 5 
shows the results of coadding the separate channels, under the assumption that  
all signal is due to CBR anisotropy (this is not the most  probable spectrum,  but  
is useful for conservative upper  limit calculations). Note tha t  the error bars  on 
this da ta  set are about  11 p K  or A T / T  = 4 x 10 - 6  
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Fig. 4 .13  points of the 15 point data set from 6 = - 6 3  ° .  

A conservative analysis for upper  limit calculations has been performed, as- 
suming all the signal to be due to CBR anisotropy. Although the per pixel error 
bars for this da ta  set are smaller than for the data  described above, the presence 
of a signal results in an upper  limit of AT/T < 1.6 x 10 - s ,  slightly above those 
obtained f rom the 9 point data  set. The results are consistent with the 9 point 
da ta  set, and would imply a CBR anisotropy of AT/T = 8 x 10 -6 for a GACF 
in the most  sensitive angular range of 0.75 to 1.5 degrees if  all the signal were 
a t t r ibuted to the CBR. The upper  limit curves f rom both  da ta  sets along with 
the most  probable ampli tude curve for the 15 point data  set are included in the 
final plot,  Figure 9. The consistency between the two data  sets is clear f rom the 
figure. 
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4 M A X  3 

MAX consists of a multi-band dichroic bolometric photometer feeding the 1 
meter Gregorian telescope described above. The system produces a FWHM of 
0.5 degrees for each band. The elliptical secondary mirror nutates in a sinusoidal 
fashion to move the beam 1.3 degrees peak to peak on the sky. See Fischer et al 
(1992) and Meinhold et al (1993a) for more information about the MAX system. 
The data discussed below (the third flight of MAX) were taken with the system 
in a configuration using 3 bands, centered near 180, 270, and 360 GHz, with 20 
to 30 % bandwidths. The photometer was cooled to 300 mK with a closed cycle 
atIe refrigerator, and the detectors obtained a sensitivity to CBR fluctuations of 
530,770, and 2764 # K ~  respectively. 

The third flight of MAX took place on June 6, 1991 from Palestine, Texas. 
Several hours of high quality data were obtained, including two long integrations 
to search for fluctuations in the CBR. The data were deglitched to remove oc- 
casional cosmic ray and RF interference pulses, demodulated, and then coadded 
in azimuth angle on the sky. The measured statistical errors were comparable 
to the detector noise as measured in the laboratory. Calibrations of the system 
to antenna temperature were performed using a partially reflective membrane 
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inserted into one lobe of the chopped beam at the focus. Jupiter was used to 
check this calibration. Data from this flight have been published in Devlin et al 
(1992), Meinhold et al (1993b), and Gundersen et al (1993). 

4.1 Mu Pegasi 

The longest integration was carried out around the star Mu Pegasi. The tele- 
scope was scanned smoothly +30 back and forth in azimuth for 1.4 hours. This 
integration occurred when Mu Pegasi was in the east, resulting in little rotation 
of the measured points relative to the telescope. Figure 6 shows the data from 
this integration, along with a calculation of the response of the MAX system to 
ISD emission derived from the high resolution IRAS 100 micron maps. The IlZAS 
data have been scaled vertically for best fit for each band. There is an extremely 
good correlation between the IRAS data and the MAX measurements, leaving 
little doubt that most of the measured structure is due to ISD emission. The 
successful measurement of dust morphology at such a small level (10-50 pK) also 
demonstrates how far the system noise integrates down, and how well sidelobes 
and a number of other potential systematic problems have been controlled. 

We have performed a variety of fits to the data of Figure 6 to ascertain what 
constraints they can place on CBR fluctuations. One method assumes two mor- 
phologically independent and spectrally distinct components contribute to the 
data. To constrain CBR fluctuations, we force the spectrum of one component 
to be that of a CBR anisotropy. These fits produce one component which is mor- 
phologically and spectrally like the ISD traced by the IRAS 100 # maps, and 
a second component, possibly independent of the dust. This second component 
is not stable to the details of the data analysis, and is therefore only used as 
a conservative way of estimating upper limits to CBR anisotropy, by assuming 
that all the signal in this component is due to the CBI~. This assumption leads 
to an upper limit to CBR fluctuations of AT/T < 2.35 x 10 -5 for a GACF at an 
angular scale of 25 arcminutes (the most sensitive scale). If the residual signal 
were assumed to be due to CBR anisotropy, it would imply A T / T  = 1.4 x 10 -5 
for a GACF at 25 arcminutes. 

4.2 G a m m a  Ursae Minoris  

The second long integration of the MAX 3 flight was carried out around the star 
Gamma Ursae Minoris (GUM). This region was chosen because a previous flight 
(Alsop et al, 1992) had shown evidence for structure with a spectrum consistent 
with CBR anisotropy and inconsistent with ISD emission. In addition, this is a 
region of sky with low dust emission, with dust contrast (as measured by the 
IRAS satellite at 100 #) a factor of 5 below that in the region around Mu Pegasi. 
This region is located near the North celestial pole, and consequently rotates 
significantly relative to the local horizon during the measurement. A sample of 
16 of the 39 pixels measured is shown in Figure 7. The essential features of the 
data set are evident in the figure. There is a very significant structure in the 
data which correlates well between channels, and decreases in amplitude with 
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is in Antenna temperature units: The 6,9, and 12 cm -a channels need to be scaled by 
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increasing frequency, as calibrated in antenna temperature.  The spec t rum of the 
fluctuations is well fit by a CBR spectrum. When  coadded in CBR tempera ture  
units, the RMS of the observed structure is 145 /~K, or A T / T  = 5.3 x l0 s. 
Following is a brief discussion of possible origins of the structure other than  
CBR fluctuations. 

Sidelobe contamination is considered an unlikely source of the structure. The 
best evidence for this is the Mu Pegasi data  set discussed above. Those data  were 
taken while the telescope tracked f rom 36°to55 ° in elevation. Sidelobe contam- 
ination from the ground should be greater in the first half  of the Mu Pegasi 
measurement  than  in the GUM measurement,  while contamination f rom the 
balloon emission would be greater in the second half  of the Mu Pegasi measure- 
ment  than  in the GUM measurement.  The 95% confidence level upper  limits to 
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temperature units. Scaling to thermodynamic units is the same as Figure 6. 

GACF CBlZ fluctuations for the Mu Pegasi data set first and second halves are 
71 #K and 79 #K respectively, well below the measured signal. 

The spectrum of the measured signal is extremely different from ISD. In 
addition, an extrapolation of the IlZAS 100 # data for GUM using the Mu Pegasi 
dust data predict very low differential dust emission. 

Galactic synchrotron emission can be conservatively estimated by scaling the 
Haslam et al (1982) map, assuming antenna temperature scales as u -2"7. This 
estimate provides less than 1% of the measured signal. Free-free emission is more 
difficult to estimate, but a similar conservative approach of assuming all signal 
in the Haslam map is due to free-free emission and scaling by v-2.1 produces 
only 10% of the measured signal (and no significant morphological correlation). 

Measurements of the CO(3=1-0) transition in this region (Wilson and Koch 
1992, Thaddeus and Dame 1993) show there is no emission above 1 K km s 1. A 
1 K km s 1 CO cloud filling a beam would give approximately a 10 #K signal at 
6 cm -1 and a 5-10/~K signal at 9 cm -1. 
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Figure 8 shows the weighted average of the 6 and 9 cm -1 data for the same 
set of points as Figure 7, rescaled to CBR thermodynamic temperature  units. 
Under the assumption that  the signal measured in the GUM region is due to 
CBR fluctuations, both  upper and lower limits have been calculated for GACF at 
25 arcminutes. At 95 % confidence level, the lower limit is A T / T  > 3.1 x 10 -5, 
the most probable amplitude is A T / T  = 4.2 × 10 -5 and the upper limit is 
A T / T  < 5.9 x 10-s. 
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Fig. 8. 16 of 39 points from MAX III GUM data set, weighted average of 6 and 9 
cm -1 channels. Vertical axis is in thermodynamic temperature units relative to a 2.73 
K blackbody. 

5 Comparisons and Discussion 

Figure 9 shows all four data sets analyzed in the same way (using a GACF 
model). As noted earlier, the GACF is used primarily to allow a direct compar- 
ison among results at similar angular scales without reference to a cosmological 
model. It should be kept in mind that  the upper limit curves are formally valid 
over the entire range, and exclude GACF skies with amplitudes larger than the 
curve at every point, at the 95% level. The detection or "most probable" curves 
are not valid over the entire range, but  only pointwise. The best way to compare 
data sets is to compare the lowest point on the most probable curve to the same 
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angular scale point on the upper limit curve. The most striking feature of the 
four data sets, aside from their sensitivity, is the apparent conflict between the 
two MAX 3 measurements, under the assumption of Gaussian distributed fluc- 
tuations described by a GACF. In fact, the upper limits from Gaier et al (1992) 
and Schuster et al (1993) are both also in apparent conflict with the GUM result. 
If the GUM data are correct, and are describing fluctuations in the CBR, then 
either our assumptions about the distribution of fluctuations are in question, or 
the sampling performed thus far in medium scMe CBR anisotropy searches is 
inadequate. Note that we have only sampled less than 1% of the celestial sphere, 
with the combined data from both experiments. 
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Fig. 9. Upper limits (UL) and most probable (MP) signals calculated from the data 
of Gaier et al (1992) (9 Pt), Schuster et al (1993)(15 Pt), Meinhold et al (1993) (Mu 
Peg) and Gundersen et al (1993)(GUM). The single point with error bars is the GUM 
detection, with 4-1a errors. Dotted lines indicate 95% confidence level upper limits, 
solid lines indicate most probable signal levels (under the assumption that all relevant 
structure is due to CBR fluctuations). 

The current generation of degree scale CBR anisotropy experiments has been 
forced to concentrate on extremely small areas of the sky, by a combination of 
foreground emission, available integration time (or detector sensitivity), and the 
need to control sources of systematic error extremely well. Currently planned 
array systems should help to alleviate the integration time and systematic error 
control problems at least. 
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6.1 M A X  4 

The MAX experiment flew in June, 1993 for the fourth time. In its latest in- 
carnation, the detector was upgraded to an ADR, which kept the bolometers at 
a temperature of 85 mK, increasing the sensitivity. A fourth frequency channel 
was added near 90 GHz, to aid in discrimination of CBR from free-free emission. 
Three deep CBR integrations were performed, including one on the GUM region. 
Analysis of the data is proceeding. 

This system is expected to fly again in May or June of 1994. Several more 
CBR anisotropy targets will be measured, as well as an attempt to measure the 
Sunyaev-Zeldovich effect towards Coma. 

6.2 South  Pole H E M T  work 

A new set of experiments is currently en route to the South Pole for an Austral 
summer season of observing. Two 1 meter Gregorian telescopes and a prime 
focus system will make observations with FWHM ranging from 1 ° to 40 . Multi- 
frequency HEMT detectors similar to the one described above, but operating 
from 38-45 GHz and 26-36 GHz will be used on the telescopes. 

6.3 Acknowledgements  

The data reported here are the results of the concerted efforts of a large number of 
people over several years. Current contributors to the MAX effort include Andre 
Clapp, Mark Devlin, Marc Fischer, Andrew Lange, Paul Richards, and Stacy 
Tanaka of the Physics department of the University of California at Berkeley and 
Joshua Gundersen, Mark Lim, Philip Lubin, and P. Meinhold of the University 
of California at Santa Barbara. 

The ACME-HEMT results are the work of Todd Gaier, Joshua Gundersen, 
Timothy Koch, Michael Seiffert, Jeffrey Schuster, Alexandre Wuenche, Philip 
Lubin and P. Meinhold, of the University of California at Santa Barbara. 

All of those named above are also members of the NSF Center for Particle 
Astrophysics (CfPA). 

This work has been supported by NASA under grant NAGW-1063; the NSF, 
under Polar grant NSF DPP 89-20578; and the Center for Particle Astrophysics. 
We wish to thank the entire ASA staff at the South Pole station for their excellent 
support during the 1990-91 season. We would also like to thank the NSBF crews 
for all the great flights, particularly June, 1991, and June, 1993. The Ka band 
HEMT amplifiers are on loan from the NRAO CDL. We are gratefull to Mike 
Balister, Marian Pospieszalski, and the staff of the NRAO CDL for their patience 
during numerous conversations on the subject of low noise amplification. 



66 

References  

Alsop, D. C.,Cheng, E. S., Clapp, A. C., Cottingham, D. A., Fischer, M. L., Gunder- 
sen, J. O., Koch, T. C., Kreysa, E., Meinhold, P. It., Lange, A. E., Lubin, P. M., 
Itichards, P. L., and Smoot, G. F. Astrophys. J. 317 (1992) 146 

Devlin, M., Alsop, D., Clapp, A., Cottingham, D., Fischer, M., Gundersen, J., Holmes, 
W., Lange, A., Lubin, P., Meinhold, P., Richards, P., Smoot, G., 1992; Pxoc. Nat. 
Acad. Sci. USA (1992) 

Fischer, M. L., Alsop, D. C.,Cheng, E. S., Clapp, A. C., Cottirtgham, D. A., Gunder- 
sen, J. O., Koch, T. C., Kreysa, E., Meinhold, P. R., Lange, A. E., Lubin, P. M., 
Richards, P. L., and Smoot, G. F. Astrophys. J. 388 (1992) 242 

Gaier, T., Schuster, J. A., Gundersen, J. O., Koch, T., Seiffert, M. D., Meinhold, P. 
R., Lubin, P. M. Astrophys. J. 398 (1992) L1 

Gundersen, J. O., Clapp, A.C., Devlin, M., Holmes, W., Fischer, M. L., Meinhold, P. 
R., Lange, A. E., Lubin, P. M., Richards, P. L., and Smoot, G. F.413 L1-L5 

Meinhold, P. R., and Lubin, P. M. Astrophys. J. 370 (1991) 11 
Meinhold, P., Clapp, A., Devlin, M., Fischer, M., Gundersen, J., Holmes, W., Lange, 

A., Lubirt, P., Richards, P., and Smoot, G. Astrophys. J. 409 (1993) L1 
Meinhold, P. R., Chingcuanco, A. O., Gundersen, J. O., Schuster, J. A., Seiffert, M. 

D., Lubin, P. M., Morris, D., and Vfllela, T. Astrophys. J. 406 (1993) 12 
Pospieszalski, M. W., Gallego, J. D., Lakatosh, W. J. Proc. 1990 MTT-S Int. Microwave 

Symp. (1990) 1253. 
Schuster, J., Gaier, T., Gundersen, J., Meinhold, P., Koch, T., Seiffert, M., Wuensche, 

C., and Lubin, P. Astrophys. J. 412 (1993) L47 



R e s u l t s  from the  C o s m i c  B a c k g r o u n d  Exp lor e r  I 

G . F . S m o o t  2 

1 The National Aeronautics and Space Administration/Goddard Space Flight Cen- 
ter (NASA/GSFC) is responsible for the design, development, and operation of the 
Cosmic Background Explorer (COBE). Scientific guidance is provided by the COBE 
Science Working Group. 

2 Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA 

ABSTRACT - COBE has produced significant new scientific findings and 
results in the past year. The DMR instrument reported detections of temperature 
fluctuations in the cosmic microwave background (CMB) radiation. The DMt{ 
data are consistent with power law spectrum of Gaussian initial fluctuations with 
the quadrupole-normalized amplitude of Qrms-ps = 17-t-3 pK and a power law 
index n = 1.1 =t= 0.6. These data  are supportive of models of structure formation 
through gravitational instability. 

The FIRAS instrument results improved indicating that the spectrum of 
the cosmic microwave background deviates from a Planckian spectrum by less 
than one part in 3000 of the peak intensity over the wavelength range 0.05 to 5 
ram. These data rule out a number of alternative models of structure formation 
including explosive scenarios. 

The initial COBE data products, in particular the first year DMP~ sky maps, 
were released to the scientific community in June 1993. 

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

The origin of large scale structure in the Universe is one of the most important 
issues in cosmology. Currently the leading models for structure formation pos- 
tulate gravitational instability operating upon a primordial power spectrum of 
density fluctuations. The inflationary model of the early Universe [21] produces 
primordial density fluctuations [2],[22] [24],[39] with a nearly scale-invariant spec- 
trum suggesting a Viable mechanism for structure formation. Structure forms as 
the result of gravitational amplification of initially small perturbations in the 
primordial mass-energy distribution, and non-baryonic dark matter  seems nec- 
essary to provide sufficient growth of these perturbations. The determination of 
the nature of the initial density fluctuations then becomes an important con- 
straint to cosmological models [8]. The discovery of the anisotropy in the cosmic 
microwave background radiation by the COBE DMR instrument [36],[3],[25], [45] 
and the recent confirmation [18] mark a new era in cosmology and the beginning 
of investigations of these primordial fluctuations. 
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2 DMR and CMB Anisotropy 

The Differential Microwave Radiometer (DMR) experiment is designed to map 
the microwave sky and find fluctuations of cosmological origin. For the 7°angular 
scales observed by the DMR, structure is superhorizon size so the spectral and 
statistical features of the primordial perturbations are preserved [32]. The DMR 
maps the sky at frequencies of 31.5, 53, and 90 GHz (wavelengths of 9, 5.7, and 
3.3 mm). The frequency independence of the anisotropy is a strong argument 
that the anisotropy is in the cosmic microwave background radiation and not due 
to foreground Galactic emission or extragalactic sources. The confirming 'MIT' 
balloon-borne bolometer observations [18] have an effective frequency of about 
170 GHz making the argument stronger. The typical fluctuation amplitude is 
roughly 30 #K or A T / T  ,,~ 10 -5 on a scale of 10 °. The data appear consistent 
with a scale-invariant power spectrum with an uncertainty of +0.6 in the ex- 
ponent of the power law. The amplitude and spectrum are consistent with that 
expected for gravitational instability models involving nonbaryonic dark matter, 
and perhaps consistent with the measured large scale velocity flows. The angu- 
lar power spectrum of the DMR maps is estimated by several methods, and is 
consistent with a near scale invariant power spectrum drawn from a Gaussian 
distribution. The horizon due to expansion of the universe limits the region over 
which we can observe these primordial fluctuations. For the very largest scales 
only a small number of fluctuations will be present inside our horizon creating 
error due to our cosmic sampling variance. If the fluctuations are drawn from 
a Gaussian distribution, the cosmic variance will limit the DMR's ability to 
determine the mean cosmic fluctuation amplitude to about 10%. 

Since the DMR detection was announced several medium and smaller an- 
gular scale experiments have new results. These include: the UCSB South Pole 
experiment [17],[35], the Princeton Saskatoon experiment [44], the Tenerife col- 
laboration [27],[42], the CARA South Pole experiments: Python [13], and 'White 
Dish' [33], the Center for Particle Astrophysics MAX balloon-borne experi- 
ment [12],[19],[30], the MSAM balloon-borne experiment [9], the Owens Valley 
Radio-astronomy Observatory (OVRO) [31], the Roma balloon-borne experi- 
ment ULISSE [11], and the Australia Telescope [41]. In general, these experi- 
ments report fluctuations at the 10 -5 level. These measurements could in prin- 
ciple distinguish among models of structure formation, shed information on the 
nature of the dark matter, and probe the existence of cosmological gravity waves 
[10], [37]. I-Iowever, the current results vary at the factor of two to three level 
which is just what is needed to make the distinctions. There is perhaps evidence 
that the data are not self-consistent. In part one can assume that some dis- 
crepancy is due to experimental error, to the limited region of the sky sampled 
by these experiments and to the potential confusion by galactic emission and 
extragalactic point sources. The community eagerly awaits refined observations 
of the power spectrum. In order to distinguish the various model one needs to 
measure the large angular scale power spectrum as accurately as possible given 
cosmic variance and utilize that as a normalization to the primordial spectrum 
against which to compare other observations and theoretical models. 
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3 C M B  Fluctuat ion  Power Spec trum 

The  initial results of  the D M R  data  analysis [36] showed tha t  the two-point  
correlat ion funct ion was well fitted by a power law power spec t rum with the 
quadrupole-normal ized  ampl i tude  of  Qrms-Ps = 17d=3 ttK and a power law in- 
dex n = 1.1 4- 0.6. We have continued and ex tended  the analysis taking more  
care in the analysis in ant icipat ion of  addit ional  years '  da ta  and utilizing the ex- 
isting da t a  more  fully. There  are several corrections and foregrounds tha t  mus t  
considered if one is to determine things to the 10% level. 

One i tem tha t  mus t  be treated more  carefully is the D M R  beam filter func- 
tion. For the first cut analyses we approximated  the D M R  an tenna  beam pat-  
tern as a Gaussian.  An undergraduate ,  Ruediger Kneissl and I have done a more  
detailed t r ea tment  of the actual  pa t te rn  and the resulting filter function.  The  
correct filter funct ion depends upon the part icular  da ta  set being analyzed:  an- 
tenna  beam only, including 0.5-see integration,  including 2.6 ° pixel size, and 2.60 
correlation funct ion bins. The  filter funct ion for the beam is publised [47] and 
the others are available on request. The  net effect of  using the actual  filter ra ther  
than  the Ganssian approximat ion  is to boost  the intermediate,  (10 < l < 30), 
angular  scale power and thus raise the spectral index by 0.2 to 0.3. 

At  a smaller level we are concerned with the effects of  galactic cuts and 
uneven sky coverage. In this volume Tenorio et al. discuss the effect of  these upon 
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Fig.  1. Antenna Filter Function for various levels of data processing. These include the 
beam, the beam with 0.5-second integration time, plus 2.60 pixelization, and plus 2.6 ° 
correlation function binning. These curves from memo by Kneissl and Smoot. 
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the quadrupole amplitude. The effect on the full power spectrum is significantly 
less but  still must he considered at the per cent level. 

Because the DMR measures differences of all the pixels that  are 600 apart on 
the sky, the instrument noise results in a slight correlation in the data  at a 60 ° 
separation at the few per cent level. Because of cuts and uneven sky coverage 
this effect is mixed to other angles at the per cent or lower level. This angular 
correlation of noise shows up in the autocorrelation function but not in the cross- 
correlation of channels or maps with independent noise. These questions of the 
correlation of pixels noise and errors due to the differencing and map making 
procedure and the cuts,uneven sky coverage, and weighting are a major  part  of 
the thesis work of my graduate student, Charles Lineweaver. The broad strokes 
of these effects have been explored and we are at the tidying and writing stage. 

Another major  area of concern is the question of galactic and extragalactic 
foregrounds. In the discovery papers [36],[3], [25],[45] we estimated that  these 
galactic and extragalactic emissions were at the or less than 10% of the signal 
we observed. We have continued to work and gathered new data  on the galactic 
emission. It appears that  the galactic emission may be less anisotropic than 
feared and that  the free-fi'ee emission in particular may be smoother and less 
intense than allowed. On the DMR's large angular scale extragalactic point- 
like sources are not significant. The cosmic nature of the measured fluctuations 
was tested [4] by correlating the DMR maps with maps of Galactic emission, 
the X-ray background, Abell clusters, and other foregrounds. No evidence for 
significant correlation was found. The "blamb" structure reported by the Relikt 
team [40] is not present in the DMR map. The net result is that except for the 
quadrupole the galactic emission effects are likely to be smaller than 10%. 

The remaining question is what are the residual systematic errors? Have 
we found any new ones? And finally is there some left undiscovered? We have 
continued our data  processing and analysis and have a new set of data  processing 
software and have recently completed running the first two years of DMR data. 
We are now checking and verifying that  the runs were done correctly and then 
will move into investigating the systematic errors. Our early and preliminary 
analysis indicate that  the residual systematic errors are still not significant. 

Our continuing analysis show the data are still consistent with a power law 
spectrum with previously quoted parameters: the quadrupole-normalized ampli- 
tude of Qrms-PS = 17+3 #K and a power law index n = 1.1 + 0.6. We have 
used a number of approaches to determine the power spectrum directly including 
fitting spherical harmonics directly to the map, fitting the two-point correlation 
function to Legendre polynomials, and fitting the power spectrum to the map 
directly. We have also used topological measures and the sky-rms as a check of 
the statistics and mean power spectrum in the map. The results are all generally 
consistent. The DMR first year data power spectrmn is shown along with the 
data  from other recent CMB anisotropy experiments in Figure 2. 

We have reason to hope that  with four years of DMR data that  the cosmic 
variance will be the dominant uncertainty in determining the CMB fluctuation 
power spectrum. 
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4 FIRAS and CMB Spectrum Observations 

The Far Infrared Absolute Spectrophotometer (FIRAS) instrument compared 
the spectrum of the CMBR to that of a precise blackbody for the first time. It 
has a 7 ° diameter beamwidth, and covers two frequency ranges, a low frequency 
channel from 1 to 20 cm -1 and a high frequency channel from 20 to 100 cm -1. 
Preliminary results [28] showed that  the CMBR is consistent with a blackbody 
at 2.735 + 0.06 K, and that  deviations are less than 1% of the peak brightness. 
The UBC rocket result [20] nearly immediately confirmed the FIRAS results. 
New FIRAS results show that deviations from a blackbody are 30 times smaller: 
less than one part in 3000 of the peak intensity [14],[15],[28],[47]. 

The absolute temperature of the cosmic background, To, was determined in 
two ways. The first uses the thermometers in the external calibrator and gives 
To = 2.730 K. The second calibrates the temperature scale from the wavelength 
scale, and gives 2.722 K for To. The adopted value is 2.7264-0.010 K (95% confi- 
dence [29]), which averages these two methods. Three additional determinations 
of To depend on the dipole anisotropy. The spectrum of the dipole anisotropy is 
sensitive to the assumed blackbody temperature. Since the velocity of the solar 
system with respect to the CMB is not known a priori, only the shape and not 
the amplitude of the dipole spectrum can be used. For FIRAS, this analysis [14] 
gives To = 2.714 -4- 0.022 K, while for DMR [26] it gives To = 2.76 + 0.18 K. 
The DMR data analysis keeps track of the changes in the dipole caused by the 
variation of the Earth's velocity around the Sun during the year. In this case the 
velocity is known, so To can be determined from the amplitude of the change in 
the dipole, giving To = 2.75 4- 0.05 K. 

The spectrum observations imply a tight limit on energy release in the early 
universe and strong support for the hot Big Bang model. From a redshift of about 
106 to 103 no process can release electromagnetic energy at a level exceeding 
about 10 -4 of that  in th'e cosmic background radiation. Limits on the distortion 
parameters are lY] < 2.5 × 10 -5 and ] I t / kT]  < 3.3 × 10 -4 with 95% confidence. 
The Comptonization parameter y restricts the possible thermal history of the 
intergalactic medium, which must not be very dense or very hot (less than ~ 104 
KeV). In addition, the FIRAS results limit energy release into the far infrared 
from Population III stars or evolving IRAS galaxies. In both cases, less than 
1% of the hydrogen could have burned [47] after a redshift of 80, assuming 
~¢"2baryonh 2 = 0.015. 

The FIRAS results can be combined and compared with other observations of 
the cosmic background spectrum. At this time the spectrum of the cosmic back- 
ground is well described by a single temperature blackbody over four decades in 
frequency (or wavelength), without significant deviations. However, more precise 
measurements at long wavelengths could improve the COBE limits on # by a 
factor of 10. 

Non-cosmological results of the FIRAS include the determination of the mean 
far infrared spectrum of the Galaxy, and its decomposition into two components 
of dust emission and 9 spectrum lines [45]. The lines of [NII] and [C II] have 
been further interpreted [5], [34]. 
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5 D I R B E  a n d  t h e  C o s m i c  I n f r a r e d  B a c k g r o u n d  

The primary objective of the Diffuse Infrared Background Experiment (DIRBE) 
is to conduct a definitive search for an isotropic cosmic infrared background 
(CIB), within the constraints imposed by the local astrophysical foregrounds, 
from 1 to 240 # m .  Additional objectives include studies of the interplanetary 
dust cloud and the stellar and interstellar components of the Galaxy. Both the 
cosmic redshift and the reprocessing of short-wavelength radiation to longer 
wavelengths by dust act to shift the short-wavelength emissions of cosmic sources 
toward or into the infrared, and the CIB may contain much of the energy released 
since the formation of luminous objects. Measurement of the CIB would provide 
important new insights into issues such as the amount of matter undergoing 
luminous episodes in the pregalactic Universe, the nature and evolution of such 
luminosity sources, the nature and distribution of cosmic dust, and the density 
and luminosity evolution of infl'ared-bright galaxies. 

The DIRBE has obtained absolute brightness maps of the full sky in 10 
photometric bands (1.2, 2.2, 3.5, 4.9, 12, 25, 60, 100, 140 and 240 #m ). To 
facilitate discrimination and study of the bright foreground contribution from 
interplanetary dust, linear polarization is measured at 1.2, 2.2, and 3.5 p m ,  
using a combination of orthogonal polarizers and spacecraft rotation. All celestial 
directions are observed hundreds of times at all accessible angles from the Sun in 
the range 64 - 124 °. The instrument has a large field of view, 0.7°square, and the 
sky signal is continuously chopped against a zero-flux internal surface. A cold 
shutter allows measurement of instrumental off.sets and internal stimulation of 
the detectors. 

The photometric quality of the DIRBE data is excellent; when the full re- 
duction of the cryogenic-era data is complete, photometric consistency over the 
sky and over the 10 month period is expected to be near 1% or better. The 
instrument rms sensitivity per field of view in l0 months is ,~I~, = (1.0, 0.9, 0.6, 
0.5, 0.3, 0.4, 0.4, 0.1, 11.0, 4.0) xl0 -9 W m -2 sr -1, respectively for the ten 
wavelength bands listed above. These levels are generally well below estimated 
CIB radiation contributions and foregrounds. 

Papers on the foregrounds have been submitted to the Astrophysical Journal 
and presented [1],[6],[16], [23],[38],[43] at the Back to the Galaxy Conference. 
Preliminary full sky maps at wavelengths fl'Oln 1.2 to 240 /~m have provided 
dramatic new views of the stellar and interstellar components of the Milky Way. 
The zodiacal dust bands discovered ill the IRAS data are confirmed, and scat- 
tered near-infrared light from the same particles has also been detected. Starlight 
from the galactic bulge region, after correction for extinction, has been shown 
to have an asymmetric distribution consistent with a non-tilted stellar bar. The 
warp of the near and far infrared emission near the galactic plane is similar to 
that expected from previous studies of the stellar and interstellar components of 
the Galaxy. New upper limits have been set on the CIB all across the infrared 
spectrum, conservatively based upon the minimum observed sky brightness [23]. 
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6 C O B E  D a t a  P r o d u c t s  R e l e a s e  

An initial set of COBE data products from all three instruments was released 
in June 1993, and a new data release in June 1994 will include all-sky DIRBE 
and FIRAS coverage, DIRBE polarimetry, FIRAS data from the low-frequency 
band, and the first two years' worth of DMR data. Additional data will be 
released in June 1995. Documentation and initial data products are available 
by anonymous FTP from nssdca.gsfc.nasa.gov with the username "anonymous" 
and your e-mail address as password. Change to directory [000000.cobe] and 
get the file aareadme.doc. Data and documentation may also be obtained on 
tape by request to the Coordinated Request and User Support Office (CRUSO), 
NASA/GSFC, Code 633.4, Greenbelt, MD 20771, phone: 301-286-6695, e-mail: 
request@nssdca.gsfc.nasa.gov. 

7 D i s c u s s i o n  a n d  S u m m a r y  

The COBE has been a remarkably successful space experiment with dramatic 
observational consequences for cosmology, and the DIRBE determination of the 
cosmic infrared background is yet to come. The very tight limits on deviations 
of the spectrum from a blackbody rule out many non-gravitationM models for 
structure formation, while the amplitude of the AT discovered by the COBE 
DMR implies a magnitude of gravitational forces in the Universe sufficient to 
produce the observed clustering of galaxies, but perhaps only if the Universe is 
dominated by dark matter. The DMR AT provides measurement of the 'initial 
conditions' for the gravitational instability modes. 
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The M S A M / T o p H a t  Program for 
Measuring the C M B R  Anisotropy * 

Edward S. Cheng 

NASA/Goddard Space Flight Center, Code 685, Greenbelt MD 20771, USA 

1 A b s t r a c t  

We describe a series of three complementary balloon-borne measurements of 
the anisotropy in the Cosmic Microwave Background Radiation (CMBR) and 
astrophysical foreground sources on angular scales from 0.50 to 1800 at frequen- 
cies between 70 and 700 GHz. On the largest angular scales, we plan to finish 
mapping the entire sky in the far-infrared with 3.80 resolution and sensitivity 
comparable to the COBE/DMR first year maps. The analysis of the first flight of 
this Far-Infrared Survey (FIRS) led to the confirmation of the COBE anisotropy 
discovery. On the 0.50 to 30 angular scale we will refine our pointing telescope 
and make an additional flight of the Medium-Scale Anisotropy Measurement 
(MSAM) using the existing radiometer. This will strengthen the results obtained 
from the first flight (Cheng et al. 1993a). Two subsequent flights, observing the 
same sky positions with a lower frequency multi-channel radiometer (MSAM II), 
will ensure that the result is not contaminated by Galactic or extragalactic fore- 
ground radiation. Concurrent with the above program, we will implement a new 
concept in CMBR measurements which will provide the next step in observa- 
tional capabilities. This experiment, named TopHat, will be mounted on top of a 
balloon and will observe for two weeks in a circumpolar flight launched from Mc- 
Murdo Station, Antarctica. By providing a combination of reduced systematics 
and extended integration time, it offers a factor of 30 improvement in sensitivity 
to CMBR anisotropy over existing measurements. 

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

The recent discovery of the anisotropy in the Cosmic Microwave Background Ra- 
diation (CMBR) by the COBE satellite (Smoot et al. 1992, Bennett et al. 1992) 
has begun a new era in quantifying the density fluctuations which gave rise to 

* This research program is carried out by a collaboration with members from 
NASA/GSFC, Bartol Research Institute, Brown University, University of Chicago, 
and Princeton University. 
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structure in the Universe. The experience gained from this effort, coupled with 
major advances in detector sensitivity, improved measurements of astrophysical 
foreground radiation, and a more complete understanding of systematic and in- 
strumental effects, places us on the threshold of revealing the detailed spectrum 
of these fluctuations. Such measurements are needed to provide the fundamen- 
tal observational constraints for building models of large-scale structure forma- 
tion. Our program concentrates on the large (3 ° to 180 °) and medium (-~ 1 °) 
anisotropy scales, which probe the primordial fluctuations and the modifications 
of these fluctuations at the surface of last scattering, respectively. The compari- 
son of results from these two regimes will provide constraints for basic cosmolog- 
ical constants, especially f2baryon (Gorski 1993) and the shape of the primordial 
density fluctuation spectrum (Kashlinsky 1992, Efstathiou et al., 1992). 

Sensitivity improvements in CMBR anisotropy measurements have been a re- 
markable success story. The past decade has brought over a factor of ten increase 
in sensitivity, enabled by the development of new technologies and, in particu- 
lar, the successful application of low-noise bolometric detectors (Page el al. 1990, 
Meyer el al. 1991, Ganga el al. 1993a, Ganga el al. 1993b, Readhead el al. 1989, 
Meinhold & Lubin 1991, Gaier et al. 1992, Fischer el al. 1992, Myers et al. 1992, 
Watson e! al. 1991, Meinhold el al. 1993). In spite of these advances, the first 
widely-accepted detection of anisotropy in the CMBR was made with the C O B E /  
DMR instrument, which is nearly a factor often less sensitive than those in com- 
mon use today. While experiments with greater sensitivity have detected signifi- 
cant structure on both large and intermediate angular scales (Meyer et al. 1991, 
Meinhold et al. 1993, Gundersen el al. 1993, Cheng el al. 1993a), an unequiv- 
ocal detection of CMBR anisotropy must be based on a careful understand- 
ing of systematic errors and possible foreground sources (Bennett e~ al. 1992, 
Kogut el al. 1992). It is therefore imperative that all planned measurements of 
CMBt{ anisotropy address these concerns directly, even at the expense of raw de- 
tector sensitivity so long as the overall system sensitivity is sufficient to provide 
new insights. We emphasize the need for improved s y s t e m  sensitivities, which 
include all uncertainties from modeling unknown parameters of astrophysical 
foreground sources (Brandt et al. 1993), as well as possible systematic effects of 
the measurement strategy. 

Our program, summarized here, achieves a set of complementary scientific 
objectives with three balloon-borne measurements of the CMBR anisotropy. The 
details for each measurement are provided in subsequent sections. 

1. Far-Infrared Survey (FIRS). This is a large-scale survey of the far-infrared 
sky in four bands between 5 and 23 cm -1 (150 and 690 GHz) with an angular 
resolution of 3.80 . We plan to fly the existing package three more times, 
once in the Northern hemisphere, and twice in the Southern hemisphere. 
Together with the existing Northern hemisphere data, this will produce an 
all-sky map with sensitivity comparable to the C O B E , / D M R  first-year maps 
but at a factor of two finer resolution and a factor of three higher frequency. 
This experiment has confirmed the DMR detection using data from the first 
Northern hemisphere flight. 
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2. Medium-Scale Anisotropy Measurement (MSAM). The first phase of this 
project (MSAM I) uses the same radiometer as the FIRS (and thus the same 
spectral bands). Combined with a pointed telescope it measures anisotropy 
on 0.50 to 30 angular scales. The first flight of this package has resulted in 
a detection at the 5T/T ,-~ 2 × 10 -5 level. MSAM I will be completed after 
one additional flight. Subsequently, two flights are planned with the same 
gondola, but using a lower frequency radiometer (MSAM II). Working be- 
tween 70 and 150 GHz, a powerful observational check for foreground sources 
will be made by observing the same sky positions as MSAM I while simul- 
taneously improving sensitivity to CMBR anisotropy by at least a factor of 
three. 

3. Long Duration Balloon Measurement (TopHat). Designed to characterize 
(not just detect) CMBR anisotropy, it is optimized to reject spurious de- 
tections, both systematic and foreground. This is achieved by placing the 
telescope above the balloon, which provides a unique observing environment 
unequaled in any other near-Earth platform. A test flight of TopHat will 
occur after a three year development effort. Shortly following this test flight, 
we will launch TopHat from McMurdo Station, Antarctica, for a two week 
circumpolar flight. Observing in five bands between 5 and 21 cm -1 (150 and 
630 GHz), this system will measure 40 points on the sky, each with an RMS 
5T of 1 #K (ST/T --- 3 × 10 -7) after foreground modeling. By operating in 
a long duration ballooning environment on the top of a balloon, an excep- 
tional opportunity is created which allows for systematic error checking in 
a configuration that minimizes the problems which have plagued previous 
balloon measurements. 

3 S p e c t r a l  C o v e r a g e  

Measurements near the peak of the CMBR anisotropy spectrum provide a unique 
way of distinguishing between true CMBR anisotropy and foreground emis- 
sion. Very few foreground sources have the characteristic rollover of the CMBR 
anisotropy spectrum, tending instead to be monotonic in the spectral region near 
the peak of the CMBR (Figure 1). The ability to discriminate against foregrounds 
is an essential feature of all well-designed CMBR anisotropy measurements and 
has motivated our efforts to design optimized experiments which include mea- 
surements around the CMBR peak at 180 GHz (6 cm-1). While measurements 
above 90 GHz preclude operating ill the experimentally less challenging ground- 
based mode because of atmospheric noise, the unique spectral signature of the 
CMBR anisotropy peak makes this region especially attractive. 

The dominant contributions to the sky brightness at millimeter and sub- 
millimeter wavelengths are the CMBR itself, and Galactic emission in the form of 
synchrotron radiation, bremsstrahlung, and thermal dust emission. Extragalactic 
radio sources are also potentially troublesome. Figure 1 shows the spectrum for 
the Galactic foreground sources assuming a 10% contrast in the average (high- 
Galactic latitude) brightness difference between nearby (--~ 1 °) patches in the 
sky. 
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Fig. 1. Differential Spectra of Foreground Sources. The two solid curves show the 
CMBR anisotropy spectrum for 5T/T = 10 -5 and 10 -c. The dashed, dot, and dot-dash 
curves are dust emission, bremsstrahlung, and synchrotron radiation for high Galac- 
tic latitude, based on Bennett et al. 1992. A 10% contrast in the foreground sources 
has been assumed. Also shown are the channel placements and bandwidths for the 
FIRS/MSAM I, COBE/q3MR instruments, and the MSAM II and TopHat radiome- 
ters. 

When extracting the cosmological signal, a sky model must  be used to decom- 
pose the measured spectrum into CMBR and foreground components.  Clearly, 
the number  of model components that  can be determined is bounded by the 
number  of spectral bands. The placement of these bands can and must  be op- 
timized for the best discrimination of the CMBR from dominant  foregrounds. 
From Figure 1, the dust emission is the most prominent foreground source at 
frequencies near and above the CMBR peak, but its spectrum is sufficiently 
different that  it can be well separated from the CMBR using spectral bands at 
u > 10 cna -1.  This is true even if the dust must be described by a two-component 

model which includes a cold component (Wright et aL 1991). Regions in the sky 
with substantial  dust emission can be identified fi'om the C O B E / D I R B E  and 
IRAS 100 #m surveys and avoided for CMBR studies. 

Synchrotron radiation is expected to dominate the foregrounds only at fre- 
quencies below 80 GHz, and should exceed 6 T I T  ..~ 10 -6 CMBR anisotropy only 
below 50 GHz. The synchrotron radiation model of Bennett  et al. 1992, based 
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on radio surveys at 408 MHz and 1420 MHz together with the local electron 
spectrum, provides a reasonable estimate for the contamination due to this fore- 
ground. Since the level of synchrotron radiation is expected to be small even 
compared to a 1 pK CMBR anisotropy in the spectral region being considered, 
we can tolerate the substantial uncertainties inherent in this model in extrapo- 
lating from radio measurements down to sub-millimeter wavelengths. However, 
in the era of CMBR detections, all possible sources of contamination must be 
carefully excluded. 

Foreground bremsstrahlung (free-free emission) poses a more worrisome con- 
tamination. Across the spectral region ~ 5 -  10 cm -1, the spectrum of brems- 
strahlung is nearly degenerate with the CMBR. Due to the flat spectrum and 
possibly strong self-absorption of bremsstrahlung at lower frequencies, radio sur- 
veys cannot provide a reliable means for subtracting this foreground. A reason- 
able estimate of the sky brightness from Galactic bremsstrahlung was obtained 
from the COBE/qDMR maps by spectral decomposition after synchrotron and 
dust subtraction (Bennett et al. 1992). Based on this estimate, we again expect 
the amplitude of this foreground to be small, for our spectral bands, compared 
to the CMBR anisotropy. An important caveat here is that the DMR result 
smooths the sky with a 70 beam. If there is substantially more contrast at 0.5 °, 
then bremsstrahlung can become more of a problem. We will address this ques- 
tion directly with the MSAM II experiment (Section 5.2). 

3.1 T o p H a t  B a n d s  

To determine the CMBR anisotropy sensitivity for an experiment, we used a 
least-squares analysis for fitting the data to a series of alternative sky models. 
The channel placements shown in Figure 1 are optimized for these reasonable 
foreground models and use measured or projected instrument sensitivity. 

The constraints on "the band selections are: C a) no more than 5 spectral 
channels (due to geometry constraints within the dewar), (b) no band below 
--, 5 cm -1 (to limit diffraction), and (c) no band at 18.5 or 25 cm -~ (to avoid 
strong H20 atmospheric emission lines). Bandwidths of 1.5 cm -1 are chosen as a 
compromise between spectral resolution and signal sensitivity. Detector noise is 
modeled using a radiation-loaded detector model (Mather 1982, 1984a, 1984b) 
in addition to photon noise. Optical efficiency, conservatively estimated to be 
15% at 5 cm -1, tapering to 5% at 20 cm -1, is based on our experience with the 
FIRS/MSAM I radiometer. Sky sensitivities assume 104 seconds of integration 
time per differential patch, allowing over 40 patches to be observed in 7 days with 
a 67% duty cycle. Sky models consist of the CMBR anisotropy spectrum, one 
parameter (amplitude only) or two parameter (amplitude and spectral index) 
dust emission, bremsstrahlung, and synchrotron radiation (Weiss 1980). Using 
contour plots of the CMBR sensitivity as a function of the band positions for each 
of the models considered, we found the configuration that is nearly optimal for 
all sky models and that avoids combinations with enhanced degeneracies (high 
correlations) between components. We place the TopHat radiometer bands at 
5.5, 7, 8.5, 13, and 20 cm -1. The analysis also reveals that  it is possible to do 
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almost as well with only four channels in roughly the same frequency range. 
However, the extra degree of freedom will increase confidence that the selected 
model is correct, as well as minimizing the risk that the actual sky spectrum 
corresponds to a high correlation case. 

The CMBR sensitivities for this channel selection are presented for several 
sky models in Table 1 under the "TopHat" column. Note that the CMBR sen- 
sitivity becomes .v 5 times worse if bremsstrahlung or synchrotron emission 
are included in the decomposition. This is due to the near-degeneracy between 
bremsstrahlung and the CMBR near the region of the CMBR peak. While seek- 
ing a CMBR first detection, it may be reasonable to ignore these possibly small 
sources of foreground confusion. In the era of CMBR anisotropy detections, 
however, all sources of foreground must be considered, and we must pay spe- 
cial attention to estimating total measurement accuracy in the presence of these 
sources. Table 1 demonstrates a potential need for a low frequency companion 
to the TopHat experiment to remove the low frequency foregrounds in a manner 
similar to MSAM I / I I  combination. 

Table 1. CMBR sensitivity (#K RMS) of the experiments for different spectral de- 
compositions. 

MSAM a 
Model d I ¢ II combined 

CMBR 

CMBR+Dustl 
CMBR+Dust2 

CMBR+Dust~ +Brem 
CMBR+Dust2 +Brem 
CMBR+Dush +Brem+Sync 

21. 3.2 3.2 

22. 6.0 3.3 
35. 44. h 5.8 

240. 29. h 8.3 
~40. h-- 15. 
300. h-- 39. 

TopHat All-Sky Surveys ~ 
FIRSICOBEgcombinea 

0.68 100. 80. 62. 

0.74 120. 82. 67. 
1.2 210. 180. 82. 

6.7 1500. 140. 95. 
6.7 2600. h 360. 130. 
7.5 4300. h 360. 170. 

~Sensitivity per single difference, integrated for 10 z seconds. 
bSensitivity per single difference, integrated for 104 seconds. 
¢Sensitivity per 2.5 ° pixel. 
aComponents are CMBR anisotropy, one- or two-parameter dust, bremsstrahlung, 
and synchrotron emission. See the text. 
eBased on 20-minute integrated noise measured during June 1992 flight. 
JBased on noise measured during October 1988 flight. 
~Based on the DMR first-year map sensitivity. FIRAS used for dust removal. 
hNo extra spectral degrees of freedom--simple solution only. 

3.2 S e n s i t i v i t y  o f  F I R S  a n d  M S A M  

Table 1 also lists the CMBR sensitivity of the FIRS and MSAM experiments for 
the same foreground models. The colmnns for the FIRS/MSAM I radiometer and 
for DMR plus FIRAS, labeled COBE, are based on actual noise measurements. 
The MSAM II sensitivity is based on the estimates of Table 2 (see Section 5.2). 
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The "combined" columns give the result of a combined spectral decomposition 
of the same patch of sky using the instrmnents of the preceding two columns. 

4 F a r - I n f r a r e d  S u r v e y  ( F I R S )  

The large-scale, Far-Infrared Survey (FIRS) experiment has been flown two times 
to produce a map of nearly one half of the sky with CMBR sensitivity similar 
to the COBE/DMR instrument but at frequencies near and above the CMBR 
peak at 6 cm -1 . The motivations for this experiment are summarized below. 

1. The FIRS maps have an angular resolution of 3.80 so that  a wide range of spa- 
tial scales outside the horizon (at the surface of last scattering) are observed. 
This optimizes the measurement of the initial, unevolved, CMBR fluctua- 
tion spectrum. The spectral index of these fluctuations can be constrained 
with the FIRS better than with DMR alone. In addition, the completion of 
the Ml-sky maps will permit us to make an independent naeasurement of the 
CMBl~ quadrupole. 

2. The FIRS will greatly enhance the separa.tion of CMBR fluctuations from 
foregrounds when combined with the DMR maps due to the enhanced spec- 
tral coverage. Two examples of source ambiguity in the DMR data  alone 
are the possibility of Sunyaev-Zeldovich fluctuations (Hogan 1992) or a cold 
Ga.laetic dust component, both of which can be detected far better with the 
combination of maps than with either map alone. 

3. While both COBE/FIRAS and COBE,/DIRBE cover this range with precise, 
absolute measurements, their sensitivity to fluctuations is not as high as the 
FIRS. As seen in Table 1, the CMBR sensitivity with foreground models 
which include more than a one parameter dust model or a single low fre- 
quency foreground are improved by a factor of two with the inclusion of the 
FIRS maps. 

4. The completion of the FIRS will map the high Galactic latitude dust over 
the whole sky. A better removal of Galactic dust contamination (see Table 1) 
will be possible for all the DMR data. 

5. The maps produced by the FIRS are completely independent of the DMl~ 
maps and have a different heritage. Unforeseen or undetected errors in either 
experiment could produce a systematic problem which could lead to false de- 
tections. The strong cross-correlation between the maps is the best evidence 
that  CMBR anisotropy has indeed been detected (Ganga et al. 1993a) 

Coverage of -~ 90% of the entire sky will require three new flights of the 
instrument, one from the Northern hemisphere, and two from the Southern 
hemisphere. The first flight from the North 1) ensures that  the instrument is 
functioning as it did in 1990, 2) covers the 20% of the Northern sky which re- 
mains unmapped,  and 3) verifies that the overlapping regions produce maps that  
are consistent between flights. 
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4.1 I n s t r u m e n t  

The FIRS bolometric radiometer has spectral bands centered at 5.7, 9.2, 16.5, 
and 23 cm -1 , each about 1 cm -1 wide, as shown in Figure 1 (Page el al. 1993). 
Measurements on the sky are referenced to an internal, temperature controlled 
load using a cryogenic chopper (Page et al. 1992) rather than the two beam 
DMR configuration. The measured, in-flight, sensitivity of this configuration is 
600 #Kplanck SV~-~ on the sky in each of the first two channels. 

4.2 R e s u l t s  

The October 1989 flight has led to limits on the amplitude of CMBR fluctua- 
tions on 4 o to 200 angular scales (Meyer et al. 1991, Ganga et al. 1993b). De- 
tected structure in the sky rather than instrument noise led to this limit but 
the nature of the source could not be identified with the completed ana.lysis of 
only one channel (5.7 cm-1). This structure is now verified by the DMR to be 
CMBR anisotropy (Ganga et al. 1993a). We have, together with Richard Bond 
at CITA, reanalysed the map to constrain parameters of structure evolution 
models (Bond el al. 1993). 

Data from the May 1990 flight are currently being added (Ganga et al. 1993c). 
The next analysis step is to combine these maps with those from the higher fre- 
quency channels to provide strong spectral constraints on the thermal nature of 
the detected signal. 

5 M e d i u m - S c a l e  A n i s o t r o p y  M e a s u r e m e n t  ( M S A M )  

The goals of the Medium-Scale Anisotropy Measurement (MSAM) project are 
three-fold; 1) to complete a set of measurements of CMBR anisotropy at the 
5 T / T  ... 10 -5 level, 2) to verify that any detections are not a result of systematic 
errors or foreground emission sources, and 3) to develop and test ToptIat instru- 
mentation. We will accomplish these goals by reflying the current MSAM I con- 
figuration, and subsequently flying the long-wavelength radiometer (MSAM II), 
appropriately upgrading the gondola with prototype TopHat hardware. 

5.1 Repea t  Fl ight  of Exis t ing Sys tem (MSAM I) 

The existing system consists of the radiometer used in the FIRS coupled with 
a 1.5 meter, pointing controlled, balloon-borne telescope built at GSFC. The 
instrument has a 28 ~ beam and a three position secondary chopper, which throws 
the beam 1.7 ° peak-to-peak. This configuration allows for sampling two distinct 
scales of spatial separation (see the next section for a more complete discussion). 

The first MSAM flight, in June 1992, produced 4.7 hours of CMBR anisotropy 
data in a circumpolar region. Preliminary results (Cheng el al. 1993a) from this 
flight have provided a detection of 5 T I T  ~ 2 × 10 -5. To verify this detection, 
we will refly the instrument to observe the same region of the sky. 
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C h o p p i n g  S t r a t e g y  For a sky difference measurenaent, the magnitude of at- 
mospheric contamination decreases as the chopper throw decreases. Unfortu- 
nately, on ,~ 1 ° angular scales, the predicted sensitivity to the CMBR fluc- 
tuation spectrmn also decreases with decreasing chopper throw (Gorski 1993, 
Bond and Efstathiou 1987). Thus, there is a tradeoff which can only be opti- 
mized during a flight because the detailed sky conditions are not known before- 
hand (and may in fact be variable). The MSAM/TopHat  chopper is a driven, 
three-position, mirror mechanism which cycles the radiometer input to a left 
(n),  center (C) and right (R) beam on the sky. This information is sampled and 
returned to the ground so that  two independent signals can be simultaneously 
extracted. The double difference (C - L + C - R) has a characteristic separa- 
tion of half the throw distance, while the single difference (L - R), has twice 
this characteristic separation. The sky noise difference in these two signals (after 
accounting for the integration times) is a measure of the potential atmospheric 
contamination. The chopper allows for a reasonable range of adjustment in the 
throw (0 ° to 1.70 for MSAM, 0 ° to 30 for TopHat),  which can be commanded 
to the opt imum value. Thus, while observing at a particular throw angle, we 
can sample the sky at two angular scales, both for characterizing the CMBR 
and for monitoring any time-variable atmospheric noise. The throw angle can 
be set to the maximum value which is not contaminated by atmospheric noise. 
The existing MSAM secondary chopper has performed flawlessly both in ground 
tests and in flight. 

5.2 T w o  F l i g h t s  o f  t h e  L o n g - W a v e l e n g t h  A D R  R a d i o m e t e r  
(MSAM I I )  

We will make two additional flights with the MSAM gondola, using a new ra- 
diometer with spectral .channels designed to complement the MSAM I instru- 
ment. This lower-frequency system is more sensitive (see Table 2), and uses 
single-mode optics to increase sidelobe rejection. The combination of low and 
high frequency measurements on the same region of sky allows us to establish 
whether bremsstrahlung-like radiation or extragalactic sources are significant for 
CMBR measurements on 0.50 scales. 

Table 2. MSAM II Radiometer Sensitivities 

Frequency Range 60-80 80-110 130-170 GHz 
Optical Efficiency 0.3 0.3 0.3 

Background Noise (BLIP) 0.7 1.1 1.2 10 -17 W/x/~-~ 
Detector Sensitivity a 0.5 0.5 0.5 10 -17 W/x/-H-z 
Receiver Sensitivity ~ 170 170 190 #K Sx/S~ 

aWith radiative loading from sky, atmosphere, and warm optics. 
bSensitivity to a 2.7K Planck anisotropy spectrum, single difference. 
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The new instrument observes in three bands, centered at 70 GHz, 100 GHz, 
and 150 GHz, using monolithic bolometers cooled to 0.1 K by an ADR. This 
instrument is under development at Brown University and will be integrated with 
the existing MSAM I telescope. We are investigating the possibility of splitting 
the highest frequency band in order to improve spectral discrimination. 

Opt ics  The new radiometer will sample the sky with the same beam size used 
on all previous MSAM flights. At these longer wavelengths, the telescope is fed 
by single-mode optics (At2 = )~2) to minimize diffraction effects. This approach 
has the additional advantage that the optical system can be designed accurately 
using Gaussian optics, and that well-developed microwave techniques can be 
used for dichroics, filtering, feedhorns, and coupling to the bolometers. 

Since we want to observe the same spot on the sky simultaneously in all three 
wavelength bands, the existing chopping secondary mirror will be illuminated by 
three single-mode corrugated feedhorns through two dichroic plates. The feeds 
will have identical aperture diameters so that the primary will be illuminated 
with spot sizes that are inversely proportional to their wavelengths. The resulting 
diffraction-limited beam on the sky is a Gaussian with identical spatial width in 
ea.ch band. 

D e t e c t o r s  The detectors are monolithic silicon bolometers coupled directly into 
a waveguide. At long wavelengths, this arrangement has two important advan- 
tages over free-space optics: high coupling efficiency and small size (smaller than 
a wavelength) so the detectors have intrinsically short time constants and a 
reduced cross-section to cosmic ray hits. 

These detectors are fabricated at GSFC with a silicon micromachining pro- 
cess which defines the thermally isolating legs (Moseley et al. 1992). The ther- 
mistors are ion-implanted in silicon and are read out through ion-implanted 
electrical leads on the surface of the legs. Existing devices have been developed 
for a variety of missions from airborne (Kuiper) and satellite (AXAF) platforms. 
Electrical NEP sensitivities of 5 × 10 - i s  W/Ix/H-zlz at 70inK are routinely achieved. 
Optical sensitivities with radiative loading are expected to be similar. 

We are also considering a hot electron bolometer (Nahum and Martinis 1993), 
which has demonstrated an electrical NEP of 3 x 10 - i s  W/Ix/i~ at 100 inK. 
These devices are ideally suited for the single-mode coupling scheme described 
here and, if further investigations show them to be advantageous, we will use 
them instead of the monolithic silicon bolometers. 

C ryogen i c s  The detectors and filters will be cooled to 100inK by an ADR op- 
timized for ballooning (Timbie 1990). This refrigerator is a refinement of the 
design which was prototyped for S I R T F .  Design and construction is complete 
and it is currently being tested at Brown University. This system will remain 
cold for 24 hours, making it unnecessary to recycle during a flight. 
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6 T o p H a t  

Current intermediate angular scale (,~ 1 °) CMBR anisotropy measurements are 
aimed at achieving sensitivities on the order o f 6 T / T  ,~ 10 -5, a level which is tan- 
talizingly close to many predictions based on the C O B E  detection of large-scale 
anisotropy. Indeed, there have been several recent reports of detections at these 
levels (Cheng el al. 1993a, Gaier el al. 1992, Fischer el al. 1992), but the source 
of the signals has yet to be unambiguously determined. Reliable measurements 
at these angular scales hold the unique promise of constraining initial condi- 
tions for theories of structure formation, but depend on some key experimental 
advances. 

1. Control of systematic errors by proper design of the experimental configura- 
tion and observing strategy. 

2. Demonstrat ion of freedom from residual systematic effects by in-flight mea- 
surements. 

3. Improved sensitivity to CMBR anisotropy signals in the presence of potential 
astrophysical foregrounds. 

At the 6 T / T  ,,~ 10 -6 level, balloon measurements, including the MSAM, 
suffer fi'om severe geometric constraints. With the Earth below and t h e  balloon 
above, only a limited angle is available where instrument sidelobes are not a 
serious concern. Observations are ahnost always made through about twice as 
much residual atmosphere as is otherwise necessary to ensure that the balloon 
and support  structures, which are rotating above the gondola, do not affect the 
signals. 

The advent of polar long duration ballooning, with flights lasting two weeks 
or more, has created the opportunity to make a relatively low-cost instrument 
that  can be sufficiently tested under observing conditions to justify a factor of 
ten increase in instrument sensitivity. 

We are constructing a one meter telescope and radiometer which can be 
placed on top of a balloon and flown from Antarctica for 2 weeks. Nearly half 
of the sky would be clear of Earth, Sun, Moon, balloon, and atmosphere for the 
entire two week flight. The instrument, protected behind a simple Sun-screen, is 
in a thermally stable environment. We can observe at elevation angles of 70 ° to 
reduce the effects of residual atmosphere. The ground shields needed for reflect- 
ing the telescope sidelobes to the cold sky are small because all of the significant 
emission sources are at large angles (> 70 °) from the instrument beam. The ra- 
diometer has an intrinsic sensitivity of 3 times that of our existing instrument, so 
we need not extrapolate our current understanding of the atmosphere and sys- 
tematic effects beyond what is reasonable. With one polar long duration flight 
of the TopHat  instrument, we can observe 40 sky positions with a 1 #K RMS 
sensitivity for each point, inehlding the uncertainty due to dust emission. 

Approximately 1/2 of the observing tinae would be devoted to a study of 
stability and known systematic effects. It is worthwhile to emphasize that  the 
t ime available for performing tests of systematic contamination is a critical fac- 
tor favoring a long duration flight. Indeed, an important  lesson from the C O B E  
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experience is that a longer observing period not only increases sensitivity, but 
allows for many of these tests to be run (Kogut et al. 1992). Without this capa- 
bility, confidence in the final result will be jeopardized. 

6.1 Pay load  Overview 

The radiometer, telescope, radiation shield, Sun shield, telescope mount, and a 
portion of the electronics will be mounted on the balloon top plate (Figure 2). 
Because of the weight constraint, this is an unusual configuration for normal 
scientific payloads, but not for balloon engineering experiments. The batteries, 
solar panels, communications equipment, and data storage equipment will fly in 
the conventional location suspended below the balloon. Electrical cables, embed- 
ded in the balloon during its construction, will provide the power, control, and 
data links. The total top payload will weigh less than 140 pounds, the limit of 
what has been previously launched in this configuration. The bottom payload, 
including the comlnunications and control electronics provided by the National 
Scientific Balloon Facility (NSBF), will weigh approximately 1000 pounds. 

Sun Shie 
Primary M i r r o r / ~  ~ [ ~ ~<" ~ _ .. 
Elevation Bearing~l>~ ~,,~ , \ ~ r  ,,' f ~ ~_-~=ualloo.n.. 

- ~ ~ " ~  ~ :~econoary Mirror 
~ ~- Balloon Top Plate 

m 1 - - ]  ~ Azlm u~hR ~dia°rm:: r 

Fig. 2. Schematic of the TopHat Platform in situ. The ground screens are omitted for 
clarity. 

The top structure will be made of carbon-fiber composite, yielding a pro- 
jected top payload weight of approximately 100 pounds. The telescope will be 
in an altitude-azimuth mount, rotating relative to the balloon top plate on a 
servoed azimuth bearing. The pointing is controlled with a combination of rate 
gyro, Sun sensor, magnetometer, star camera, and local vertical reference. The 

magnetometer is included to permit test flights at mid-latitudes. This configura- 
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tion is a natural adaptation of the existing MSAM gondola control system, with 
the inclusion of the local vertical and Sun sensors. 

Conditions on the top of the balloon are not as fully understood as those for 
a suspended payload. There are modes of oscillation of the balloon in addition 
to the swinging that  all payloads must suffer. On the other hand, the torsional 
coupling to the balloon is much tighter than in the hanging configuration, elimi- 
nating the need for a momentum wheel and a two-stage azimuth servo. We plan 
to measure the detailed motion of the top of the balloon with a special test flight 
of a top-mounted engineering package to verify the results of our modeling. 

6.2 T e l e s c o p e  O p t i c s  

The telescope has a 30 ° off-axis, one-meter diameter primary mirror. The nutat- 
ing secondary mirror is 170 mm and also 300 off-axis. The telescope is designed 
to observe at an elevation angle of approximately 700 to keep both the Earth 
and the Sun far from the main beam, and to minimize atmospheric noise. Only 
the central 50% of the primary is illuminated to minimize sidelobe response. The 
geometry of the optics is a simple scaling of the MSAM I configuration, enabling 
reliable predictions of far-sidelobe response based on existing measurements. 

The design of the ground screen in this off-axis geometry is governed by the 
usual constraints. It is highly desirable to have all the mirror surfaces and edges 
view only the reflective ground screen or the sky. It is also important  to avoid 
forming cavities, as their relatively high emissivity can be modulated by the 
secondary mirror to create systematic offsets. With the Sun, Moon, and planets 
all below 300 elevation, a very large solid angle is clear of sources for the entire 
duration of the measurelnent. A shallow open bucket with a single reflecting 
shield between the package and the Sun can provide complete protection from 
terrestrial and solar radiation while simultaneously avoiding the cavity problem. 

6.3 L o n g  H o l d - T i m e  D e w a r  

A key requirement of TopHat  is a cryostat that remains cold for several weeks 
with no servicing. Placing the telescope on top of the balloon constrains the 
dewar weight. The total weight of the telescope is a strong function of the dewar 
weight because mechanical structures, bearings, and motors are sized to support 
the components on the elevation mount. We are in the process of constructing 
a 3He evaporation cryostat which will weigh 25 pounds when full of cryogen 
and hold for 25 days at float altitude. The lowest resonance for this cryostat is 
designed to be above 80 Hz to minimize coupling with the servo system and the 
detectors. Design and construction are almost complete and the dewar will be 
operational by the end of 1993. 

This dewar concept is derived from the 3He refrigerator built for the FIRS and 
MSAM I measurements (Section 4.1, Cheng et al. 1993b). The FIRS/MSAM I 
dewar already holds at 0.24 K for 8 days so the performance of the new dewar 
is a reasonable extrapolation of existing technology. 
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7 C o n c l u s i o n s  

Measurements of the CMBR anisotropy will be facing many new experimental 
challenges as we attempt to push sensitivity levels by yet another factor of ten. 
However, with the clear detection of large-scale anisotropy by COBE and FIRS, 
we have finally advanced from the discovery phase to one of measurement and 
characterization. That is, we now have at least a crude idea of the nature of the 
target. A deeper understanding of the nature of the CMBR anisotropy at these 
levels is a crucial step to the ultimate goal of mapping the CMBR at higher 
resolution and over large portions of the sky. 
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1 I n t r o d u c t i o n .  

The Tenerife experiments are directed towards the detection of cosmic microwave 
background (CMB) fluctuations on scales of a few degrees. Such fluctuations at 
rms levels between A T / T  = 3 - 30 x 10 .6 are predicted by most scenarios 
of galaxy formation; they are impressed by the Sachs-Wolfe effect on the 2.7 
K flux emerging from the recombination process at z=1000. Degree scales are 
unique in providing direct, information about the intrinsic CMB era, in con- 
trast to arcminute scales which are potentially referring to recombination or the 
Sunya.ev-Zeldovich effect, in the foreground at lower redshifts. In addition, obser- 
vations on angles greater than the horizon scale (--, 2 °) are causally unconnected 
on standard hot Big Bang models and allow tests of inflationary scenarios for 
explaining structure in the early Universe. It is interesting to note that  as sur- 
veys for structure in the early Universe reach greater distances, networks and 
associated voids on 100 Mpc scales (corresponding to 1 ° at z=1000) have been 
identified. 

All searches for CMB structure must take serious account of foreground ra.- 
diation, particularly that  from the Galaxy. We have chosen to make our searches 
at the lower frequencies where synchrotron radiation is likely to be the contam- 
inant rather than higher frequencies where thermal emission from interstellar 
dust will dominate the foreground; it is our belief that synchrotron (and free- 
free) emission are more thoroughly understood and have less free parameters. 
Accordingly our radiometers have been operated at 10.45, 14.9 and 33 GItz giv- 
ing CMB structure information covering the angular range 5* - 15 °. We will show 
in this article that  at 33 GItz the Galactic contribution to the observed signals 
is negligible. The Teide Observatory sited on Tenerife is found to be suitable for 
efficient GMB observations at frequencies up to 33 GItz. 

We will describe the extension of the present programme, which has success- 
fully detected structure on a coherence scale of 4 °, to scales in the range 10 
a.rcmin to 2 °, where many scenarios of star formation predict a maximum in the 
fluctuation amplitude. This includes a. two-element interferometer at 33GHz, a 
three-element interferometer sit.ed at. Cambridge, called CAT, and the proposal 
for the Very Small Array (VSA). 
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2 Real isat ion of the Beam-Switching Radiometers .  

At radio frequencies the weak signals expected from the CMB structure require 
long integration times with sensitive receivers. The beam-switching technique 
reduces the effects of long-term changes in the atmosphere and instrumental 
drifts, thus enabling long integrations to be made. The penalty paid for switching 
is an increase in effective rms receiver noise of a factor of ~ for single switching 
and of 2 for double switching as employed in our experiments. 

The experimental arrangenlellt is shown in Fig. 1. Fast switching (32 Hz) be- 
tween two corrugated horns is combined with a 7 sec wagging motion of the plane 
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Fig. 1. The operation of the beam-switching radiometer to provide a triple beam re- 
sponse through a combination of fast switching between two horns and a wagging 
mirror. 

mirror. The declination of observation is determined by adjustment of the eleva- 
tion angle of the wagging mirror. Tile experimental details are given in Davies 
et al. [1]. A feature of our system is tile use of a 4-port ferrite circulator switch 
to allow two independent output channels. The resulting Gaussian beamwidth is 
5?5 FWHP with reference beams of the same width displaced =1=872 in azimuth 
(right ascension). The receiving system is fixed on the ground and scans a fixed 
declination by Earth rotation. 

Three experiments are operated at Teide Observatory, all with the same 
beamwidth so that direct comparisons of spectral structure can be made. The 
frequencies chosen are 10.45, 14.9 and 33 GIIz for Which the theoretical sensi- 
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tivities are 5.5, 3.5 and 2.1 mK lIz-½, based on T s v . , / ~ - 7 .  r.  Data  at these 
fl'equencies have been taken over a number of years. The data  at a particular 
frequency and declination for each day of observation are edited and stacked 
to give the final high sensitivity scan. Editing involves the elimination of data 
taken within 500 and 300 of the Sun and Moon respectively and of data  where 
atmospheric effects increased the rms noise in the 80 s integration cycle by more 
than a factor 2. 

3 Data Processing. 

The data  reported here are for observations of a strip of the sky covering 100 ° 
in right ascension, at a. declination of -t-40 °. This area was selected after con- 
sidera.tion of foreground emission from the Galaxy and discrete radio sources 
and defines a window over RA 1610 - 2600 through which effective CMB obser- 
vations are possible. By means of repeated drift scan observations over recent 
years, useful integration times have been huilt up for this region at 10, 15 and 
33 GIIz thereby providing high sensitivity to CMB features (see contribution of 
Watson el al. , this vohmle). 

For each scan the data stream, consisting of successive 80s integrations is 
binned into 4 minute cells, before removal of non-astronomical baselevel drifts, 
as derived fi:om an MEM sky hrightness solution (tlancock et al. in prepara- 
tion). Subsequent weighted combination of the daily drift scans provides a final 
stacked data  scan with a. consequent improvement in the signal-to-noise ratio. 
The 10 binned data are oversampled and fin'ther improvement in the signal to 
noise to beam sized features (for which the experiments have peak sensitivity) 
is facilitated by binning at the Nyquist rate for structures of a beam width, i .e.  

at 40 intervals. The 40 binned da.ta points a.t 10, 15 and aa GHz are depicted 
in figure 2 together wit'h confidence limits at the 68 % level, as derived from 
the scatter over the individual scans. Structure is visible in each data  set and 
the reality of this is supported [3] by both a. X 2 analysis and the analysis of 
independent subsets of the data.. 

Despite the apriori selection of the optimum sky area for observation, it is 
expected that discrete radio sources and Galactic emission may be a. contributor 
to the signals seen in the dat.a. Indeed from estimates of the expected point 
source component at each fi'equency, as const,ructed from the Kuhr catalogue 
[2], it is clear that with the existing scan sensitivity the source aca4a  should 
be clearly visible in the 10 a.nd 15 Gllz data, centred on RA 2800 . This is seen 
to be the case, as is evidenced by the dotted lines in figure 2, which represent 
the discrete source contribution afl:er convolutiou in the instrument beams. Tha t  
the structures seen a.t RA 2500 in the independent 10 and 15 Gtlz experiments 
agree so well with the estimates implies that: 

- i) the experiments consistently detect known structures 
- it) the structure present over R.A 161 ° - 2 3 0  ° is l)robably real and cannot be 

principally due to discrete source emission 
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- iii) tile absence of the radio source in the 33 GIIz data is not unexpected if 
its spectrum steepens at higher frequencies, as is likely. 

We proceed to concentrate on the region RA 1610 - 2300 , making the minor 
correction for the estimated discrete source emission over this restricted range. 

4 S t a t i s t i c a l  A n a l y s i s  o f  D a t a .  

Well-defined features are apparent in tile data. scans and various statistical tests 
have been applied to the data [:3] to determine the significance and aml)litude of 
such structures. The benchmark for this type of analysis is the likelihood analysis 
assuming a Gaussian model Fox' the intrinsic sky auto-correlation flmction: 

[ '~ _02 
Ci,,,.(O) = <  A T ( n ) A T ( n ' ) > =  Coexp i T )  (1) 

for angles 0 subtending n and n'  on the sky. Whilst being entirely non-physical , 
this sky model is simply described by two l)arameters v ~ o ,  tile rms fluctuation 
amplitude and 0¢, the coherence scale of the fluctuations. It is also the form 
conventionally quoted by ol)servers and is useflfl to compare with the results 
from other experiments. 

One can form the likelihood flmction [2] for a range of v ~ o  and 0¢. The Tener- 
ire configuration attains peak sensitivity to intrinsic sky structures with 0¢ -,- 40 
and thus it is necessary" only t.o vary ~ .  The Nvom'ed model value is defined by 
the peak in likelihood and a significant peak for non-zero V~o constitutes a de- 
tection of structure at. that. amplitude. Figure 3 shows the likelihood function for 

+16 
the 33 GIlz data  and is characteristic of a. detection of structure at 60 -16/zK. 

+16 
Equivalent plot.s at 15 and 10GIIz give detections at v ~ o  = 48 -16 p.I£ and 

+20 
v ~ o  = 29 -a0 irK resl)ectively [3]. A detailed analysis using a more physical 
power law model for the power sl)ectrum of the fluctuations supports the multi- 
frequency detect ion of structure. 

The component, of the structm'e responsible for the detections is seen to 
correlate between the independent scans [3] and fl:om this one can infer that  the 
structure has a. common Origin, this being either Galactic synchrotron/free-free 
emission or CMB. Discrimination between these candidates is based on their 
spectra., with synchrotron and free-free ol)eying TA 0¢ u -#,  with ¢/ typically 
between 2.0 and 3.0, and CMB having a Planckian spectrum, that  is TA o¢ u ° 
in this spectral region. The fall in amplitude by a factor 30 for synchrotron and 
10 for free-free between 10.4 and 33 Gllz, is not observed, whereas the data  are 
in agreement with a blaeld)ody emission spectrum. 

The conclusions to be drawn fl'om the above are thus that  the Tenerife data  
exhibit statistically significant detections of CMB structure, which for a Gaus- 

+14 
sian model auto-correla.tion function have an rms amplitude of 54 -10 p K  (for a. 
weighted sum of 15 and 33 Gllz). That  these detections can now be associated 
with clearly defined CMB structures offers a. useflfl advance over the published 
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COBE results [4]. The statistical ampli tude of tile Tenerife s tructure is entirely 
consistent with the COBE result [3] and can be used both t.o extend the infor- 
nlation on the fluctuation power spectrum from 0 >10 ° down to 0 >4 ° and to 
place additional constraints oil the spectral index n giving n > 0.9 as a lower 
bound at 68 % confidence. 

5 Future Projects.  

Improvements  in the large scale (>2 °) CMB anisotropy results are expected in 
the coming year, with the extension of the Tenerife sky coverage by a factor of 5 
and also the for thcoming reslllt.s fi'0m the COBE D M R ,  second year of  observing. 
Witla the improvements  in the DM R sensitivity to features it should be possible 
to compare  maps  between Tenerife and DMFL and as a consequence to formulate 
a powerful test of inflationary models. Whilst  the impor tance  of such la.rge-scale 
observations needs no expla.nation, the case for observations on smaller  scales is 
also clear, since these fluctuations correspond to mass sca.les visible in the present 
day Universe. As yet., the situation regarding the detection of CMB anisotropy 
on scales fi'om V to 20 remains uncertain. It  is hoped tha t  the initiation of three 
new ground based interferometers will help to resolve the issue and allow further 
mapping  of the fluctuations. 

C A T .  

The Cosrnic A n isot.ropy Telescope [5] utilises a unique three element interferom- 
eter a r rangement  t.o observe the CMB on scales ~ 0.5 ° where galaxy formation 
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scenarios predict peak power. The instrument has recently begun observations 
at 13-17 GHz from a. sea level site at Cambridge, U.K. Despite the relatively 
poor atmospheric conditions at Cambridge, the interferometric rejection of the 
at.mosphere allows a projected sensitivity of <40 pK per week. The instrument 
should thus ha.ve the capacity to unambiguously probe CDM ga.la.xy formation 
scenarios. 

3 3  G H z  I n t e r f e r o m e t e r .  
A short-baseline interferometer operating at 33 GHz is being constructed at 
Jodre]l Bank for observations at Teide Observatory in 1994. The main-lobe re- 
sponse at half-power is 2?5 in declination and 2?0 in right ascension. With a 10 
percent bandwidth, the expected sensitivity is 0.6 mK IIz-~.  Experience with 
the 33 GIlz beam-switching radiometer at. Teide Observatory indicates that  a 
large fraction of the time will be suitable for int.erferometry. Furthermore, ex- 
tensive observations with a 5 Gllz Short-ba.seline interferometer at, Jodrell Bank 
have lnea.sured galactic and extragalactic confilsion levels; when extrapolated to 
33 GIIz these lead to less than 5 tl.I( of background confilsion. 

Very Small Array. 
Both CAT and the 33 C;llz interI'eronteter are reslricted to sc~:,~s ~ 0.5 ° and 
due to the limited ntmll)er of Fourier compollents sampled are not callable of 
detailed imaging. The role of the VSA is to provide just such imagin~ over the 
angular range 10 ~ to 2 °. The proposed instrument design incorporates 10-15 horn 
elements observing over a. 10 G]Iz bandwidth, in 4 frequency channels centred 
on 33 G]]z. The variety of baselines will allow detailed mapping and the range 
of observing frequencie:s should provide the necessary spectral information. It is 
proposed to loca.te the instrument at Teide Observatory in Tenerife, where the 
combination of the int.erFdrornetric technique and the good observing site should 
allow the target sensitivity of --~ 6pK to be reached in a few months. 
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1 I n t r o d u c t i o n  

Our set of switched-beam radi()meters, known collectively as the Tenerife exper- 
iment, have an observing scheme consisting of a set five declination scans at 6 = 
+350 , -t-37.50 , +40 ° , +42.50 and +45 ° , in which the highest priority was given 
to the centre declination. To (late all our reported results have been made using 
this deeper surveyed area as the other scans were not ca.pable of supplying any 
significant extra information. Now, with strong indications of features appear- 
ing in the latest processed scaus (see the contribution of Lasenby et al. in these 
proceedings), the best strategy would appear to be to consolidate observations 
on the less sensitive adja.eent scans. The outcome of this will be the production 
of a map,  albeit an elongated one. tIere we present the first limited maps  at 10 
a n d  15GItz and make tentative identifications. Also with recent improvements  in 
sensitivity we review the possiblities for a finalized map  at all three frequencies, 
which would provide a valuable extension to the COBE maps  over our observed 
area at higher resolution and sensitivity. 

The success of the COBE maps (Smoot et a.1 ]992) has amply demonstrated 
the usefulness of a direct, graphical representation of the "last scattering surface". 
This neatly bypasses the problems of choosing appropriate  statistical models 
(Watson and Gutierrez de la Cruz1993) as the true one is contained in the 
map.  The resulting analysis of maps is very open-ended and yields to numerous 
approaches and has even created new methods (eg PIP  analysis) and brought in 
techniques from other fields (eg pattern recognition), some of which are reported 
in these proceedings. 

To make a meaningful map,  most of iI.s pixels should contain some tangible 
signal. For the weak signals the pert.urbations offer, this requires extensive in- 
tegration times. Present radiometer systems require days to reach the required 
level, so an entire map consist.ing of several hundred such fields would ta.ke years. 
This is why experiments of the past. have only consisted of a dozen points or so, 
because of the t ime linlitations imposed by balloon flights or the weather on 
ground-based experiments. 
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2 C o m p a r i n g  T e n e r i f e  a n d  C O B E  S e n s i t i v i t i e s  

discuss what information can be expected fl'om a ground-based experiment such 
as Tenerife as compared to that  already found by the COBB satellite. Table 1 
shows the observing sensitivities of the Tenerife and COBE radiometers. The 
Tenerife receivers reflect the sensitivity of systems now available as opposed to 
the older technology "frozen in" at the design stage of the satellite. Weather 
and limited elevation range restrict both the available observing t ime and the 
sky coverage and therefore observations have to be made over a confined region. 
Curiously, the best sensitivities per beam area of the two experiments are similar 
a.s also in Table 1. The total area covered by the five declination bands is about  
10% of the whole sky made up of approximately 200 independent beams of 50 
FWHM. For comparision the COBB maps consist of 1000 or so fields of 70 
FWHM covering the whole sky. Assuming the usable data  from the 10, 15 and 
33GIIz radiometers are 50%, 25% and 15% respectively of the total t ime available 
a.nd that  each declination band is sampled uniformly, we can est imate the noise 
level per beam we should achieve in one year. These values are shown in the 
bo t tom row of Table 1 together with the same estimates for COBB, showing that  
good sensitivity should be possible if both the weather and instruments behave 
a.s assumed. In conclusion the Tenerife experiment can certainly compliment the 
information obtained fl:om the COBI~ maps through higher resolution at greater 
sensitivity. 

Table 1. Comparsion of Tenerife and COBE map-making sensitivities 

Tenerife COBE 
Frequency (Gttz) 
Sensitivity (mI( t lz -½)  
Best noise level per beam (It]¢) 
Expected noise after one year (p.I() 

t0 15 33 31.5 53 90 

9 3.3 3.3 28 12 16 
74 29 20 73 28 40 
38 34 34 113 49 64 

Table  2. Current sensitivity levels for the Tenerife scans (p,l( per beam) 

35 37.5 40 42.5 45 
10GtIz 95 94 59 72 143 
15GHz 43 20 30 32 83 

3 P r o d u c t i o n  a n d  I n s p e c t i o n  of the  Init ial  M a p s  

To compile the mal~s calls for tile coml~inat.ion of all of the data.. The editing, 
regriding and calibration are the same a.s previously reported for the declination 
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+40 o scan alone (.Davies el. al 1987 and Watson et a.I 1992). The results of this a r e  

five final stacked scans at. each declination. We have not included the declination 
+45°scan as it is still very uudersampled. 

There are two options for the generation of the maps.  The first is a simple- 
minded patching together of the fina.1 scans and the second utilises a Maximium 
Entropy based algorithm (Lasenby el al. in preparation) to discern the underlying 
sky brightness distribution, tlere we have chosen the former method on the 
grounds that  it makes the least, assumptions about  the data  and it is easier to 
follow the t rea tment  of the noise. The final scans have been smoothed slightly 
in order to integrate the noise into a beam-size with a small reduction in the 
resolution. This produces a map which truly reflects the inherent noise level of 
the data. A simple linear interpolation has been carried out between declinations 
to produce these composite maps.  The noise on each of the declination scans used 
is difl'erent and their average noise levels per beam are given in Table 2. These 
maps  should therefore be regarded as mostly qualitative since the noise varies 
across the map.  A more careful analysis and discussion will be presented in 
Gutierrez de la Cruz et al (in preparation).  

We have used the same greysca.le range in both maps  and yet the 10GtIz map  
appears  to contain more structure. This due to the presm*ce of a mixture of higher 
instrumental  noise and galactic emission. Until the noise level is improved these 
cannot be separated, although with the steep spectral index of Galactic emission 
usefnl upper-l imits  can. still be placed on it.s contribution to the 15 and 33GHz 
data. An exception is the detection of a long continuous structure consisting of a 
broad are of what most  probably is non-thermal galactic emission covering right 
ascensions 220%o 240 °. Two other strorlg features are point sources 3C345 and 
0923+39 and are visible at. the predicted a.nlplitudes. 3C345 is a flat spectrum 
source and is also in the 15Gllz data, but 0923+39 has an inverted spectrum 
which peaks at 10GIIz. The 15GIlz map is relatively fi'ee from structure apar t  
f rom 3ca45 and the identification of a suspect CMB "hot spot" a.t right ascension 
187 ° and declination +40 °. This t>a.ture also seems to appear  in the 10GHz 
map  a.t roughly the same amplitude, but is overwhelmed by other features. The 
feature also appears in the data  from the 33GIIz instrument which has so far 
only observed this declination (]la.ncock et a.l (submitted)) .  

4 Preliminary Two Dimensional Statistical Analysis 

The method we have used in the past for single scans has been likelihood analysis 
(Davies et al. 1987). This can 1)e (,xtended t.o two dimensions by genera.lising the 
construction of the covariance mai.rix so that  all possible pairs of points in the 
map  are considered instead of just  those wit.hin a single scan. This method and 
deta.iled results will be reported in C, utierrez de la Cruz et al. (in preparation).  
The preliminal:y results from this method using data  up to the end of 1992 are 
very similiar to those for the declination 400 scan alone. They place limits on 
the 10Gllz data  o [ ' 6 T / T  ~ 3 x 10 -5 , while 15Gl{z has a. 95% confidence upper- 
limit a.t m 2 x 10 -5, with indical.ions of detected structure appearing a.t the 
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10 .5  level. All quoted results are for intrinsic perturbat ions using a Gaussian 
autocorretation function with coherence angle 4 °. 

5 Conclus ions  and Future Prospects .  

A combination of an improved observing strategy, sensitivity and an excellent 
spring observing season, has led to notable improvements  in the signal to noise 
on our central declination scans. The Tenerife experiment is therefore well pla.ced 
to work towards the production of nmlti-frequency maps,  where most of the in- 
dependent fields contain an appreciable signa.l. The result of this will be maps 
in which one can directly see structure at the resolution scale. As yet only one 
or two declination strips at. each frequency have reached the required level to 
actually resolve structure. This level appears to be at about  20 to 30#K and will 
require a year or more to produce uniformly sampled maps  at this sensitivity. 
The 33GHz maps should be particvlarly interesting since the extrapolated galac- 
tic emission from the other maps  must be less than 6T/T ~, 3 x 10 -6 allowing 
unambiguous identification of CMB features expected at the 10 ..5 level. A com- 
bination of the Tenerife and the COBE maps should allow the determination 
of the power spectrum from large to intermediate angular scales. Therefore this 
will provide a use%l step between the large scale perturba.tions found by COBE 
and the degree scale limits like those fi:om the South Pole (eg Schuster et al, 
1993). With the prospect of %ture degree scale surveys with a new generation 
of experiments,  this sky region should be considered as one of the target  areas. 
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1 I n t r o d u c t i o n  

In January 1992 in the Sternberg Astronomical Institute, Moscow at the Astro- 
physical Seminar it was announced that after additional processing the RELIKT- 
1 data  of the 1983-84 space survey the large scale anisotropy of the relic radiation 
has been detected. During 1992 the COBE group of observers announced the de- 
tection of the large scale anisotropy of the relic radiation too [1 -5]. 

Let us discuss scientific information which one can obtain from investigation 
anisotropy of the CMBR and specific goals of this observation. One can expand 
the large scale anisotropy of the CMBR as sum of spherical harmonics 

1 cos2(O)) + T(O) : To + T , . c o s ( O )  + T2 .(-~ - . . .  

the first term is monopole component of the CMBR or the CMBR itself. It was 
discovered by Penzias and Wilson at 1965. The observation of the CMB1% allowed 
us to make choise between the cold and the hot model of our Universe. Now the 
hot model of our Universe is generally accepted. Next step in investigation of 
large anisotropy of our Universe was the observation of dipole anisotropy or the 
observation and determination of the second term of the sum.  The value of dipole 
anisotropy 3inK indicates that our Galaxy moves with respect to relic frame 
of reference. This observation was a progenitor of the observation of peculiar 
galactic velocities. 

Third term is quadrupole anisotropy. It allow us to make some conclusions 
about the early Universe. 

The large scale perturbations which correspond to spherical harmonics with 
2 < l < 30 are one of the most powerful tool of investigation of the early Universe. 
They are now in the regime of linear growing. Their amplitude is not affected 
by late stage processes and are determined only by the parameters of the early 
Universe. The parameters of the early Universe are defined by super high energy 
physics namely the Grand Unification Theory (GUT). So,the amplitude of large 
scale perturbations are defined by the parameters of GUT. It was clarified when 
the theory of inflation was developed and the theory of perturbation in inflation 
was also developed [6-9]. 
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The data  of amplitude of low spherical harmonics define also a part  of the 
initial spectrum perturbation. If the spectrum is Harrison - Zeldovich type the 
quadrupole component determines also the initial values of large scale structure 
of the Universe, as far as the H-Z spectrum is determined completely by one 
parameter  (amplitude of the spectrum). In the case of a modified H-Z spectrum 
the connection between quadrupole component and parameters of large scale 
structure of the Universe is more complex. 

Here we briefly discuss the results of additional data processing obtained 
from space experiment RELICT- l ,  compare it with the COBE quadrupole com- 
ponents and others data, and discuss some possible conclusions for the physics 
of the very early Universe (GUT parameters); and the nature of contributors of 
dark mat ter  in the Universe is also discussed. 

2 RELICT-1  data reprocess ing 

The RELICT-1 survey was carried out from the satellite board at the frequency 
range of 37 GHz with an angular resolution of 6 °. Details about the experiment 's 
configuration and data  preparation were discussed in previous papers [2, 10-12]. 
New version of the data  processing did not include any simplification in the 
model and as a result it shows the presence of an anisotropy of the microwave 
background. 

We have corrected the initial data by removing the modelled contribution of 
the Earth's,  Moon's and Sun's radiation. All the data in which this contribution 
was more than 15 #K (in the smoothed data ) were excluded of analysis. Also, we 
excluded the data  in which the difference between observed and modelled data 
was more then 10% (during fast motion of the satellite near the Moon and the 
Earth).  After this correction, the dipole component [13] and the mean outside 
the Galactic plane were subtracted from the data. We have made an analysis 
and an estimation of the signal after the additional smoothing the data  on the 
map. 

3 R E S U L T S  OF A N A L Y S I S  

The method of estimation of the signal is to compare the measured value ( the 
sum of the noise and the signal ) with the amplitude of the apparatus noise, 
which is measured with high accuracy [1,2]. In order to estimate the amplitude 
of the signal we modelled the signal which is determined by the H-Z spectrum 
for primordial perturbation [14] 

< ATt2/T 2 > :  ~r¢~(2/+ 1)/21(l + 1), (1) 

where l is the number of spherical harmonics, and CH is the amplitude of the 
metric fluctuation. 

The stochastic signal for the spectrum (1) is modelled onto the map. Then, 
the complete process of observations, and the data reduction is simulated in order 



105 

to obtain survey transfer function, the mean value of the signal's dispersion and 
the variance's dispersion. 

The measured values (corrected for effects of the apparatus and for the Sun's, 
Earth 's  and Moon's contributions) and the parameters of noise are listed in table 
1 for different smoothing of experimental data. The data for a smoothing angle 
of 240 show that  the signal is detected with a probability of 97%. 

Table 1. Parameters of noise and measured value 

Smoothing Measured Variance Degrees 
parameter variance of the of 

angular on the map noise freedom 
degree microK 2 microK 2 of noise 

6 1272 1242 106 

12 672 562 19 

24 34.52 23.72 9 

An anomalous low value of temperature (we called it "blamb") is observed 
in the region which lies inside the ecliptic longitudes 65 o - 3400 and ecliptic 
latitude -200 - - 4 5  °. 

Statistical simulation shows that the probability that this anomaly is a peak 
of Gaussian noise on the map is about 1%. With a confidence level of 90% we 
can estimate the mean value of the signal in this region ATb inside the interval 

o r  

- l14 /~K < ATb < - 2 7 # K  

- 4 . 1 0  -s  < ATb/T < - 1  • 10 -~. 

We have analyzed the followiug possible sources of the signal which have a 
noncosInological origin: apparatus effects, the Moon's, Earth 's  and Sun's radia- 
tion, and the contributions of Galactic sources. 

Modelling the complete process of our survey including Moon, Earth and 
Sun shows that  the observed signM could not be explained completely neither 
by the radiation of the known radio sources nor by the systematic errors of the 
survey. We expected the signal has the cosmological origin. 

We use spectrum (1) to estimate the signal. The upper and lower limits of 
the mean quadrupole with a confidence level of 90% are: 

17#K < {AT2} < 95pK. 
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6-10  -6 < (AT2/T) < 3 .3 .10  -5 

and the amplitude of fluctuation ~H in (1) is inside the interval 

5 .2 .10 -6 < c H < 2 .9 .10  -5. 

The COBE data  show [4] 

2 .9 .10  -6 < S H < 5.5. 10 -6. 

4 C O M P A R I S O N  W I T H  T H E  C O B E  A N D  19.2  G H z  
D A T A  

After the COBE group [3,4,5] declared its new results, it became possible to 
compare our data  with the COBE data. Examining the RMS value of the cos- 
mic quadrupole of the COBE data, one can see that  the mean value o f  COBE 
quadrupole intensity 17 + 5#K (for 68 % C.L) is less than RELICT one. Taking 
into account the experimental errors both amplitudes of quadrupoles correspond 
to one another. But, as one can see below there is significant disagreement in the 
location of quadrupoles. Unfortunately the COBE group has not yet published 
complete data, so we are forced to compare our map with COBE quadrupoles 
only and will analyze the COBE data and these disagreements. We will take 
into consideration only the declared sensitivity of the different radiometers of 
the COBE and the statistical arguments. 

One can compa.re the RELICT and COBE quadrupole using cross correlation 
r(n. c) 

r(R.c)= EQi(R)Qi(C) 
q (R) E o (c) 

where Qi(R) are RELICT quadrupole components, Qi(C) are COBE quadrupole 
components and Q1 is equal to the real quadrupole coefficient multiplyed by 3/4 
the numerical coefficient. This direct comparison shows that RELICT and COBE 
quadrupoles do not correlate. For example, 

r(R37. C~)  = - 0 . 4  

r(R37. C31) = 0.2 

where the lower index referees to the frequency of a map. 
Therefore, there are two choices from this situation. The first is that  the 

COBE quadrupole is correct and there are some systematical errors or unsep- 
arated galactic emission in the RELICT data. The second is that  the RELICT 
quadrupole is correct and there are some systematical errors in the COBE data. 

If one believes in the COBE results one should explain the discrepancy be- 
tween the COBE proposed free-free emission [4] and optical data  of [15, 16]. 
The interpretation of the COBE data requires at least 3 times more powerful 
free-free emission then follows from the Reynolds observations. We shall assume 



107 

the Reynolds observations valid and analyze the second choices tha t  the COBE 
data  to some extend are affected by errors. 

The COBE team shows a different quadrupole O(A-B) [17]. In these data  the 
cosmic signal should be reduced to zero as far as the transfer functions of two 
channels (A and B) are equal to one another. On the other hand, the X 2 = 11 
for 31 GHz channel it indicates the presence of some signal with confidence 
level 95% . Only one explanation of this big value of X 2 for 31 GHz channel is 
possible. It is the presence of a residual systematical error in the channel. To 
prove this claim one should calculate the correlation between the sum of the two 
channels and difference of its 

r31(Q(A+B), Q(A-B)) ": --0.48 

The lower index 31 refers to the frequency. The correlation coefficient is 
significant and negative. From the other side, the cosmic signal is completely 
reduced from the difference map A - B. The significant correlation indicates 
that  there exists some signal in the B channel. Seems to be that  it is a error. 
If  so, the variance of B channel must be more than the variance of A channel. 
One can use the variation of the sum of two channels and the variation of the 
difference to calculate the variation of B and A channels separately. One can 
obtain ~ = 3 • a2  , so our assumption on the presence Of a systematical  errors 
in B channel seems to be valid. 

One can also find the correlation coefficients between A and B channels 
for different fi'equencies. The results are shown in Table 2. The data in this 
table is shown as follows. In the first column there is the list of maps including 
prel iminary COBE map [18], the maps of two frequencies (53 and 90GHz)., 
R E L I C T  map  and the difference map (A - B) for 31GHz and the sum of two 
channels for 31GHz. In the second column the correlation coefficients between 
A channel and the left hand maps are shown. In the next column the correlation 
coefficients between B channel and the first column are shown. The r of ( A - B ) a l  
and B is equal to -0 .85  instead of value 0.46 of (A - B)31 and A. So, it supports 
again o u r  assumption that  B channel is contaminated by systematical  errors. 

Therefore, one should use only one channel A to analyze cosmological con- 
clusion of COBE experiment.  On tile other hand, all data  which are correlated 
with B31 channel should be rejected from consideration (or should be corrected). 

The additional argument  is that  channel B31 is not correlate with RELICT 
quadrupole instead of A31 channel (see row 6). The correlation between A31 and 
R E L I C T  data  is 0.75 which is rather significant. 

As far as 53GHz map is correlated with B31 (see row 4 of the table2) it are 
also contaminated by systematical  errors. 

It would be noticed that  the direct comparison the COBE and RELICT 
quadrupole components is not correct due to the incomplete sky coverage in both 
surveys, low signal to noise ratio and different transfer and weighting functions 
of this two experiments. In this case the spherical harmonics lose its orthogo- 
nality and the power of the some harmonics transfers to others, moreover this 
t ransformation is different for COBE and RELICT radio maps.  
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Map Channel A(31GHz) Channel B(31GHz) 

31 GHz2oc,,t.( A+ B) 0.55 0.87 

31 Gttz20c~t,(A_B) 0.46 -0.85 

53 GHz20c~t 0.22 0.66 

53 GHz3oc,~t -0.13 0.52 

90 GHz20cut -0.31 0.47 

90 GHz3ocut -0.43 0.31 

RELICT 0.75 -0.21 

Channel A(31GHz) 1.00 . 0.07 

Channel B(31GHz) 0.07 1.00 

It  would be very interesting to compare COBE and RELICT data  with the 
19.2 GHz survey [19] . COBE separation the Galactic and cosmic microwave 
emission [4] one can calculate quadrupole component  at 19.2 GHz has to be 100 
or 200 #K depends on the Galactic cut 10 or 20 o correspondingly. Such value of 
the signal may  be easy detected with the sensitivity declared for the 19.2 GHz 
survey. If our conclusion of the cosmological origin of R E L I C T  signal is incorrect, 
the R E L I C T  signal also has to be detected at 19.2 GHz at the same level. 

5 C O M P A R I S O N  w i t h  M O D E L S  

Many authors have computed a nisotropies of the relic radiation for different 
cosmological models. One can find the sum of these efforts in [20]. There are 
two main conclusion for cosmology which are the results of these detection. One 
is concerned to new physics and reveals the main parameters  of interaction on 
the energy scale of the order of 1016GeV and second is concerned to the present 
Universe a.nd its contributors. 

First of a.ll we would like to concentrate on the parameters  of Grand Uni- 
fica.tion. I t  is well known that  the observational restrictions for ~T/T are the 
powerful test for modern theories of particle physics(see, for example,  [21, 22] . 
Now there is hope that  large scale anisotropy is discovered. Therefore, it is pos- 
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sible to estimate some main parameters of the elementary particle interaction, 
which determines the interaction at the energy scale near the Plank scale. 

Although the standard minimal SU(5) model with a Coleman - Weinberg 
potential with a large coupling constant is rejected by experimental data there 
is possibility that  extended SU(5) or supersyminetric SU(5) work. We consider 
below some models which produce acceptable predictions. One is constructed by 
Shaft and Vilenkin [23] and second is constructed by Pi [24]. The authors add 
weakly interacting scalar singlet ¢ (it is real ¢ in Shaft and Vilenkin (SV) model 
and is complex ¢ in model of Pi). This field is coupled with other physical field 
with small coupling constant. In SV model the vacuum expectation value of ¢ 
induces SU(5) symmetry breaking. In Pi model the real component of ¢ drives 
inflation and the imaginary component of ¢ is an axion field. 

Potential which drives inflation can be represented in both models in standard 
form 

A 
v ( ¢ )  = - ¢02) 

Similar potential appears in supersymmetric models [25, 26]. 
Supersymmetry has some advantages from theoretical point of view. In cited 

paper of Ellis et al. analyzed consequences of supersymmetric model described 
by potential 

V(¢ ,T)  = a .  4 4 _  fl¢3 + (7 + c . T 2 ) ¢  2 4- 5 

where a, fl, 7, c are parameters of the model, T is temperature of the plasma and 
is vacuum energy. The estimation which will be done below concerns to ~ in 

this model. It is necessary to mention that the difference of this potential from 
the standard form leads to some numerical coefficient of the order of unity. 

Therefore, we can estimate the coupling constant in A¢4/4 potential and it 
is approximately valid for more complicated models. 

One can write [21] that CH = 7.6- V~ and using the RELICT data  we obtain 
the estimation of coupling constant in these models 

5 . 10  - l a <  A< 1.5.10 -11 

The scale of SU(5) symmetry breaking (in SV model for instance) is determined 
by Mscale ~ A1/4Mpl ,~ 1016GeV. We choose arbitrary renormalization mass of 
the model to be Mp~. Similar estimation appears in other models of extended 
SU(5) including supersymmetric models. 

The second conclusion is connected with the contributors of our Universe 
(dark matter) .  There are authors who elaborated hybrid model in which there 
is dark mat ter  of two types. One is stable and second is unstable type [27,28]. 
There is no main defect of standard models in it. It is possible to explaine the 
existence of the first objects at z = 4 - 5 (quasars) and the existence of large 
scale structure (LSS) at z = 0. LSS is evolving very fast in the standard models. 
In the hybrid model the main contributor consists from hot. and unstable dark 
matter.  At lO16-17sec the hot particles decay and the rate of evolution decreases. 
Above mentioned data agree fairly well with the model in which the density 
perturbation in the moment of recombination is _~ 4 • 10 -3. The amplitude of 
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AT/T depends both on Ap/p and on the content of these stable and unstable 
components. Our data show that  the content of stable dark matter  is 10%-  20% 
of the content of unstable type. 
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RELIKT1 and COBE-DMR* Results: A 
Comparison 

A.J. Banday 

Universities Space Research Assoc., Code 610.3, NASA/GSFC, Greenbelt MD, 20771. 

A b s t r a c t :  A recent reanalysis of the RELIKT1 data (Strukov et al., 1992) shows 
a statistically significant decrement in temperature in a highly smoothed sky- 
map. COBE-DMR has observed the same region of sky at higher signal-to-noise 
ratio at three discrete wavelengths. We present results from the DMR sky-maps 
smoothed to equivalent resolution as RELIKT1 and discuss possible sources of 
contamination. 

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

RELIKT1 and the COBE-DMR are to date the only two dedicated space-borne 
experiments to a t tempt  to detect and map the anisotropy of the Cosmic Mi- 
crowave Background (CMB). A recent reanalysis of the RELIKT1 data (Strukov 
et al., 1992) has detected a signal reputedly of cosmological significance at -20 o 
< )t < 65 °, -45 o < ;3 < -200 (the so-called 'blamb' region). The COBE-DMR has 
detected a statistically significant signal on the sky which cannot be attr ibuted 
to known Systematic instrumental errors or Galactic emission (see Smoot et al., 
1992; Bennett  et al, 1992; Kogut et al~ 1992; Wright et al, 1992). This structure 
is consistent with a description in terms of scale-invariant fluctuations with a 
Gaussian distribution of amplitudes and random phases. However, COBE-DMR 
has only claimed a statistical detection of anisotropy, and no claim has been 
made about individual features on the maps. The unambiguous identification of 
anisotropy would be useful 

- As an aid to searches for small-scale anisotropy. 
- As a probe of cosmological models from the properties of hot spots and cold 

spots (Bond & Efstathiou, 1987). 

We therefore reanalyse the DMR skymaps using the same technique adopted by 
the RELIKT1 group. 

* The National Aeronautics and Space Administration/Goddard Space Flight Center 
(NASA/GSFC) is responsible for the design, development, and operation of the 
Cosmic Background Explorer (COBE). 
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2 Analysis Technique 

A weighted sum of the 2 independent A and B channels at each frequency was 
formed to increase sensitivity, and then the 3 resulting ' sum'  maps  were masked 
to reproduce the RELIKT1  sky coverage. The analysis technique from Strukov 
et al. was then reproduced on the DMR maps,  that  is 

- the best fit monopole and dipole were removed from each map,  assigning 
zero weight to pixels within -4- 150 of the Galactic plane 

- the maps  were smoothed with a Gauss±an beam chosen to match the final 
smoothings of the RELIKT1 map,  (FWHM ~ 15 °, 29 °, 57°), assigning zero 
weight to pixels within 4- 150 of the Galactic plane 

- the mean tempera ture  in the ' b l amb '  region was evaluated. 

3 Discussion 

Figure 1 shows the RELIKT1 and DMR maps in an ecliptic projection. It is 
clear from the figures that  

- the DMR maps have lower noise than the RELIKT1 map 
- the only obvious features in the DMR maps have spectral indices suggestive 

of a Galactic origin (corresponding to structure associated with Ophiuchus 
and Orion lying outside the Galactic exclusion zone). 

- the DMR maps  show n o  evidence for the blamb. 

Table 1 gives the weighted average temperatures  in the blamb region. The 
R E L I K T  numbers are from Strukov et al. (1992). The errors are 68% c.1. and 
include systematic error estimates. The DMR results are consistent with no 
statistically significant structure in the blamb region. Table 2 gives the likely 
contribution from Galactic foregrounds, determined at the three DMR frequen- 
cies from the models described in Bennett  et al. (1992). The RELIKT1 numbers 
are again from Strukov et al. Our conclusion remains unchanged if we correct 
for the Galactic foreground signals. 

T (~K) 
RELIKT1 -71 ± 27 
DMR 31 GHz -4 ~= 11 
DMR 53 GHz - 1 ± 4  
D M R 9 0 G H z  + 5 ±  5 

Table  1. Sky temperatures in the direction of the claimed ttELIKT1 fluctuation. 
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T (#K) 
Term 31 GI-Iz 53 GHz 90 GHz ttELIKT1 

Synchrotron -1 0 0 < 13 
Free-Free -12 -4 -1 < 3 
Dust 0 -1 -2 < 1 

Table 2. Estimate of the Galactic contribution. 

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

We find no evidence for the temperature decrement claimed by the RELIKT1 
group. It is unlikely that  systematic errors or Galactic foregrounds have affected 
our analysis. 

R e f e r e n c e s  
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Kogut, A. et al., 1992, As$rophys. J., 401, 1. 
Smoot, G.F., et al. 1992, As~rophys. J. Le~.ts., 396, L1. 
Strukov, I.A. et al., 1992, Mon. Not. R. as~.r. Soc., 258, 37P. 
Wright, E.L. et al., 1992, As$rophys. J. Let,s., 396, L13. 
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53 '~ ~* Hz 

RELIKTI 31 GHz 

Figure 1:RELIKT1 and DMR sky maps in ecliptic coordinates smoothed to 
an effective F W H M  of ~-- 29 °. The tempera ture  scale is thermodynamic.  A band 
of width +150 about  the Galactic plane has been given zero weight, Other blank 
regions correspond to the RELIKT1 sky coverage. The white cross on the 
RELIKT1  map  shows the approximate  centre of the 'b lamb ~ region. 
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1 I n t r o d u c t i o n  

The COBE DMR team ([Bt],[Sml],[Sm2], [Wtl] , [Wt2])has  reported the de- 
tection of large angular scale anisotropy in the cosmic microwave background. 
One measure of this anisotropy is the reported rms amplitude, Q~ms, of the 
quadrupole moment of the observed sky temperature fluctuations. The compo- 
nents of the quadrupole are determined through a. least-squares fit of the data to 
spherical harmonics. Since Q,.m~ is based on a quadrature sum of the measured 
components, all power including noise power contributes positively to it. To be 
more precise, suppose the five measured quadrupole components are Qi = qi-t-¢i, 
where {qi} are the real quadrupole components and {e~} are the measurement er- 
rors with zero mean and variance var(el) = ~i 2. The reported Q~m~ is Q(Qi) 1/2, 
where Q(Qi)  = (SiQ2)/4rr. It is an estimate of the real amplitude Q(qi) 1/2. An 
unbiased estimate of Q(qi) is 

O(q ) Q(@)- (1) 

Gould [Gd] points out that if tile ai 's are significant compared to the Qi's, the 
reported Qrm~ should be corrected for the noise quadrupole power Q(c~i). He 
uses the published ~i's and equation (1) to determine a noise corrected Qr,~8. In 
addition, Stark [St] explains that one must also account for the effects of aliasing 
of higher order multipoles due to Galactic masking, non-uniform sky coverage 
and pixelization. He determines gi's due to these effects and uses (1) to correct 

Q r  771,8 • 

We present results of Monte Carlo simulations which quantify the effects that 
pixelization, non-uniform sky coverage, Galactic masking and cosmic variance 
have on the quadrupole estimates Q,.ms. We obtain corrections for these effects 
which are 10% and 25% smaller than those reported by Stark and Gould. 



116 

2 S i n m l a t i o n  T e c h n i q u e s  

The DMR instrmnent measures differential temperatures of the sky at frequen- 
cies 31, 53 and 90 GtIz. At each frequency measurements are made with two 
nearly independent channels A and B. After the data  have been calibrated and 
corrected for known effects (see [Sml] and [Kg]), an inversion process leads to 
temperature  skylnaps at each fi'equency and channel. At each frequency we form 
the sum and difference maps by adding and subtracting the two channels pixel 
by pixel. Tha t  is, T,,,,~(i) = (TA(i) + TB(i))/2 and Tdi](i) = (TA(i) -- TB(i))/2 
for each pixel i. The sum maps preserve the sky temperature while the difference 
maps are expected to consist purely of noise 

T,~,~(i) = T, ku(i) + ni 
Tdq (i) = n~. (2) 

The noise hi, n~ in the maps is Gaussian with zero mean and variance that  
depends on the number of times Nob~ (i) each pixel was observed 

vat(hi) --var(,{i) = aUu/Nob~(i). (3) 

ttere c~u is a known instrument rms at a given frequency. 
To simulate the DMR skymaps (2) we Monte Carlo skies with a scale invari- 

ant power spectruna of fluctuations with a quadrupole-normalized amplitude of 
16pK: the coefficients {b~m} '5 of the spherical harmonic expansion ~btmFlm are 
chosen to be Gaussian with zero mean and variance given by 

, 247r 
va,'(b~m) = <  Q;.m~ > 5e(g + 1)' (4) 

with normalization < Q~,,~ >0.5= 16p.K. Due to cosmic variance, the individual 
simulated skies do not necessarily possess a 16pK quadrupole or a pure n = 1 
spectrum of higher order power. In some of our simulations we suppress cosmic 
variance by normalizing the btm coefficients for each order of g to produce a 
pure n = 1 spectrum and quadrupole amplitude of 16p.K. Noise is generated 
to simulate the one-year 53 GHz A-B map; i.e., each pixel temperature Ti is a 
Gaussian with zero mean and variance (3) with a ,  = 18.2mK. All temperatures 
referred to in this paper are thermodynamic.  

To find the quadrupole components we do a weighted least-squares fit to 
minimize the contribution from the noisy pixels; we minimize the weighted sum 
of squares 

2 

x 2 = Z t r ( 0  - 
i ~--0 m = - ~  

with respect to the be,,.'s, the sum runs over all the pixels outside the Galactic 
cut and Fe,~(i) are the spherical harmonics evaluated at pixel i. Once we have 
the fitted b2m's we compute the Q,.m., using Q~ .... = Q(b~i). 

s We a s s u m e  the  n o r m a l i z a t i o n  in which  the  {b2,n} are the  q u a d r u p o l e  coefficients 

{q~}. 
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3 S i m u l a t i o n  R e s u l t s  

Figures 1-3 show how the different effects accumulate to produce a bias. The 
median of the input silnulations is drawn as a dotted line on the plots. The 
effects of pixelization and Galactic masking are shown in Fig.1. Noise and non- 
uniform sampling are added for Fig.2, and finally, cosmic variance is added to 
the simulations of Fig.3. In all the plots the x axis is the range in Galactic 
latitude ]b I that has been removed from the maps before the fit was done. The 
y axis is the resulting Q~m., in pK of the fit. The upper set of curves include 
power in the lnultipole range 2 < ~ _< 20. Tile lower set of curves include no 
intrinsic power in the quadrupole moment, but. includes power in the multipole 
range 3 < g < 20. While the latter is not expected to represent a plausible 
physical model of the CMB anisotropies, it is included to aid in assessing the 
magnitude of the qnadrupole bias due to aliasing effects. The five curves in each 
set correspond to the lnedian, 68% and 95% confidence levels. In Fig.4 we show 
only the bias of non-uniform sampling, instrument noise and Galactic cut, no 
multipole structure has been added to the simulations. All curves are derived 
from 1000 simulated maps. 

Figure 1 shows the aliasing effect of the Galactic cut in the presence of higher 
order power. The Galactic cut aliases power of ~ > 2 into the quadrupole, mostly 
fi'om the multipole ~ = 4. Notice that for no Galactic cut the curves converge 
to the input values, so pixelization is not an important  factor. This is to be 
expected since tlle 2.6 ° pixels have an effective ~ > >  2. Figure 2 includes the 
effect of non-uniform sampling and inst.rmnent noise. It shows how the noise 
pattern and Galactic masking affect the DMR measurenaent of the Q~m, under 
the assumption that the temperature sky in our horizon is a perfect n = 1, 
< Q~.m, >0.5= 16/_tK sky. In Fig.3 we have added the effect of cosmic variance. 
In this case, the values of Q~,,~, are distributed like a X 2 with 5 degrees of 
freedom. As a result the median va.lue of Q~.,,., is 87% of its mean value which 
corresponds to 222.6#K 2. In Figure 4 we have simulated only instrument noise 
to demonstrate the magnitude of the noise bias alone. Note that because the 
instrmnent noise is uncorrelated with the higher-order power on the sky, the 
biases in 2 Q~m, due t.o noise alone and aliasing alone simply add. 

The results of Table 1 give the bias power, Q(cri) , for Ib] > 10 ° and 200 of 
the effects considered. The numbers are obtained by taking the difference of the 
median of the simulated values and the median of the input values. 

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

Equation (1) and the numbers ill table 1 can be used to correct the published 
values of Qr,n~. For non-uniform sampling, instrunlent noise and Galactic cut 
the corrections correspond to the sum ill quadrature of the Gould and Stark 
adjustment (Table 4 in [St]). Our corrections Q(cr;) are about 25% smaller than 
those of Stark. The corrections due only to noise are about 10% smaller than 
those in [Gd]. 
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Table  1. Bias of the best-fit Q~,~ for ]bl > 10 ° and 20 ° 

Figure Effect Bias, lbl > 10 ° 
ttK 2 

Bias, Ib[ > 200 
td{ 2 

Galactic cut 7.1 39.8 
+ non uniform noise 24.7 63.1 

q- cosmic variance 31.7 65. 
noise only 17.3 26.2 

no structure 
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1 I n t r o d u c t i o n  

Anisotropies of the Cosmic Microwave Background (CMB) temperature  fluc- 
tuations a.t large angular scales (greater than the horizon scale at decoupling 
t ime ,-, (2X21/2) °) contain illformation of the spectrum of mat te r  density fluc- 
tua.tions a.t scales above hundred Mpcs. There are several experiments working 
a.t these scales. The level of anisotropy was first detected by the DMR exper- 
iment on board of the COBE satellite giving an ampli tude of 1.1 × 10 -5 on 
angular scales of -,~ 10 ° [1]. A cross-correlation analysis between the DMR data  
and the results of tile MIT experiment [2] reveal that  the fluctuations observed 
by both experiments are consistent with CMB anisotropies [3]. The Tenerife [4] 
and the ULISSE [5] experiments gave upper limits of A T / T  < 1.8 x 10 -.5 and 
mT/T < 1.3 x 10 -'~ respectively at angular scales of ,-~ 6 °. Tile former one is 
presently working a.t three different fl:ecuencies taking measurements a.t several 
declinations and it could reach the level of detection in a short period of time. 

The non ergodic behaviour of the CMB temperature  fluctuation field is not 
taken in account in tile standard method to analyse the CMB data. This method 
is based on a. ba.yessian aproach and uses the likelihood function to determine 
upper limits of tile temperature  fluctuations assuming that  this field is ga.ussian 
distributed over the region sampled by the experiments. Ilowever, primordial 
gaussian fluctuations may a.ppear non gaussian distributed over the observed 
region due to the non ergodic behaviour of the tenlperatm'e field. Therefore we 
propose alt.ernative methods to analyse the CMB data. These methods are based 
on geometrical properties and we have applied them to the one dimensional cases 
of the Tenerife and ULISSE experiments. 

This contribution is organized as follows. In the next section we discuss the 
ergodicity of the CMB teml)erature Iluctuation field. Section 3 presents the "Pip  
analysis" a.nd its results for the Tenerife and ULISSE exPerimets. The main 
conclusions are presented in section 4. 
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2 S t a t i s t i c s  o f  t h e  C M B  t e m p e r a t u r e  f l u c t u a t i o n s  

The non ergodic behaviour of the CMB temperature fluctuation field can be 
seen through the cosmic uncertainty associated to the spherical harmonic mo- 
ments [6] and to the temperature autocorrelation function [7] and through the 
non null dispersion of the third and fourth order moments of the temperature 
field [8]. In relation to the last property one can assume primordial gaussian tem- 
perature fluctuations and can calculate the dispersion of  the third and fourth 
order moments over the whole celestial sphere, defined by: 

(7 n _= [<  ( c ( n ) ) 2  > _ < C(n)  >2]1/2,  (1) 

where the averages are taken over the statistical ensemble and 
C ('~) - <  ( A T ~ T )  '~ >sky, n = 3, 4. 

We have calculated those quantities for four different experimental config- 
urations and the results are presented in table 1: Two one-beam experiments: 
DMR (a = x/2 × 3.2 deg) and an experiment with the Tenerife beam width 
(or = 2.4 deg). A double beam switching experiment: Tenerife (cr = 2.4 deg, 
c~ = 8.1 deg). A single beam switching experiment: ULISSE (cr = 2.2 deg, 
c~ = 6 deg). 

Table 1. Percentage of dispersion of the third and fourth order moments for different 
experimental configurations. 

COBE-DMR Tenerife-1 Tenerife U LISSE 

0.3/ < 6(2) >3/2 22 16 6 7 
(r4/ < C (2) >~ 94 69 34 39 

The non null values of the dispersion of the third and fourth order moments 
are due to the non ergodic behaviour of the CMB temperature fluctuations. As 
one can see the dispersion of both moments grow with the antenna beam width 
and their amplitudes are smaller for beam switching configurations than for one 
beam experiments (beam switching experiments filter the low order multipoles 
which are the less ergodic ones). 

It is also important  to consider the region of the celestial sphere observed 
by the experiments. Figure 1 shows the bands sampled by the Tenerife and the 
ULISSE experiments. We made 5000 simulations of the CMB fluctuations as 
seen by both experiments, based on the spherical harmonic expansion: 

A = AT(n)  = E a[~ytm(n)' (2) 
1=2 m = - - I  

where n i s  the unit vector in the direction of observation and the coefficients 
a7 ~ are assumed to be gaussian distributed with < a'~a'~ > =  0 unless k = I and 
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Fig. 1. Region of the celestial sphere observed by the Tenerife (dots) and ULISSE 
(crosses) experiments. 

m = n. We also assumed a Harrison-Zeldovich power spectrum P(k)  (x k. Table 
2 presents the values of the dispersion of the third and fourth order moments 
obtained for the Tenerife and ULISSE experimental configurations. 

Table 2. Percentage of dispersion of the third and fourth order moments for Tenerife 
and ULISSE experimental configurations considering the observed band of the sky. 

3Tenerife ULISSE 

o'z/ < C (2) >312 52 49 
~r4/ < C(2) >2 323 202 

As can be noticed comparing table 1 and table 2, as the sampled area de- 
creases the non ergodic behaviour increases producing higher values of cr3 and 
cr4. The bigger region observed by the ULISSE experiment favours the ergodicity 
of the CMB temperature fluctuation field. 

Summarizing, the non ergodic behaviour of the temperature field causes cos- 
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mic uncertainties on the spherical harmonics and on the autocorrelation function 
and produces non null values of the dispersion of the third and fourth order mo- 
ments. Beam switching tecniques favour the ergodicity although the small area 
of the sky sampled by an experiment can increase this property. This behaviour 
should be considered in the CMB data  analysis and in the next section we pro- 
pose geometrical methods to determine upper limits on the CMB temperature 
fluctuations. 

3 Pip Analysis: application to the Tenerife and ULISSE 
data 

We consider a geometrical analysis of the one dimensional data of the Tenerife [4] 
and ULISSE [5] experiments. The main property of the geometrical methods is 
the non assumption of ergodicity. In one dimension the up and down crossings of 
a certain threshold are called "pips" and are characterized by their size and the 
nmnber of them above different thresholds [9]. The spot is the pip counterpart in 
two dimensions and one can use the number and area of spots [10, 11, 12, 13, 14], 
the fractional area of excursion regions, the contour length and the genus [15, 16] 
to analyse two dimensional data. 

The Pip analysis is based on simulations of the CMB temperature fluctua- 
tions on the observed band of the sky using a spherical harmonic expansion as 
indicated in the previous section. We assumed an original gaussian temperature 
field and a ttarrison-Zeldovich power spectrum. The experimental configuration 
is taken in account through the dispersion of the signal. In the case of a double 
beam switching experiment, as the Tenerife one, the dispersion of the signal is 
given by: 

cr~ = (1..5C(0, a) - 2C(a,  a) + 0.5C(2a, c,)) 1/2, (3) 

and in a beam switching configuration, as the one used by the ULISSE experi- 
ment, the dispersion of the signal has the following expression: 

a, = (2[C(0, ~) - C(~, ~)])1/2, (4) 

where C(c~,(r) is the temperature autocorrelation function, (~ is the angular 
separation and cr is the antenna beam width. 

Two methods are used to analyse the Tenerife and ULISSE data based on the 
distribution of the pip sizes and of the number of pips above several thresholds. 

One can determine an upper limit of the temperature fluctuations studying 
the distribution of the pip sizes above the zero threshold. First of all one has to 
determine the probability distribution function of the pip sizes considering the 
experimental noise ~rn and the dispersion of the signal ~r~. For this purpose we 
made 5000 simulations for each value of ~s in the range 0 - 1 0 0  # K  for the exper- 
imental configurations of the Tenerife and ULISSE experiments. The likelihood 
function of a set of pip sizes 01, ..., ON for a certain signal L(Oi/~,) is proportional 
to the product of the probability distribution functions P(O{/o's, (~,~). 
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We used the likelihood ratio as an statistic to determine the upper limit of 
the tempera ture  fluctuations: 

L(Oi/crs = O'o) 
A - L(9 i /crs  = 0) " (5) 

Two hypotheses are assumed, It, the cosmological signal is equal to a certain 
value ao and K, the cosmological signal has a null value. The probabil i ty of 
rejecting H when it is true is given by a parameter  a and the power of the test 
(the probabili ty of rejecting K when it is true) is given by ~: 

o~ = < ; obsl   = = < = 0),  (6)  

where hobs is the likelihood ratio for the observed pip sizes. Performing 5000 
simulations with c% = ~o and 5000 with as = 0 one can obtain the probabili ty 
distribution function of the likelihood ratio in both cases. The parameters  ~ and 
/? are determined comparing with the ~ob~ obtained for the data. 

We obtained an upper limit of 65 p K  for the Tenerife data  (see figure 2) at 
the 95% confidence level ((~ = 0.05) with a power of 71% (t3 = 0.71). In the case 
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of the ULISSE data  the information about  the pip sizes is lost due to the low 
angular resolution and no upper limit could be determined. 

The second naethod we applied to analyse the Tenerife and the ULISSE 
data. is based on the number  of pips above several thresholds. First, one has 
to calculate the mean number and the dispersion of the number  of pips above 
different thresholds assuming values of the dispersion of the signal in the range 
0 - 100 # K .  5000 simulations were performed for each value of the signal. 

The statistic we used to determine the upper limit is defined by: 

(Ni  - N i )  2 
x 2 = , ( 7 )  

i----1 

where n is the number of thresholds, Ni is the number  of pips above the threshold 
i, Ni is the mean number  of pips and o" i is the dispersion of the number  of 
pips. Assuming two hypotheses, in the sense indicated above, the confidence 

,2 level is given by a = P ( X  2 > Xobs/Os = O'o), beeing the power of the test 

= P ( x  > x ob,/, s = o). 
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• Applying that  test we obtained a,n upper limit of 90 pK for the Tenerife data  
at the 95% confidence level and power of 58% and an upper limit of 40 t tK for 
the ULISSE da,ta at the salne confidence level and with power of 59% (see figures 
3 and 4). 

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

The non ergodic behaviour of the CMB temperature  fluctuations has been seen 
through the non null dispersion of the third and fourth order moments  of this 
field. Beam switching tecniques favour the ergodicity although the small area 
covered by the experiments unfavour it. 

Geometrical  methods have been proposed to consider the no ergodicity of 
the CMB tempera ture  fluctuation field. An i lnportant  characteristic of these 
methods is that  one can assume any distribution of the primordial temperature  
field. In case of one dimensional data  they are based on the size of th e pips and 
on the number  of them above several thresholds. We applied both methods to 
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analyse the Tenerife and the ULISSE data.  The former one is not sensitive to 
the ULISSE data  due to the low angular resolution although it is more sensitive 
than the second one for the Tenerife data.  In relation to the ULISSE data  the 
method based on the number of pips above different thresholds gives a similar 
result as the one obtained applying the s tandard method of da ta  analysis [5]. 
This could be possibly due to the large sky area covered (bigger than the area 
covered by the Tenerife experiement as shown in figure 1) which favours the 
ergodicity of the CMB tempera ture  field. 
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1 I n t r o d u c t i o n  

During the 1992 two groups of observers announced the detection of the CMB 
large scale anisotropy [1-5]. They claim to have observed at least the quadrupole 
anisotropy, with a value of ,-~ 10 .5 in the case of Relikt and --~ few. 10 .6  for 
COBE. The CMB anisotropy is one of the most effective tools for the investi- 
gation of the Universe. The large scale fluctuations which cause the large scale 
anisotropy are defined by super high energy physics- namely the Grand Unifica- 
tion Theory (GUT)- as was clarified by the theory of inflation [6-9]. Therefore, 
the value of the anisotropy lower spherical harmonics allows us to make some 
conclusions about the physics of the early Universe and thus, about the physics 
of particle interactions at high energies. 

Two types of metric fluctuations are generated at the inflation epoch: adi- 
abatic perturbations ( below AP ) and tensor perturbations (or gravitational 
waves, below GW). The amplitudes of AP and GW are defined by the different 
parameters of GUT. So, it is very important  to discriminate between the AP and 
GW contribution to the CMB anisotropy in order to obtain more information 
about the physics of the early Universe. As we consider, this can be achieved 
through the observation of both CMB anisotropy and polarization. 

The CMB anisotropies become lineary polarized when they are scattered by 
the primordial plasma fi'ee electrons. The degree of polarization is not too big: 
the maximal value of the polarized component reaches 20%. 

Three conditions are necessary in order to generate polarization: 

- CMB anisotropy at the moment of scattering 
- Dense plasma which can provide a big number of scattered events 
- The expansion of the Universe. This creates a rapid decrease in the density 

of free electrons that  makes negligible the probability of a second scattering. 

Therefore, the polarization of the CMB can be created during two epochs: 

- at the main recombination which took place in at z ~ 1000 

and 
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- at the second recombination epoch which could take place later ,for instance, 
at z ~ 100, or when the first objects in the Universe were created 

AP and GW add in different ways to the CMB anisotropy: for standard 
models, the GW contribution to the quadrupole is as small as 5 - 20% of that  of 
AP [11,12]. This is due to the fact of AP and GW amplitudes being determined 
by different parameters of the early Universe. For example, in the simplest case 
of scalar potential driving inflation 

v ( ¢ )  - ¢o2) 2 

the AP low wavelength amplitudes are determined by x/ lambda and the GW 
amplitudes are determined by ¼¢4. Therefore, it is important  to measure the AP 
and GW amplitudes separately in order to reconstruct the shape and parameters 
of the field which drives inflation. 

Here it will be shown that the amplitudes of anisotropy 

aniso tropy  = k l l A  2 + k12B 2 

and polarization 
polar i za t ion  = k2 tA 2 + k~2B 2 

are determined by a set of linear equations with coefficients kij whose determi- 
nant is not equal to zero. Therefore, we can resolve this system, find separately 
the AP and GW amplitudes A 2 and B 2 and thus, determine the parameters of 
the field driving inflation. 

2 Basic equations 

We assume a Friedman model of the Universe with X2 = 1, A = 0. and the 
dust-like state equation p = 0. 

Taking into account metric fluctuations we have the following expression for 
the linear interval 

where the small values h ~  satisfy the Einstein equations. E.M. Lifshitz [16] 
showed that  they can be divided into three independent types: scalar, vectorial, 
and tensor perturbations. In this work, we shall study the effects on the CMB 
of only the first and third type, and more specifically, the growing modes of 
adiabatic perturbations (AP) and cosmological gravitational waves (GW). 

After performing the fourier transformation of the metric perturbations in 
the usual way we choose the following gauge for SP: 

and for GW 
. ~J3/2(kr}) 
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where hA = CA(k)AA(k) , h+ = C+(k)Aaw(k) and hx = Cx(k)Aaw(k). The 
C(k)s are random spectral factors obeing delta-function correlation properties 
for k and the A(k)s are functions of k. Here we wrote only those terms needed 
in future calculations. The symbols + and x correspond to each one of the GW 
polarization states. The expressions for t ~  and s~z can be found in . 

In future calculations it is assumed a Harrison - Zeldovich spectrum for the 
GW 

AGw = Ak -3/2 

In the case of AP we choose a nearly flat spectrum 

AAp = B(k)k -a/2 

where B shows a logarithmical dependence on k [10]. 
For stochastic perturbations, the corrections to the metric will be, in general, 

a tensor random field and the spectral densities will be stochastic functions 
therefore. We consider that both GW and SP are distributed homogeneously 
and isotropically, which means that the spectral densities will depend only on 
the module of the wave vector. Besides, each kind of perturbation, the ones 
corresponding to the different states of GW polarization C+(k), Cx(k)  as well 
as to AP CA(k), is not correlated to the others. 

In order to describe the CMB, we follow [14] and introduce the symbolic 
vector ft. Here fi is a kinetical distribution function which depends on the coor- 
dinates x~ and the momenti  p~ of the photons. Its components are nl , nr -the 
occupation numbers of photons with self perpendicular states of polarization- 
and n~, which describes the correlation between ni and hr. The full photon 
occupation number is n = nt + nr . The CMB anisotropy is given by the fluctu- 
ations of this value. We denote them with the help of the vector ~. The kinetical 
equation for ~ in the Rayleigh-Jeans part of the spectrum is ofthe form 

O-"-q ÷ ~x ~ - 2 0 q  e'~eZ-O'TN~a(q){5---~ / / P(~2, (1) 

where e ~ = (cos ¢ sin 0, sin ¢ sin 0, cos 0) 
The expression of the scattering matr ix P through the radiation angles of 

incidence 0 and ¢ and detailes about equation one can be found in [13, 14, 15]. 

3 T h e  p l a n e  wave  s o l u t i o n  

As it will be shown later, in order to find the anisotropy and polarization of the 
CMB for a random spectrum of perturbations, it is enough to solve the transfer 
equat ion(l)  for the plane wave case. This also helps to make clear the physical 
meaning of our calculations. 

We el'loose the coordinate system so that the per turbat ionpropagates  along 
the z -  axis. The angle between the phonton propagation axis and the z - ax i s  
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is 0. Then we have the following expressions for the first term on the right of 
equation (1) 

-Paw = (h+ cos2¢ + hx sin 2¢) fracJs/2(ko)(ko)3/2(1 - #2) 

F S P  : h A k 2 0 ( ~  2 - -  1/3) 

h+,hx and hA are the constant amplitudes of GW and AP respectively. We 
deleted a monopole component of the anisotropy in order to have the second 
Legendre polinomy. Out of convenience, we choose the form for 5 as in [14,15]. 

(~(k, 0, ~) = Ot'A (k, 0, ~)(]-t2 -- ~) + (a+ cos 20 + ax  sin 2¢)(1--  p 2 ) + 

+/3A(I--# 2) O I +/3+ - ( l  + p~) cos 2¢ +/3x|-(1+p2)sin2¢ (14) 
4#s in2¢  \~ - 4 #  cos2¢ 

After sustituting this vector in the transfer equation (1) we obtain a set of 
integro-differential equations. 

The polarization of the CMB is accumulated mainly during the recombina- 
tion. The optical depth during this period is 

T(0) =  rNoa(,') do' 

This formula, can be written as 

r = A0 -a  exp(--2~?2/A0~) 

where A = 7 • 105 • A0r = 0.1 and the recombination time 0~ = 1 corresponds 
to z ~ 900. A0, is the interval during which the optical depth due to Thomson 
scattering changes from 1 to 0. 

We shall make our calculations for T/> Or in the approximation ~ > >  pko~ 
and /3 > >  #k/3. It is easy to see that  this is equivalent to kA0r < <  1. This 
means that  the functions a,fl  depend only on k and 0, and we can write our 
integro-differential system as 

da F(k ,  o) - 9 
d,--S = -fd Nea(°)  - 

d/3 lo.TN~a(o)a_ 4crTNea(o)fl 
do 

V~Ze wrote only one pair of equations as they are identical for both GW and 
AP. Introducing the function ~ = c~ +/3 and adding these equations we obtain 
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a simple system of differential equations. The analitical solution of this system 
has the form 

= 

/3= lf0  3 - 1--0 O-TNea(~)F(q')exp(, 7(q, rl')) dq' 

where r is optical depth from ~/ to rf For both AP and GW we shall present 
F(k,  7) as an expansion in a Taylor series. Solving numerically the above equa- 
tions one can find cr and/3 from them. The solutions show that the contribution 
of AP and GW to the anisotropy and the degree of polarization are different. 

We got the degree of polarization and anisotropy of the CMB at the end 
of recombination. In order to find them at the present moment we can no use 
anymore our integro-differencial equations. The anisotropy can be find in the 
standard way. In the case of polariza.tion, and assuming that  there is no reoniza- 
tion, that  is, taking N~ = 0 after the end of recombination: 

The specific goal of our talk is the estimation of the level of the CMB polarization. 
Using the above equation we can estimate the r.m.s degree of polarization as 
being 

p2 = 1.5 • 10 -4 • A2p d- 2 • 10 -6 • A 2 r.m.s. GW 

The anisotropy induced by GW and SP has been found by many athours. We 
will use equations from [11] 

cr 2 = 5 .2 .10-3A~p + 4 .5 .10 -5A2  w 

The determinant of this system is 8 .6 .10 -s .  As we wanted to show, this means 
that  the amplitudes of AP and GW can be estimated separately. 

We have estimated the total anisotropy and polarization in a wide angular 
range. The same situation is valid for some other specific angular range. There- 
fore, our general conclusion about the possibility of separation of SP and GW is 
valid. 
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1 I n t r o d u c t i o n  

Cosmic Microwave Background (CMB) photons are redshifted by the gravita- 
tional potential of matter inhomogeneities present in the universe, in addition 
to the cosmological redshift due to the expansion of the universe. Gravitational 
redshift affects the photons all the way from recombination till now. Most of the 
effect comes from density perturbations of small amplitude which evolves in the 
linear regime. They produce fluctuations in the temperature of the microwave 
photons that where first calculated by Sachs and Wolfe (1967) [1] in the case of 
a.n Einstein-de Sitter universe. These fluctuations dominate the large angular 
scale anisotropy of the CMB temperature. 

However, at the late stages of the evolution of the universe when clusters and 
superclusters of galaxies start to form, the matter enters in a phase of non-linear 
evolution producing a gravitational potential varying with time. The formalism 
to calculate the temperature a.nisotropies generated in this non-linear phase has 
been developed in [2]. Analytical ealcula.tions of the anisotropies produced by 
massive structures and voids [3] indicate levels of anisotropies of 10 .6 - 10 .5 
and 10 .7 - 10 .6 respectively. Calculations using N-body simulations confirm 
that the effect is relevant for large positive density perturbations but not for the 
negative ones [4]. 

In perturbation theory within a flat universe the first order density pertur- 
bations gives a null contribution to the temperature fluctuations due to the time 
varying potential. The first non-null contribution comes from second order per- 
turbations. Second order density perturbations contribute an effect of the order 
of 10 .6  for popular models of galaxy formation [5]. 

In the next section we will show the formalism and in section 3 it will be 
applied to the case of the evolution of non-linear galaxy clustering. We will 
assume that matter follows the galaxy distribution except for a constant bias 
of 2. The result is a temperature anisotropy of amplitude -~ 10 .5 on angular 
scales of a. few arcmin. These theoretical values should be compared with the 
most stringent observational limits on AT/T at small angular scales, given by 
the following experiments: ATCA [6] and Fomalont et al. (1993) [7] with upper 
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limits of 0.9 and 1.9 x 10 -5, respectively, a.t an angular scale of ~ larcmin, and 
OVRO experiment [8] working at 7.15arcmin and providing a limit of 1.5 x 10 -5. 

2 Non-linear Density Perturbations 

In the non-linear regime gravitational potentials evolve with time, contrary to 
the linear regime where they are static for a flat background. Considering scales 
much smaller than the horizon and non-relativistic speeds it is possible to derive 
the following result for the temperature fluctuations produced by non-static 
potentials in a flat universe [2] (other terms are negligible) 

A T  ~,° 
( - ~ ) N L  = 2  d x . V ~ ( t , x )  , V 2 ~ , ( t , x ) = 6 a - i A ( t , x )  , (1) 

~(t, x) is the gra.vitational potential of non-linear density perturbations, x(t ,  n) = 
,~(a)n, ,~(a) - 1 - a 1/" with a being the scale factor of the universe normalized 
to the present time (a0 = 1) (c = 87rG = 1 and the horizon distance at present 
is dHo = 3t0 = 1). A(t) is the distance of the p l~ton to the observer at cosmic 
time t in comoving coordinates normalized to the present. 

The temperature correlation function C(o') is obtained form equation (1) by 
averaging over all direction pairs separated an angle a 

= 4 dA (n  < > , (2) 

n~ • n2 = cos a., Va is the gradient in the direction n~ (a = l, 2). Thus, C(a )  is 
given in terms of the correlation of the gravitational potential at two positions 
xl  and x2 and at two different cosmic times A1 and A2. Although we do not have 
information on the potential correlations at different times we can relate them 
to the non-linear mat ter  density corretions which are limitted to short scales 
(<_ 5h - lMpc )  and then these last correlations are restricted to spatial points 
at the same cosmic time. In the next section we will make use of this feature to 
calculate C(c~) for several models for the evolution of galaxy clustering. 

3 Models for the Evolution of Galaxy Clustering 

Observations of the galaxy distribution are limitted to the local universe with 
approximately the same cosmic time for all galaxies. In order to parametrize 
the evolution of the two-point galaxy correlation function ~(z, 7") with redshift 
we will assmne it as a separate fuction of reshift and distance with the spatial 
dependence which is observed today: ((r ,  z) = (r/r0)-'Y(1 + z) -(3+~), 7 ~- 1.8. 
The parameter ~ accounts for the different type of evolution: c = 0 corresponds 
to stable clustering where clusters are already formed and relaxed at a high 
redshift and e > 0 will refer to models where clusters form more recently and are 
still evolving at present. The greater the value of e the faster is the evolution and 
the younger is the age of the clusters. N-body simulations [9] pre,dict 0 < c < 3 
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for scenarios with spectral indexes in the range 1 > n > -3 .  The generally most 
reasonable value of n = - 1  for the nonlinear regime would predict E ~ 1. In 
terms of A and comoving distance x we have 

= - 

Xo 
(3) 

Relating the potentia,1 correlations to matter  density correlations by consider- 
ing the Poisson equation in equation (2) we can arrive to the following expression 
for the temperature anisotropies 

(l-A1) 2 f01 dA. (1-~._) 2 - fo  dyy~(A1, y)+ 

] ±fo~ dyyS(Al ,y)  +72sin2o~fo ~ da~a~ ~a~a_~ (a-~)~ f01 ( 1 - ~ ) ~  

f [  - , 

(4) 

where x 2 = 112 + ,~ -2AaA=, cos a,. In the previous equation it has been assumed 
that  the mat ter  two-point correlation function is only a function of a single time 

By using equation (4) we have estimated t, emperature anisotropies for several 
models of clustering evolution. We find that C(0) - C(a )  takes the maximum 
value at ~ 5,2 and 1 x 10 -1° for ¢ = 0, 1 and 2 respectively. This maximum 
difference in the correlation is attained at an angular scale of a. few arcmin, with 
the scale of the maxinmln growing with ¢. This behaviour is a consequence of 
the later collapse of the clusters for bigger epsilon and therefore of the bigger 
angle subtended by them in models with faster evolution. 

4 Conclusions 

We have shown that galaxv clustering evolution can have a.n observable effect on 
the CMB a.nisotropy on arcmin scales. The anisotropy is generated at redshifts 
between 1 - 3 and therefore is not erased by reionization lJrocesses that could 
take place in the universe at high redshift. 

The fluctuation in temperature is negative towards the center of the cluster, 
like tbr the Sunyaev - Zeldovich effect ill the Rayleigh - Jeans part of the spec- 
trum. The sign of the fluctuation is of course opposite to the S - Z effect in the 
Wien region. 

Finally, observational limits on tile anisotropies on arcmin scales [7, 6, 8] con- 
strain the models for the evolution of galaxy clustering and therefore the cluster 
formation. Thus, we obtain that the stable clustering model, ~ = 0, produce 
anisotropies which are slightly above present upper limits whereas models with 
faster evolution, e _> 1, do not really contradict them. 
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1 I n t r o d u c t i o n  

Due to the early origin of the cosmic microwave background radiation (CMB), 
this signal might be the best probe we have into the early universe, and it 
is a powerful test for cosmological models. The observed anisotropies by the 
Differential Microwave Radiometer on board the Cosmic Background Explorer 
(COBE) [1] can be produced by a number of sources that  go from local, to as- 
trophysical, to cosmological effects, among which the most relevant are: emission 
from the Moon, the Earth, other planets and the Galaxy; interaction of CMB 
photons with electrons in hot clouds and with cosmic rays; gravitational fluc- 
tuations produced by voids and great attractors; the Doppler effect due to the 
observer's motion relative to the CMB; mixing of geodesic flow; gravitational 
waves; cosmic strings; gravitational potential fluctuations on the last scattering 
surface (the Sachs-Wolfe effect [2]); and gravitational lensing. Clearly the com- 
plexity of the problem of determining the cause of CMB anisotropies calls for 
new analysis techniques. Several statistics have been proposed [3, 4, 5, 6, 7, 8, 9] 
as topological descriptors of the CMB maps: hot spot number density, contour 
length, contour curvature or "genus", number of upcrossings, area and eccentric- 
ity of hot spots, and Euler-Poincar~ characteristic. The study of these topological 
descriptors is based on the well established theory of the geometric properties of 
excursion sets of random fields [10]. 

According to the theory of geometric properties of random fields, in the 
case of two dimensional isotropic, stationary Gaussian random fields, primordial 
fluctuations would exhibit a clear signature. Thus the appearance of systematic 
effects in the data and of non Gaussian fluctuations can in principle be tested 
by analysing geometric properties. 

Superposed to the CMB anisotropies expected from the Sachs-Wolfe effect, 
there may also appear the signature of the mixing of geodesics effect [11, 12]. 
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Because of the appealing possibility of extracting information about the curva- 
ture of the universe from the latter effect, we will deal with it in some detail. A 
consequence of mixing phenomena in geodesics propagation is the appearance 
of highly distorted anisotropy spots in cosmic background maps [14]. However, 
confusion due to galactic contamination at high latitudes and similar elongated 
patterns produced by instrumental noise makes this effect very difficult to ob- 
serve. 

Below, we present an analysis of texture on digitized COBE maps with the 
purpose of obtaining the elongation properties of structures and to compare the 
peak statistics in the data with the numbers expected from density fluctuations 
in the early universe. 

2 Effect of mixing of geodesics flow 

The idea of the effect of instability of trajectories of freely moving particles can 
be most clearly demonstrated via the 3acobi equation written for spaces with 
constant curvature k: 

d2n/d2)~ + kn = 0, ~ (1) 

describing the behavior of the vector of deviation, n, of close geodesics. Solutions 
of this equation are determined by the sign of the curvature: when k < 0 one 
has exponentially deviating geodesics. 

A more rigorous treatment [11, 12] includes the study of the projection of 
geodesics from (3+1)-dimensional Lorentzian space to a 3D Riemannian one, 
and the behavior of time correlation functions for geodesic flows on homoge- 
neous isotropie spaces with negative curvature. Geodesic flows, being Anosov 
systems (locally if the space is not compact), are exponentially unstable sys- 
tems possessing: the strongest statistical properties (mixing), non-zero Lyapunov 
characteristic exponents, and positive Kolmogorov-Sinai (KS) entropy h [15]. 

For Anosov systems two geodesics in 3-space deviate exponentially according 
to the law 

n(~) = n(0) exp(x~), (2) 

where X is the Lyapunov exponent. 
For a homogeneous isotropic Friedmannian Universe with k = -1  the Lya- 

punov exponent is determined by the only parameter a, the diameter of the 
Universe: 

x = l / a ,  (3) 

while Lyapunov exponents vanish when k = 0, +1. 
Time correlation functions, describing the decrease of perturbations also de- 

cay exponentially as determined by KS-entropy: h = 2X. 
For the Universe expanding as 

a(i) = a(to)(t/to) ~, (4) 

the relation between the quantitative measurement of the distortion of patterns, 
E, and f2 is given by [14] 
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In ( l / e )  ~OL/(1--a)[1--(1+Z1)l--1/°']Ol < I 
[1-~o~½ -- (,In(1 q- zl) a = I (5) 
~. l + z , Q o  / 

where Do is its present value (z = 0), zl corresponds to the t ime when mat te r  
becomes non relativistic and z ( ~  1000) to the decoupling time. 

The parameter  of elongation e defined via the divergence of geodesics in 
(3+l)-space:  

l(t) l(t)=l(to) a(t! exp(xA(t)), (6) 
• = I(0) '  a(go) 

appraoches 1 when /2  tends to 1 as shown in Fig. 1. 

.B 

.6 

f 

J 

0 ~ r i I , I , I i I I I I K f i i , 

0 .2 .4 .6 .8 
rio 

Fig. I .  Eccentricity parameter e as a function of f~ for two exponents for the law of 
the expansion rate of the Universe, t~ -- I and a = 2/3. 

The typical pat tern of a hot spot as seen today in a k < 1 universe would 
exhibit a very complex shape. The elongation, e, measures the smallest-to-largest 
ratio of diameters of one-connected regions and is related to the "degree of 
complexity" [14] of anisotropies. 
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3 P r e p a r a t i o n  o f  D a t a  

COBE's Differential Microwave Radiometers (DMR) have mapped the CMB at 
three frequencies: 31, 53, and 90 GHz [17]. The analysis presented here is based 
on DMR's results of the first year of observation [1]. The three sum (A+B) DMR 
maps were digitized on pixels of..~ 2.9 ° to agree with the quadrilaterahzed spher- 
ical cube data  base used by DMR [16]. These maps have the dipole anisotropy 
removed and have been smoothed. The areas of the sky for 1400 < l < 2200 and 
Ib I > 74 ° were excluded because of the high distortion of shapes near the edges 
of the maps due to the projection on a plane, b and t are galactic latitude and 
longitude respectively. The systematic contribution of the Galaxy has been cut 
by excluding the band Ibl < 2o ° as done in the analysis of DMR's data  [18]. The 
digitized data  is then projected back to a 6144 pixel cube (1024 pixels per face) 
in which the features of the original maps are recovered free of distortion. The 
errors in the temperature and angle introduced by the digitization process are 
estimated to be ~ 54 gK and ~ 1.4 °. The limiting angular resolution is dictated 
by the pixel size which in any case is comparable with DMR's angular resolution 
of 3.20 . 

Due to the hmitations in the digitization process, only anisotropy spots at one 
threshold level were available for our analysis. The threshold level v, is defined 
as the sky temperature in units of the rms fluctuation level, T~ = t/o-. The v 
values of the hot/cold spot analysis presented here are 4-1, -4-1.4, and -4-1 for the 
31, 53, and 90 maps respectively. Negative thresholds define cold spots, that  is, 
areas formed by pixels with temperatures less than - v .  

4 A n a l y s i s  o f  D M R  M a p s  

Program PATREC, a pattern recognition algorithm [19] was used on the maps 
prepared by the above mentioned procedure to identify hot and cold spots and 
analyze their shape and area. A hot spot is defined as a continuous region of the 
map formed by the pixels whose temperature is higher than a preset threshold 
r,. To identify hot spots on the maps, the algorithm compares an elliptical test 
pat tern with all possible areas on the sky-map of the same size. The distribution 
of the eccentricity parameter e : l"mi n/1"rnaz of those patterns actually identified 
is used to characterize the shapes of the structures. Limiting the test pat tern to 
have an elliptical shape tends to underestimate the sizes of hot spots, and results 
in inefficiencies of the algorithm in finding spots. The efficiency depends on the 
threshold level. By a more direct method to find hot spots it was found that  at 
the threshold levels in our analysis the error in spot number counts is no larger 
than 3%. This more direct method consists of forming tree data-structures with 
all lit pixels as nodes. The number of spots equals the number of trees. 

Even though it is wen known that  the 1 year DMR maps have a noise level 
that  is comparable with t h e  measured anisotropies A T / T  ~ 6 × 10 -e  it is im- 
portant  to notice that  some of the hot spots on the maps tan indeed be in 
the CMB, assuming the data  is not dominated by systematic errors, which is a 
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reasonable assumption due to the careful t reatment  of the subject by the COBE- 
DMR group [22]. Detection of anisotropies by other instruments [13], and new 
COBE maps  with less noise will allow to firmly establish the n a t u r e ' o f  CMB 
anisotropies. 

Table 1 shows the hot and cold spot counts along with their mean area and 
eccentricity. The mean value of e for the combined maps is 0.6 indicating the 
presence of elongated patterns.  

Table  1. Number of hot plus cold spots N, normalized to 4~r steradians, in digitized 
COBE maps and mean values -4-1c~ of number of hot plus cold spots found in simulated 
noise maps (Nnoise) and 'Hazrison-Zeldovich maps (NHZ). Mean eccentricity (e) and 
area (A) are for COBE maps. Area is in squared degrees and map frequency in GHz. 
All topological descriptors are given for the indicated threshold level u 

Freq. ~, (e) (A) n (.Nnoise) (.NHZ) 

31 1.0 0.e0 100 lSS 1SS±14 183 4-14 
53 1.4 0.56 119 111 153 4- 9 114 4- 14 
90 1.0 0.59 77 183 201 4- 15 171 4- 15 

In order to study the effects due to instrumental  noise and COBE's  sky 
coverage, noise maps were generated [20] by simulating COBE's  polar orbit and 
assigning to each pixel in the sky a temperature  equal to a random number 
extracted from a Gaussian distribution. The variance of this noise term is given 
by the square of the corresponding DMR noise level [17] weighted by 1/N, where 
N is the number of observations. The resulting map  agrees with the expected fact 
that ,  due to the polar orbit, the equatorial (celestial) band should exhibit noisier 
behavior compared with the celestial polar caps. A 2.90 Gaussian smoothing 
was applied to each generated noise map. A total  of 100 maps were used. The 
average number of hot plus cold spots on simulated noise maps along with their 
ltr dispersion is reported in Table 1. These numbers are given for the same 
thresholds as those used in the DMR maps. The average eccentricity of  noise 
maps is very close to that  of DMR maps ((e) = 0.55). 

5 Primordial density fluctuations 

Because of the Sachs-Wolfe imprint on the CMB, the fluctuation spectrum, 
P (k )  ~ k",  can be probed directly for scales larger than the horizon at t ime 
of last scattering. This can be done by means of the CMB angular correlation 
function. However, to test for the Gaussian character of these fluctuations it is 
necessary to look at the number of spots and other topological descriptors [6]. 

In order to compute the number density of spots expected from density fluc- 
tuations with a Harrison-Zeldovich spectrum, n = 1, P(k) oc k, a montecarlo 
procedure to generate simulated maps was used. To generate simulated maps 
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the CMB temperature was calculated from a harmonic expansion with Gaussian 
random harmonic coefficients alto. These harmonic coefficients have zero mean 
and variance cc 1/t(l + 1) [21]. Their variance has been normalized to COBE's 

quadrupolc Qrms-PS : 16p K. Superposcd to the cosmic signal, the instrumen- 
tal noise has been included as described in the previous section. The averages 
reported here arc based on 100 realizations. The mean eccentricty of spots at 
threshold level u : 1 in these 'Harrison-Zeldovich' maps is 0.6. The mean num- 
ber of cold plus hot spots in these maps and their 1~ dispersion is shown in Table 
1. The number of cold plus hot spots for the montecarlo simulations quoted in 
Table 1 are at the same threshold level as their corresponding level in the DMR 
map. 

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

It is clear that eccentricity alone is not a good discriminator for telling appart 
noise maps from any 'signal' map. This facts makes very difficult the identifica- 
tion of a clear signature for the mixing of geodesics effect. However, because of 
the possibility of a direct determination of ~ as a consequence of mixing, new 
analysis techniques should be considered. One possibility is to use the fractal 
dimension of hot spots as a measure of their degree of complexity. The fact that 
structure due to primordial fluctutions appears superposed on the anisotropies 
produced by the geodesic flow effect makes a strightforward interpretation of 
the data, in this context, more difficult. The number of spots appearing in the 
53 GHz map at threshold level v = I is consistent with a Harrizon-Zeldovich 
spectrum, while for the 90 GHz map it is only marginally consistent. Because of 
the high level of noise of the 31 GHz DMR channels, the montecarlo procedure 
shows that at the v = 1 threshold level the number of spots in the map does not 
provide usefull information. 
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mark 
* permanent address 
A b s t r a c t .  We discuss the peculiar periodic dependence in the initial spec- 

t rum of the baryonic matter  distribution on wavelength (Sakharov oscillations). 
This effect is specific for acoustic modes of perturbations in cosmic plasma in 
any cosmological model as a result of the change of the equation of state at the 
epoch of recombination. Sakharov oscillation should manifestate themselves by 
specific anomalies in the angular correlation function of the microwave back- 
ground anisotropy on scales 10' - 2 °, in practically any cosmological model, and 
by analogous anomalies in the space correlation function of galaxy distributions 
on a scale of 30 - 150Mpc in cosmological models with baryonic dark matter. 
We propose special methods for filtering of this effect in the observational data. 

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

The origin of the large scale structure in the Universe has been studied by a 
number of authors under various assumptions, and it still remains one of the 
central issues in cosmology. The recent discoveries of the Great Attractor (GA) 
[1], the large scale correlations in the distribution of galaxies [2] and the measure- 
ments of the anisotropy of the cosmic microwave background, (CMBR) [3]-[5], 
[23], [24], [41], present cosmology with a whole series of problems connected with 
the spectrum of density fiuctuations on scales r ~ 10 - 100h-lMpc 6 and larger 
scales [7]. 

The data  from COBE allow one to limit the range of the possible power 
indices n of the power spectrum of the matter  density perturbations P(k) o( k n 

= 1 15 +°'4~ where k is a wave number. At the ' l a '  level Smoot et al. 3 obtained n • -0.65 
which is very close to the Harrison-Zel'dovich slope of n = 1 on the scales 
k < 3 • 10-ShMpc -1. However, is this the only possible interpretation of the 
COBE data? In principle it is possible that  the spectrum of fluctuation on other 
scales was more complex than just a simple power law. 
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Recent large scale surveys as the APM [2], QDOT [7], [8], the CfA [9] and the 
IRAS 1.2 Jy survey [10] allow one to obtain the power spectrum of density fluc- 
tuations at large Scales. The results are well fitted by the analytic approximation 
suggested by Peacock [11]: 

P(k)  oc Ao(22k [1 + (k/kc)q] -1 ; 0.03 < k M p e / h  < 1.0 

where A0 ~- 1.6.10-z°; q = 2.4 and k~ = 0.024hMpc-1; f2 is the total density 
in the Universe,relative to the critical density; h = H0/(100km. s-l .Mpc-1).  
Note, that on smaller scales the processes of non-linear gravitational clustering 
of matter transformed the primordial form of the power spectrum and there- 
fore complicate the interpretation of observations. What kind of spectrum is at 
greater scales (smaller than kc)? We'll focus attention on the range 

3 x 10-3hMpc -1 < k < (3 × 10 - 2 -  10-1)hMpc -z. 

To analyze the problem we divide it into two parts. In the first part we will 
discuss the reasons of the non-monotonical character of the spectrum, and in 
the second one we will propose methods for the experimental investigations of k 
in the range mentioned above. We begin with some general reasoning (see [25], 
[28], [38]). 

It is well known that at the time of recombination (zrec -~ 1100) there existed 
acoustic modes of perturbations in the cosmic plasma due to interaction between 
matter and radiation. These modes correspond to the comoving linear scales 

Yacoust 
r d < r < racou , t  = r r e  c , ~  100 - 200h-ZMpc. (1) 

c 

Here r d is the damping scale, r d ' ~  10h-lMpc, and rr~¢ is the event hori- 
zon at zr~c "~ 1100, all of them are scaled to the present epoch, Va¢o~t = 
3-z/2/V/1 + 3pb/4p~ and Pb/P~ is the ratio of baryon and radiation densities 
at z~ec. The presence of acoustic modes is a natural part of the evolution of 
density perturbations in the hot plasma of the early Universe (Silk [13]; Peebles 
and Yu [14]; Zel'dovich and Novikov, [15]). They appear in numerical computa- 
tions (e.g. Fukugita et al. [16]; Muciaccia et al. [17]) as well as in analytical work 
(Doroshkevich [18]). After recombination the motion of matter is independent 
of the background radiation. 

Sakharov [12] was the first to point out that the transitional phenomena in the 
growing perturbations lead to a peculiar periodic dependence of the perturbation 
amplitudes on wavelength. He considered the cold model of the Universe, though, 
qualitatively speaking, the same phenomena occur in the hot model as a result 
of recombination. These Sakharov oscillations have been discussed by Peebles 
[42] in a framework of the baryonic model with adiabatic initial perturbations. 

In nonbaryonic dark matter models (for example - CDM models) due to the 
peculiar gravitational field of the dark matter, baryonic density fluctuations fol- 
low those of the dark matter after the recombination, whereas the distribution 
of the microwave background photons gets frozen on the celestial sphere thus 
preserving the information about the inhomogeneities at the last scattering sur- 
face. Therefore, in the present spatial distribution of matter, which is determined 
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mainly by that of the dark matter, acoustic modes are practically erased, while 
the angular distribution of CMBR has preserved the signature of the acoustic 
motions of matter. 

Thus, if the dark matter in the Universe has a baryonic nature, then the non- 
monotonic character of spectrum due to Sakharov effect has to manifest itself 
in the spatial galaxy distribution on typical scales r ~ ra¢o~st - R. In [38] we 
call these peculiarities long distance correlations. And vice versa, if the present 
density of non baryonic dark matter essentially exceeds pb, then modulation 
effects in the space correlation function ~(r) is suppressed. This crucial depen- 
dence ~(r) (at r _ R) from the nature of dark matter allows one, in principle, to 
use Sakharov osillation as a test for determination of the parameter ~2b and also 
the total matter density /2, see [25], [28], [38]. However the observational data 
existing for the range r .~ 102- 2.102Mpc have considerable uncertainties. Thus, 
it is very important to obtain more reliable data for the distribution of galaxies 
on these scales, and to search for temperature fluctuations of the CMBR angular 
scale at intermediate 20' < 8 < 2 °. 

Unfortunately, for angles O < 2 ° there exist only upper limits on the anisotropy: 
AT/T(O = 4'.5) < 3 x 10 -5.(Uson and Wilkinson [19]) and AT/T(O = 7'.15) < 
2.1 × 10 -5 (Readhead et aL [20]). For the intermediate angular scales the UCSB 
experiment with FWHM=I°.5 gave ~ < 1.4- 10 -5 at the 95% confi- 
dence level (Gaier et aL [21]) and the MIT experiment with FWttM= 3°.8 gave 

< 1.6.10 -~ at the 92% confidence level (Meyer et al. [22]). The ob- 
servational limits for angular scales 0 °.3 + 1 ° by Meinhold and Lubin [23], Alsop 
et al. [24], Gundersen e¢ al. [41] have the level (4 + 5). 10 -~. Because the up- 
per limit on the scale of acoustic perturbations, racou~t, is determined only by 
r,¢~ and pb/p,(zre¢), it is clear that detecting the signature of these modes in 
AT/T(O) would give unique information on the properties of the last scatter- 
ing surface as well as the spectrum of density perturbation on scales around 
r ~_ 100h-lMpc being the most interesting from the observational point. In the 
paper [25] we briefly discussed this problem. Here we shall consider some aspects 
of these ideas more detailed. 

The structure of the paper is the following. In section 2 we give the general 
analysis of the evolution of acoustic modes of perturbations in the CDM cosmol- 
ogy. Section 3 is devoted to the peculiarities of the angular correlation function 
of AT/T  because of the Sakharov oscillations. In section 4 we describe the spe- 
cial method for filtering of the Sakharov oscillations in the angular anisotropy of 
the CMBR. In the section 5 we analyze briefly the Sakharov effect in the spatial 
correlation function of galaxies in cosmological models with different nature of 
dark matter. In the last section 6 we summarize our main conclusions. 

2 E v o l u t i o n  o f  a c o u s t i c  m o d e s  o f  p e r t u r b a t i o n s  in  C D M  

c o s m o l o g y  

In this section we consider the dynamics of adiabatic perturbations of the metric, 
density and velocity of the plasma at the epoch of recombination. This subject 



149 

was considered both analytically and numerically for the standard baryon model 
in earlier works [13], [14], [28], [29] as well as dark matter  models [18], [27], [30], 
[31]. We discuss below the main stages of dynamics of perturbations in the 
mixture of collisionless particles (dark matter),  baryons and radiation on scales 
where effects of photon viscosity and conductivity can be neglected. 

The equations for evolution in the linear regime are [30], [32]: 

6~ + ( ikv - ~')6k = 7 ~  h~ - ~' 6o + P~(#~)6~ + ~ , 

(2) 

lhl  6~ + ikve = ~ k, 

k /=0 

where ve is the Fourier component of the peculiar velocity of electrons, # = 
cos(k • l /k ) ,  I is the unit vector along the direction of the motion of a photon, 
Pz(#) are Legendre polynomials, h~ is the metric Fourier component in the syn- 
chronous gauge, 6b denotes perturbations in the density of matter, T is optical 
depth, 7- ~ = --n~aTR, R is the scale factor, n, - number density of free electrons, 
Pr, Pm are respectively densities of CMBR and baryons, H = ~ ' / /~  is the cur- 
rent t/ubble parameter, 'prime' denotes derivative with respect to the conformal 
time, d~ = dt/R,  and we take the speed of light c = 1. In order to analyze the 
oscillation regime of the evolution permitted by eqs.(2) we introduce the optical 
thickness of plasma on the scale of the wavelength ~, ra = T~X and we consider 
only modes for which 7"x >> 1. Following the method of Peebles and Yu [26] we 
consider only the scales that are not subjected to attenuation by dissipation. For 
this range of k eqs.(2) become: 

+ ' + ' 
1 +  4P,  J 4 k P , ]  = g P ~  -R hk ' 

3i i 
A1 = - T A o  = u~, (3) 

where Ao = 61=o -- h" /2k  2, u, = v~ + ih~/2k, h~: = A(k)k2C 2 and A(k) is the 
amplitude of metric perturbations. Equations (3) take a particularly simple form 
when 
~ ( z  = zr~) << 1 which is valid for 12bh ~ << 0.02. In that case: 

k s 3i . 
Z~ "J- Tz~0 = 0, A1 = - T A 0 .  (4) 
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From (4) we obtain the following expressions for A0, AI which coincide with 
previous results (Doroshkevich [18]): 

Ao = g(k) cos ~ ,  A1 = +v~iA(k) sin V/~. (5) 

For I2h 2 < 0.02 the approximate solution for acoustic modes (k~ >> 1) is:. 

3 pb ~_~ h" + R'h' - A(k) Ao(O 
' 3 p _ . & .  

- cos O ,  (6) 

where 

0 

At the last scattering surface ( = r r~  the phase of acoustic oscillations is 
given by: 

f0 ~'~° d~ ~(k, r,.¢) = k V/-3i 1 + 
4 p r  / 

In [ 2x/~ + w u 

(7) 
2r.q z___L__e~ [z=z..o corresponds to the particle hori- where v -- (~-1), .°o'  w = 4(1+~) p. , req 

zon at the redshift of equality of radiation and dark matter densities (note that 
(2 >> Oh). For perturbations that are not affected by the dissipation effects, (2), 
(6) and (7) lead to the following simple expression for temperature anisotropies 
on the last scattering surface [29]: 

(-~--) k --e-ik~(+rfo( = tier'( 0 [zS0i~) + gu.(~)] e 'k"e-Ke). (8) 

Since for oscillations on the considered scales, the period exceeds the character- 
istic timescale for change in the optical depth ¢ --~ [r/r'l, Ao and A1 can be 
taken outside the integral in i 8) with their values at { = rre~- Furthermore, it is 
easy to see that the function: 

f(¢) = --r'e -r((), (9) 

for the standard history of recombination [31], [35] has a Gaussian-like form and 
can be approximated by 

r 2 

f(¢) ~ e- ~ .  (10) 

In the above equation i10) ff = r,~c corresponds to the moment when the plasma 
becomes optically thin and A ___ 0.03rr~ is the half-width of that surface [35]. 
Thus for acoustic modes the contribution to (AT/T)k in comoving units is given 
by: 

AT 
r i l l )  
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where (n - ~ I,=0 is the present-day horizon. 
In the approximation of instant recombination (A = 0) (7) and (11) lead to: 

[ cos k~(krrec) 
= A ( k ) / a ~ -  [ (1 -1- £)1/4 nt- 

where 

Z~rms(Z "-- 0,]Z) -- (12) 

i v Y #  
m 

sin 
(1 + e)a/4 ] 

,3p____~b " #(krr ,c)  = kR; (13) e = (1 + V)4pr Iz . . . .  

with R equal to the acoustic horizon at z = zrec. Note, that to take the dis- 
sipation and non-instancy of the recombination into account it is sufficient to 

multiply the expression (12) by exp ( k2a~#2~ (compare with (11)) and also k----T-  / 

by damping factor o¢ exp ( -  k~_~ where l, is the Silk's scale (see Fukugita el al. 
[16]). 

It is useful to compare our analytical results with the data from computer 
modelling of the processes as discussed in the paper by Muciaccia et al. [17]. For 
this purpose we introduce the function 

f(})--- ~2}3~01 27r du([zar,~,(z = 0, #)[2), (14) 

which is identical to the expression for kaI¢ in the paper by Muciaccia el al. [17]. 
On Fig.1 we plot the function f (k )  for the standard CDM model with the 

Harrison-Zel'dovich spectrum of the initial adiabatic perturbations, and with 
the parameters 12b -- 0.03; h = 0.5 and I2 = 1, according to our analytical 
derivation. For comparison we also show the results given in Fig.1 of the paper 
by Muciaccia et al. [17] for the analogical function, according their numerical 
calculations. 

It is worth noting that there is a limiting case for the function (14), which 
corresponds to very small 12b. It corresponds to e ~ 0 in the formulae (12). For 
this case we obtain 

([Arm, (z = 0,/,)[2) = V(k) [cos 2 ~(krrec) + 3# 2 sin 2 e(krrec)] (15) 

After integration over/* the expression in brackets is equal to unity. Thus, there 
are no oscillations for this limiting case (see the corresponding plot on Fig.l). 

3 A p p e a r e n c e  o f  S a k h a r o v  o s c i l l a t i o n s  i n  a n g u l a r  
c o r r e l a t i o n s  i n  a T  T 

In this section we consider the pecularities of the angular correllations in AT/T 
at the most interesting angular scales 0 _~ 20' - 2 °. Following [34] we consider 
the correlation function 

C(O, OA) = 
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F i g ,  1 . . F ( k )  for the model  OR = 0.97; £2b = 0.03; h = 0.5 and the Haxrison-Zel'dovich 
spectrum. Solid line for I2b = 0.03, dashed-dot line for limiting case with e ~ 0; dashed 
line for kZlc from [17]. 

/0 / 1 dk k s 1 = d# e-kR:°~(t-~'~)(lzS,,~,(z = O, #)[2)Jo(k6~OX/~- #2) 47r2 t 
(16) 

where 8a is the half-width of  the an tenna-beam and Jo(x) is the Bessel function. 

For the fur ther  calculation we express Jo(k¢.9~/1 - #2) as a series of  Legendre 
pol inomials:  

~ - ' ~  (21+ 1)(21~tl~)'!j(2t+½)(k~nO)p2t(#). (17) J 0 ( k ¢ . 0 \ / 1  - = V 

T h e n  after ra ther  long calculations we obta in  the following expression for the 
correlat ion function: 

l f o°° {[ c°s-~Ckr"~)]2II(k,O, OA) + C(O, OA) = ~ ,~k P~(k) 3~ "1#r-+-7 J 
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3sin 2~(krrec) k 0,0A)}" 
4 (-i :+ cp/---- z h ( ,  _ , (18) 

where 

2 k ~ r 0  oo z Ii(k,O, OA) k--~.O~ y'~ a,,,,J2t+½(k(,~O)lFl(1,1 m+~, 22 2.  = - - k  (,~OA), (19) 
1=0 r n = 0  

oo l 

I2(k,O, OA) 2 ~ O E  E ClmJ2l+½(k('~O)lFl(l'l-m+~ 2 2 2  = ,-k (.0a); (20) 
1=0 r n = 0  

( -1)m(2l+ ½)/ '( l+ ½ ) F ( 2 t - m +  ½) d,m 3; 
dzm= v, f f m [ l [ r ( l _ m + l ) F ( / _ m + ~ )  ; Q " ~ -  l - m + g  

Here 1F~(a, b, x) is a degenerated hypergeometric function and F(x) is the gamma 
function. 

At the limit 0A ~ 0 the correlation function C(O, 0) - C(O) has the following 
form: 

c ( 0 ) = ~  '~kk2¢(~') ' leV-~ j ~ i ~  j k(.0 
(21) 

Further we will use the expression (21) for the analytical analysis of the 
manifestation of the Sakharov oscillations in the angular distribution of AT/T 
on the celestial sphere. Being based on (21) we introduce the function 

a / oo  2 . . . .  sink(n0 
Co(O) = ~ . o  d~ ~ q't~) ~ , (22) 

2 where a = 9c ~ + ~ .  It is easy to see that the correlation function C(O) 
can be written in the following form: 

3c 
C(O) = Co(O) a 4 lx/]--~ Cx(O) + 4(1 + e)3/2a C2(0), (23) 

where 
0+0R ~ ,~ C~(O) - 0 -00RC°(O - OR) + --T--C'o(~ + OR), (24) 

- - 2 O .  + 2 0 . 0  
c , (o)  - Co(O - 20. )  + ---y Co(O + 2oR), (25) 

and 0R = ~ .  
Thus, at 0A = 0, the investigation of the general properties of the correlation 

function C(O) is reduced to the investigation of the function Co(O). Taking (22) 
as a basis we introduce the conception of a dispersion Co(O) and of a correlation 

angle 0~ = [ - ~ ]  10=0 determined by the form of the spectrum O(k): 

° f o  = C0(0) = ~ dk k2g~(k) (26) 
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1 fo dk k20(k) 
02 : 3 (  2 f0 °° dk k4O(k)"  

For O(k) o( k-"e -k27, and n < 3 it easy to show that 

0~ ~ 2 l~ (27) 
- 3 ( 3 - n ) ( 2 '  

and at n = 3, one has 0 F ~x In l~- ~ . Moreover, for further calculations we need 

the value of the fourth derivative of Co(O) at 0 = O: 

d4C°(O) 10=o Co(0) r ( Z ~ )  (2 (28) 
dO4 = 5 r ( ~ ) l l  

Taking into account (26)-(28), the correlation function at 0 < 0¢ can be repre- 
sented as a Taylor series: 

[ 10~ 1 -04 ] 2 ~ e  2 ,~: t~ Co(O) = C0(0) 1 - + 57//~-y + . . . .  (29) 

where 

z _  4 r ( ~ )  CA. = < 3  
45(3 - =)~ r ( ~ )  t1' 

Using (26)-(29) let us consider now an asymptotics of the correlation function 

C(O) at 0 -+ 0R. For the range of angles ~ < 0 - 0R < K one can introduce 4R ~ R 
into (24) the expression (29) for C1(0), and substitute 0 = 0R in C2(0). As a 
result we get the following expression 

- ,  ~ C 0 ( 2 0 n ) +  C(O OR)-Co(On) 1 4 a ( l + e ) 3 / 2  a 4  1 ~ - ~  

3 6  3e O~ [ 1 2 fiX4]. O--Or 
4a(l+e) 3/2C°(30n) a4~--+-70-nR C°(0) x t l - ~ z  + - ~ - !  J '  z =  0~ 

(30) 
One can conclude from this expression that if a spectrum of initial perturbations 
provides a correlation function which decreases rapidly with the growth of 0 >> 0c 
(see for example [25], [28]) then the behavior of C(0 --+ OR) at Co(OR) < ( ~ C 0 ( 0 )  
will be determined mainly by the last term in (30). Thus, at the angular scales 
0 ~ 0R the Sakharov oscillation lead to appearance of a specific anomaly (a 
"resonance" type) which has a half-width of order 0~. The analogous situation 
takes place at 0 --+ 2On. In this case 

3e 
C(O --+ 20n) ~, C0(20n) 2a 4 lx/i--+~ [C0(0r) + 3C0(30r)] + 

0o co(0)  [1_ 1_2 /3z'4]. 
+ 2 a ( l + e ) a / 2 C ° ( 4 0 R ) +  8 a ( l + e )  3/20R l ~x + - ~ .  j , (31) 
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where k = 0-20R One can see from (31), that  the results we got earlier for the 
0 c  " 

range 0 ~ OR are also valid at the neighborhood (/O-20R/<_ Or). We would like 
to emphasize that  the anomalies at 0 ~ OR and 0 ~ 20R have the same nature. 
The reason for both of them is the existence of acoustic modes evolving in the 
cosmic plasma at the epoch of hydrogen recombination. These acoustic modes 
left traces in the angular correlation function of the CMBR fluctuations due to 
Silk [13] and Doppler effects. 

It is important to emphasize the following fact. In the "resonance" 0 -~ 
OR the Silk effect only gives the contribution, while in the "resonance" 0 
20R both effects (Silk and Doppler) make their contributions. Thus we have a 
unique possibility to search for these effects, which are important both for the 
clarifying the character of the initial perturbations and for the investigation of 
the ionization history of the cosmic plasma. 

4 Method of filtering of the Sakharov effect in the 
anisotropy of CMBR.  

In the previous section we have described the evidence for acoustic modes in the 
anisotropy of CMBR. In [25] we called them long distance correlations (LDC) 
in A T / T  distribution. The LDC are thus a specific signature of the acoustic 
modes, tIow to filter the microwave background anisotropies which 1) cancels 
the regular component of the correlations and 2) emphasizes/preserves the effect 
of LDC? 

We proposed the following method [25]: the observer should measure the 
difference of intensity of CMBR in 11 and 13 directions, as well as 12 and 14 
directions as shown on Fig .2. We introduce an auxiliary function of two variables 
0, d as: 

G2(O, d, OA) = ([T(/1) - T(la)][T(12) - T(14)]) = 
T 2 

= C(O + d, OA) + C(O - d, Oa) -- 2C(0, OA) , (32) 

w h e r e l l . l  4 = l ~ . l  a = c o s 0 , 1 1 . 1 ~  = c o s ( 0 + d ) , l  a - I  4 = c o s ( 0 - d ) , T i s t h e  
average temperature. The value of 0 should vary in the range OR _< 0 ___ 20R 
and d _< 0r. The method is valid for both the direct measurement with the right 
beam experiment as well as the specific data-reduction technique. 

One can see from (32) that for d << 0 the level of anisotropy is related to the 
second derivative of the correlation function C"(O) via: 

G2(O, d, OA) ~-- C"(O, OA)d 2. (33) 

We show that the quantity G2(O, d, OA) introduced above allows one to mea- 
sure in an optimal way the contribution of acoustic modes to Arms. 

On Fig.3 we plot the result of the numerical calculatons of G2 (0, d, OA) (using 
(21) and (33)) for the Itarrison-Zel'dovich spectrum of the initial perturbations 
of the metric and OA = 0. The results of the computations of G2(O, d, OA) in the 
neighborhood of the extrema 0 ~ OR and 0 ~ 20R can easily be interpreted using 
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O-d 

0.0 

Fig. 2. Space orientation of the unit vectors for the 4-beams experiment. 

the properties of C(O) which have been found earlier, The LDC effect for the 
Harrison-Zel'dovich spectrum manifests itself most clearly in the range 6 ~ 0n 
where the last term of (30) dominates: 

9 ¢ d 2 1  ( 5 2 )  a2(o on) c0(0)  1 - a (1 + e ) l / '  0R0¢ ~-~flz , (34) 

o - o  g where x = 0c 
One can see that G2(0 ,~ OR) is equal to zero at 0 = 0R and looks like an 

almost linear function of z up to the extrema. Further the factor 1 - ~ f l  z 2 
plays a significant role (see equation (34) and Fig.3). The analogous phenomenon 
takes place at 0 ~ 20R, where, however the amplitude of G2(0 ,~ 20R, d) is very 
small (see Fig.3 and eq.(31)). 

Let us now consider the dependence of the function G2(O, d, OA) of the value of 
the half-width of the antenna-beam OA. For this purpose we calculated G2(O, d, OA) 
for (OA/OR) 2 = 0.1 (see Fig.3) using the exact definition of C(O, 0a) (see (18)- 
(20)). As it is seen on the Fig.3, the peaks are smoothed out for a significant 
OA. Thus for the filtering of the effect under consideration we have to have OA, 
d <  0r. 

Concluding this section we note, that  the 4-beam experiment possesses ad- 
ditional possibilities of the investigation of the field of the CMBP~. As it follows 
from Fig.2 in the 4-beam scheme the directions It,  19. and Is, 14 form two bi-ray 
schemes. Using this fact we introduce the following function 

) = 2 [ c ( o  - d)  - C (O + d)], 

(35) 
For the angles 0 ~ 0R and 0 ~ 20R at d << 0R the function Gl(O,d) is 

strictly connected with the value of the first derivative of the correlation function 
C(O, 0a) with respect to the angle 0: 

GI(O, d) ,~, -4C'(O)d (36) 
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Fig. 3. Function G2(O, d, OA) for the model On = 0.97; fib = 0.03; h = 0.5; d = 10' and 
the t{arrison-Zel'dovich spectrum. Sofid line for OA = 0, dashed line for OA = O.lOn, 
pointed line for OA = 0.30n. 

dC where C'(0) = dO" 
Using (31) one can evaluate the character of the function Gt(0, d) in the 

neighborhood of the point 0 ~ OR. Let us suppose that the main contribution in 
Gt(0, d) is given by the last term of (30). Then 

12¢ 3 
G l ( O ~ O R , d ) ~ a ( l + ~ ) t / 4 ~ C o ( O ) ( 1 - ~ x  - t - 5 / 3 x 4 ) .  (37) 

As one can see from (37), that the function GI(0 = OR, d) reaches an extremum 
at the point O = OR and has a form of a distinct peak. This result is confirmed 
by the data of numerical computations of GI(O, d) which are shown on Fig.4. 
It is seen that in this case the formation of peak-like anomalies takes place at 
the points 0 = OR and 0 = 2OR where the function G2(0, d) had the asymptotics 
a2(a  -~ 0R,d) ~ (6 - 0r) and a2(o  ~ 20R, d) o, (0 - 20r). 

We have to mention another important  property of the functions GI(0, d) 
and G2(0, d). As we has shown above, the half-width of the peaks of the function 
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Fig. 4. Function GI(O,d, OA) for the model 12n = 0.97;/2b = 0.03; h = 0.5; d = 10' and 
the tlarrison-Zel'dovich spectrum. Solid line for OA = 0, dashed line for OA = 0.10n, 
pointed line for 0A = 0.3On. 

G2(O, d) at 0 ~ 0R is determined by the coefficient fl (see (34)). For the function 
GI(O, d) the half-width of the peaks is strictly determined by the angle 0c (see 
(37)). Thus, using the properties of the functions GI(O, d) and G2(O, d) at 0 
0R we can, in principle, get 0c and/~ after estimation of the half-width of the 
peaks. Both these parameters play an important role in the determination of the 
statistical properties of the random temperature fluctuations of the CMBR on 
the selestial sphere (Zabotin and Naselsky [35]; Sazhin [36]; Bond and Efstathiou 
[7]). 

5 S a k h a r o v  e f f e c t  in  t h e  s p a t i a l  c o r r e l a t i o n  f u n c t i o n  o f  

g a l a x i e s .  

In the previous sections we analyzed the manifestations of the Sakharov oscilla- 
tions in the distribution of AT/T on the celestial sphere and discussed possible 
ways of its filtering. The question arises, if it is possible to find observational indi- 
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cations of the Sakharov oscillation in the distribution of the galaxies and clusters 
of galaxies For the first time this problem was pointed out in the Sakharov's pa- 
per [12] and was discussed in the monograph of Zel'dovich and Novikov [15]. We 
will show that the answer to this question crucially depends on the properties 
of the dark matter in the Universe and mainly on whether this dark matter is 
baryonic or non-baryonic matter  (Jcrgensen et al. [38]). 

Let us consider first the standard CDM models. For these models the present 
density of the non-baryonic dark matter  is remarkably larger than the baryonie 
dark matter density (OR >> ~2b). In this case the acoustic modes in the plasma 
at the epoch of the hydrogen recombination make relatively small additional 
perturbations of the gravitational potential which is determined mainly by non- 
baryonic dark matter: 

4~rGpb6b~ ~ ~Pb 
~¢b o¢ k2 ; 5b =-- pb 

This add to the potential leads to the modulation of the density of non-baryonic 
dark matter  at z = zr~c on the level 

~PR Z r e  c D ~  _ _ 3 D b  2 SR = pR Iz--.oo ---=eR(zr o)DR ----- 3.  10- b---g h-  (38) 

where 5R(zrec) is the "standard" contrast of the density fluctuations in the CDM 
model without taking into account the influence of inhomogeinities of the bary- 
onic matter. 

As it is seen from (38), the level of the spectrum modulations of the cold 
gravitating particles depends not only on the ratio of Db and /2 m but also 
on the absolute value of DR. In particular, for the standard CDM model with 
Db = 0.03, DR = 0.97 and h = 0.5 the level of modulations of perturbations in 
the cold particles is ~R/~R(z~c) --~ 4.  10 -4 which is negligibly small. However, 
the level of modulation is on the other hand remarkable 5R/~R(z~e¢) ~-- 0.12 for 
models with Db = DR = 0.1, cosmological constant ~2~ = 1 - [25 - DR and, 
h = 0.5, 

This effect also influence the correlation function ((r)  of the initial density 
fluctuations (see for example ttoltzman and Prima& [39]). The correlation func- 
tion ((r)  has a weak anomaly around r _ 100Mpc, which is connected with the 
effect from the acoustic modes of the baryonic plasma on the density fluctua- 
tions in the nonbaryonic dark matter. In the models with Db << DR this effect 
becomes vanishing small. 

It follows from the above discussion, that the strongest effect of the Sakharov 
oscillations in the spatial distribution of galaxies could be expected in the case 
where the dark matter in the Universe is baryonic. In this case the initial inhomo- 
geneities in the plasma can only be of isocurvative type, because the adiabatic 
modes are incompatible with the data on A T / T  and large scale correlations 
of galaxy distributions. Jcrgensen et al. [38] discussed the correlation function 
of galaxies for the model with initial isocurvature perturbations and showed 
that  for this type of inhomogeneities the peak-like anomalies arise at r ~_ R 
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and r = 2R, where R is the acoustic horizon at  the epoch of  recombinat ion.  Oa  
Fig.5a,b we have plotted the correlation funct ion ~(r)  for the isocurvature  model 
with ~2b = 0.3; h = 1; Po(k) o~ k -7  see [38]. T he  initial s p e c t r u m  of  the fluctua- 
t ions was smoothed  by the Gaussian filter with the ha l fwidth  R .  = 0 . 7 h - l M p c  
(Fig.5a)  and R .  = 3 . 5 h - t M p c  (Fig.5b). It  is seen on Fig.5a,b  tha t  the Sakharov 
m o d u l a t i o n  of  the spectrum leads to specific fetures in the funct ion ~(r)  at r _~ R 
and  r = 2R. Fig.6a,b shows the spatial  correlat ion funct ion ~(r)  for the model 
with Qb = 0.2 and h = 1. Furthermore we would like to emphasize,  tha t  our 
conclusions are valid not only for the open baryonic  models  but  also for the flat 
mode l  with the non-zero cosmological constant  I2.x = 1 - ~2b see [38]. In this case 
we have only a small change of the scale of  R. 
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Fig.  5. Correlation function ((r) for the model with f2s = 0.3, h = 1, Po(k) o( k -~, 
/~. = 0.Th-lMpc. Solid line corresponds - / =  3, dahsed llne for 7 = 2, dashed-dotted 
line for 7 = 1.2, doted line for 7 = 0.5. The correlation functions are normalized to 1 
at r = 5h- lMpc.  (b) The same as Fig.5a, butdorRo = 3.5h-lMpc.  

W h a t  could be the way to filter the correlations in the ga laxy distr ibutions? 
We propose a method similar to tha t  for the correlat ions in the anisotropy 

of  C M B R  as described in the section 4. It  is based on the filtering of  the second 
derivatives of  the correlation function. The  impor tance  of  the de terminat ion  of 

the ~ was pointed out in [40]. 
dr  ~ 

We introduce an auxiliary function of  two variables 

• (r, g) = ~(r + g) + ~(r - g) - 2~(r) .  (39) 

The  scale of  g should be less than the correlation scale r~, g < r~. One can see 
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F i g .  6.  (a)  The  same as Fig.5a, but for .Qb = 0.2. ( b )  Th e  same as Fig.5b, but for 
~b = 0.2. 

that in the case of g << rc we have 

¢( r ,  g) = d~(~)  g~. (40) 

On Fig.7 we plotted (P(r, g) around r = R and r = 2R for the baryonic isocur- 
vature model with f2b = 0.2; h = 1. 

6 C o n c l u s i o n  

We have investigated the dynamics of the adiabatic type perturbations at the 
epoch of recombination using the analytical approach. We have obtained a simple 
expression for the Fourier components of temperature anisotropies ( - ~ ) k  at 
z = 0. We have compared our analytical results with the data of computer 
modelling of the processes as performed by Muciaccia el al. [17] for some specific 
models(see see. 2). The dependence of the (-~Z)k on f2b was also discussed. 

We have considered the peculiarities of the angular correlation function for 
AT at the most interesting angular scales 0 "" 20 ~ - 2 °. We will emphasize that T 
the Sakharov oscillations lead (in a CDM model) to an appearance of specific 
anomalies ("resonances") at the angles OR = R / ( .  and 02n = 2OR. 

The dependence of the "resonances" on the parameters of the cosmological 
model and the width of an antenna was investigated. We pointed out the st)ecial 
importance of the first "resonance" at On for the comparison with observational 
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Fig .7 .  (a) Function #(r,d, OA) for the model ~b = 0.2, h = 1 and d = 3h-XMpc at 
r ~ R for different values of 7 Symbols are the same as on Fig.5a. (b) The same as 
Fig.7a, but for r ~ 2R. 

data. This  first "resonance" is specific for the model  with nonbaryonic dark 
matter  and it is absent in the model with baryonic dark matter.  

We have proposed a method of filtering of the "resonances" in the correlation 
function, which is reduced to a direct measure of the second derivative of the 
correlation function in the vicinity of  the "resonance". 

The analogous "resonances" appear in the spatial correlation function of 
galaxy distribution in the models with baryonic dark matter and isocurvature 
initial perturbations. We also proposed the way to filter the correlations in the 
galaxy distributions in analogy to that for the correlations in the measurements 
of  the anisotropy of CMBR. 
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ish Natural Science Research Council through grant 11-9640-1 and in part by 
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Constra int s  on mode l s  from P O T E N T  and 
C M B  anisotropies  
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Abs t rac t  A comparison of density fluctuation amplitudes from POTENT 
and COBE can set stringent limits on various cosmological models. We find that 
for the standard CDM model the two amplitudes agree well with each other, 
while some alternative models predict an excessive amplitude for POTENT com- 
pared with COBE. We show how small scale CMB anisotropy measurements can 
further constrain the models. 

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

Determining the abundance and distribution of dark matter in the universe re- 
mains a major unresolved problem in cosmology. While a given matter content 
uniquely determines the shape of the power spectrum (up to variations in the 
primeval shape), the amplitude of mass fluctuations remains unspecified theo- 
retically and its value must be sought from observations. Traditionally, workers 
tried to estimate both the shape and amplitude of the power spectrum by map- 
ping the distribution of galaxies in a local volume of space. Unfortunately, this 
mapping is only indirectly related to the density distribution, requiring an ad- 
ditional assumption about how the light (galaxies) traces mass (dark matter). 
After the COBE discovery of primeval fluctuations (Smoot et al. 1992) it became 
possible to use temperature fluctuations at the surface of last scattering to com- 
pute the amplitude of mass fluctuations, as (the rms relative mass fluctuation 
in a sphere of radius 8 h -1 Mpc, H0 = 100 h km s -1 Mpc-1), for any particular 
model. This allowed researchers to shift their emphasis from the amplitude de- 
termination to the study of the spectral shape. Any additional information on 
a different scale would enable one to discriminate between different models of 
structure formation. The COBE results are able to provide a constraint on the 
shape of the primordial power spectrum, but not on the matter content of the 
universe, because on the scales probed by COBE different matter contents pro- 
duce similar temperature fluctuations. Small scale CMB anisotropy experiments 
may provide additional information of this kind, but have not yet reached the 
needed sensitivities. 

An alternative method that is directly sensitive to the mass distribution uses 
the measured peculiar velocities. Most work to date has been based on estimates 
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of the bulk flow averaged over large volumes (Bertschinger et al. 1990; Courteau 
et al. 1993). This statistic has several limitations. First, the statistical distribu- 
tion of spectral amplitude estimates based on the bulk flow is broad (X a with 
only 3 degrees of freedom) and consequently bulk flows can only weakly constrain 
the models. Second, bulk flows are sensitive to the systematic errors introduced 
by nonuniform sampling (the sampling gradient bias of Dekel, Bertschinger, & 
Faber 1990). Finally, the scales contributing to the bulk flow estimates are large 
(> 40-60 h -1 Mpc), whereas most of the peculiar velocity measurements come 
from smaller distances (10-30 h -1 Mpc). It should be possible to place additional 
independent model constraints on the smaller scales alone. 

An attempt to estimate the amplitude of mass fluctuations on intermediate 
scales using POTENT reconstructed density field has recently been carried out 
by Seljak & Bertschinger (1993b; hereafter SB). By using a large sample of 
peculiar velocity data they were able to reduce both the statistical and systematic 
errors over the previous amplitude determinations that were based on bulk flow 
estimates (Del Grande & Vittorio 1992; Muciaccia et al. 1993; Tormen et al. 
1993). Here we briefly present their method and compare their result to the 
COBE normalization for several different models: standard cold dark matter 
(CDM), CDM plus a cosmological constant(CDM+A), and CDM plus massive 
neutrinos (CDM+HDM), with several different choices for the Hubble constant 
and the primeval spectral index. In addition, we discuss the possibility of further 
constraining the models by using the small scale CMB measurements together 
with the POTENT result. This should enable one not only to determine the 
cosmological parameters, but also to test the gravitational instability paradigm 
itself. 

2 Ampl i tude  est imation from P O T E N T  

Assuming a potential flow the present velocity field can be extracted from ob- 
served radial peculiar velocities of galaxies by integrating along radial rays. 
This is the essence of the POTENT reconstruction method (Bertschinger & 
Dekel 1989; Dekel, Bertschinger, & Faber 1990). Furthermore, in linear per- 
turbation theory there is a simple relation between velocity and density fields: 
6(r) : - ( H o f ) - I V  • v(r) - f - l~ ( r ) ,  where 6(r) is the density fluctuation at 
position r, H0 is the Hubble constant and / is the the growing mode logarithmic 
growth rate, well approximated by f(f2,,) --- ~,~6. 

One can define the likelihood function for a set of measurements of 6" from 
POTENT as 

L(o's) - X/(2a.)NIM [ exp - ~ M i ~ l ( ~  - (6/))(~ - (~)) . (1) 
i = l  j = l  

Mi~ 1 and M are the inverse and determinant of the correlation matrix Msj -- 

((~ - ( / i))(~ - (~))). Here 0 denotes averaging over the random field ensem- 
ble (signal) and the distance errors (noise). For a given theoretical model the 
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correlation matrix depends on the parameters of the power spectrum, most no- 
tably on its amplitude. An estimate of the amplitude as is given by the value 
that maximizes L. This estimate is, in general, biased (in part because of the 
assumption of normality, but also owing to the presence of sampling gradient 
and other biases in the {~}). One can estimate the statistical bias by Monte 
Carlo simulations and correct it. One should also worry about the nonlinear 
and Malmquist bias effects. However, if the smoothing radius is large then these 
effects are small even if the unsmoothed density fluctuations are large. SB find 
that for the smoothing radius of 12 h -1 Mpc the two effects are at most of order 
10% and opposite in sign, so they can be neglected. 

For each model considered, SB estimated the maximum-likelihood value of 
the amplitude as,,. Because they use a sparse sample (particularly at larger 
distances) and a large smoothing radius, the results are not particularly sensitive 
to the shape of the power spectrum. An approximate value valid through most 
of the parameter space is 

---- 1 2+0.4 0.8, v ~ . 6  "~ -0 .3  • (2) 

95% confidence limit intervals give as f2,~ 6 ,'~ 0 . 7 -  2.3. As a possible caveat 
we mention that this result is in disagreement with the normalization using 
the masses and abundances of rich clusters as given by Efstathiou, White, & 
Frenk (1993). They find or8 = 0.57 ~2~ °'s6, which is more than the 2a away from 
2, although including all the sources of systematic errors could bring the two 
results into better agreement. 

3 Ampli tude estimation from COBE 

A useful normalization of COBE results is given by Qrms-PS, the ensemble- 
average rms quadrupole amplitude of CMB fluctuations. Its value can be esti- 
mated from the published angular correlation function C(8) (Smoot et al. 1992; 
Wright et al. 1992) and depends on the shape of the primordial power spec- 
trum. For the power law spectrum with P(h) oc k '~ we obtained Qrm,-PS = 
(15.7 4- 2.6) exp[0.46(1 - n)]#K (Seljak & Bertschinger 1993a). 

To obtain a small scale normalization as,z=2 from COBE one needs to re- 
late the AT quadrupole with the mass fluctuation power spectrum for a given 
model. We have calculated the radiation and density power spectra by the cou- 
pled integration of linear density perturbations with contributions from baryons, 
CDM, radiation and neutrinos using the full set of relativistic Einstein, Boltz- 
mann, and fluid equations. This method does not assume the naive Sachs-Wolfe 
expression and is valid also when the universe is not matter dominated at the 
time of recombination (as in the case of low h values) or when ~gA # 0. In all 
cases, we fix the baryon contribution to ~ s  = 0.0125h -2 as implied by primeval 
nucleosynthesis (Walker et al. 1991). 

The analysis was restricted to the simplest generalizations of standard CDM 
model that decrease the power on small scales relative to that on large scales 
and have been proposed recently as viable models of large scale structure. These 
models reduce as,z=2 compared with the standard CDM. The decrease can be 
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small, as for example in the CDM+HDM model with ~ ~ 0.2, or large, as 
for the tilted model with n -~ 0.7, despite the fact that  these two models give a 
similar match to the recent determinations of large scale galaxy clustering power 
(Maddox et al. 1990). This is because the power spectrum for tilted models differs 
from its CDM counterpart  over all scales between the COBE scale and the as 
scale (3 orders of magnitude) and not just on small scales as do the CDM+HDM 
power spectra. Another parameter  that  affects as,z=2 is the Hubble constant h. 
It affects the redshift of matter-radiat ion equality and this changes both the 
density transfer function and the A T  versus 5 relation. The net effect is that  
asj=2 increases for larger values of h. 

4 C o n s t r a i n t s  o n  t h e  m o d e l s  

In this section we compare the two amplitudes as,, and asj=2 to constrain 
some of the proposed cosmological models. Most of the numerical values in this 
section are taken from SB. The first model we test is the CDM model. The 
amplitude predicted by the standard CDM model is consistent with the COBE 
normalization over most of the allowed range of h. For example, h = 0.5 gives 
asj=2 -- 1.05, whereas h = 0.75 gives asj=~ -- 1.5, both of which are compatible 
with the measured as,~ -- 1.3. Thus the CDM model cannot be ruled out based 
on the comparison between the velocity data and COBE, a conclusion that agrees 
with previous comparisons based on the bulk flow estimates on somewhat larger 
scales (Bertschinger et al. 1990; Efstathiou et al. 1992; Courteau et al. 1993). 

Three simple extensions of CDM have recently been proposed to boost the 
power on large scales relative to that on small scales. The first one adds a cosmo- 
logical constant A with ~,~ + ~.4 -- 1. This model has an additional attractive 
feature that it may match both the observationally favored high values of h and 
the timing constraints from the globular cluster ages. The model, however, fails 
in the COBE versus POTENT comparison unless ~A is small. While decreasing 
~,~ increases as., relative to CDM (due to the f(~,~) factor), the time deriva- 
tive of the potential integrated along the line of sight tends to decrease asj=2 
for a given z~T/T. For h = 0.8 and ~a = 0.8, the f(~,~) factor gives as,, = 3.0, 
whereas asj=2 -- 0.66. Decreasing h even further decreases asj=2. We find that 
the results constrain the model to ~A < 0.6 (h = 0.8) and ~.4 < 0.4 (h = 0.5), 
at 95% confidence. 

A second recently proposed extension of CDM is the mixed dark matter 
model which has some massive neutrinos added to the cold dark matter. In 
this model, the growth factor f(k) depends on the wavenumber because free- 
streaming damps small wavelengths; f(k) ranges between 1 on large scales 
to 1[(1 + 2412CDM+B) 1/2 -- 1] on small scales (Bond, Efstathiou & Silk 1980; 
Ma 1993). This is shown in figure 1 for a particular model with h = 0.5, 
~ C D M + B  "~" 0.7 and /'2~ = 0.3, which corresponds to mu = 7 eV. The tran- 
sition between 1 and 0.8 today (z = 0) occurs at roughly k = 1 Mpc -1 and the 
effect on as,,  because of this is small. For this model one finds asj=2 = 0.67, 
which is too small compared with 2. Decreasing the 12v contribution or increas- 
ing the value of h reduces the discrepancy. For a particular model of f2, = 0.2 
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and h : 0.75 one finds tha t  the COBE and P O T E N T  ampli tudes are in agree- 
ment ,  but,  of course, other parameter  values with smaller f2~ and /o r  larger h 
give acceptable results as well. 

A third way to decrease small scale power relative to large scales is to tilt 
the primordial power spectrum P(k) oc h '~ by decreasing n below 1. This again 
decreases the as normalization from Qrmi-PS, although the best fitted value of 
Qrms-P$ increases (Seljak & Bertschinger 1993a); hence 

its,t=2 -- 1.05 (I :I: 0.2)e -2"4s(I-'*), (3) 

similar to the expression based on the 10 o COBE normalization (Adams et al. 
1993). Low values of n again imply too small a value of cra,l=~ compared with 
2. Including a possible gravitational wave contribution to the CMB anisotropy 
further decreases as,z=~, by a factor of V/(3 - n) / (14 - 12n) (Lucchin, Matarrese, 
& Mollerach 1992). With  h = 0.5 one obtains n > 0.85 with no gravitat ional  
wave contribution and n > 0.94 with gravitat ional wave contribution, at  95% 
confidence limit. 

1 ,  , , . . . .  , . . . .  i . . . .  ~ = ~ ,  
- z = ,  

. . . . . . . . . . . . . .  z = 4  

- z = 9  

.8  

.7  t t t t [ t t ~ t [ ~ , J ~ I * ~ ~ , I ~ f r t 

- 2  - 1 . 5  - l l o g ( k ) [ M p c _ t ] - . 5  0 

Fig. 1. f(k) versus k at various redshifts for a CDM+HDM model with h = 0.5, 
I~VDM+V = 0.7 and J'2v : 0.3. For low z the transition occurs at scales smaller than 
the POTENT smoothing length. 

5 A T / T  o n  d e g r e e  s c a l e s  

One can also compare large and intermediate scale AT/T measurements  or in- 
termediate  scale AT/T measurements  and P O TENT.  These comparisons could 
give additional information on the values of various cosmological parameters .  
The P O T E N T  scale corresponds to to a CMB angular scale ~ 0.5 ° so that  
a direct comparison on those scales would in addition enable one to test the 
gravitat ional  instabili ty hypothesis itself (Bertschinger, G6rski, and Dekel 1990; 
G6rski 1992). Unfortunately, the experimental  situation at  the moment  is still 
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unclear and prevents one to draw any firm conclusions (for a recent review, 
see Bond 1993), although the experiments currently favor low values of z~T/T. 
For this reason we are only presenting theoretical predictions of z~T/T for the 
models discussed in the previous section and we do not attempt to derive any 
additional constraints from the current observations. Rather, we want to show 
what parameters could be determined using these types of measurements. 

There are several parameters that can affect the AT/T predictions. Figure 2 
shows photon transfer functions 12Cl for various models discussed in the previous 
section. We define these by the relations 

C(8) = nl n2 = Cl Pz(cos O) , 
I=2 

where the average is taken over the whole sky for all pairs of directions separated 
by angle 8 ---- cos - l (n l  • n2). We normalize all the transfer functions to a fixed 
quadrupole value C2. 

As fig. 2 shows, z~T/T on degree scales (1 ~ 200) strongly depends on the 
value of ~ s  (compare curves 1 and 2). Primordial nucleosynthesis constrains 
the value ~ s h  2, so the uncertainty in ~ s  mainly reflects the uncertainty in h. 
Since the value of h at the present is still controversial one cannot determine 
~B better than within a factor of 4 and this limits the determination of other 
cosmological parameters as well. 

Among the three extensions of CDM discussed in the previous section two of 
them significantly change the Cz's relative to the standard CDM. A tilt in the 
initial power spectrum decreases Ci's relative to the 1 = 2 value. For n -- 0.75 
this changes C200 by a factor of 3 relative to the CDM value (curve 3 of fig. 2). 
~A also strongly changes the photon power spectrum. Large ~.4 values increase 
z~T/T on degree scales (curve 4 of fig. 2) and this may present another difficulty 
for these models. The third way of changing CDM model by changing some of 
the CDM into HDM only weakly affects the photon transfer functions (curve 5 
of fig. 2) and one cannot hope to determine the value of ~ using these type of 
measurements. 

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

The POTENT analysis of peculiar velocity measurements gives the amplitude 
of mass fluctuations crs,~ ~ 1.3 ~0 .6 .  Comparing this value with the COBE 
normalization, one can constrain different models of structure formation. The 
results strongly challenge the non-zero cosmological constant models and the 
tilted models. They also point to a higher value of h or a lower .value of ~v than 
have been standard in the mixed dark matter models. A similar comparison 
based on degree A T / T  scales would give additional information on the values 
of cosmological parameters and could test the gravitational instability paradigm 
itself. 

Ackaowledgemeats: We thank Avishai Dekel for allowing us the use of the 
POTENT results. This work was supported by grants NSF AST90-01762 and 
NASA NAGW-2807. 
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Fig. 2. l~Ci for various cosmological models discussed in the text. 
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Abstract  

If the COBE detection of CMB fluctuations is used to normalize the power 
spectrum of primordial density fluctuations in a cold dark matter-dominated 
universe, early reionization is likely to result in a substantial diminution of pri- 
mordial temperature fluctuations on degree scales. I argue that the reionization 
may be non-Gaussian because of feedback effects. Secondary fluctuations on 
arc-minute scales provide an important probe of the efficiency of rescattering. 

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

We are rightly celebrating at this workshop the triumph of the COBE DMR 
experiment in measuring fluctuations on > 10 ° angular scales in the cosmic 
microwave background. This provides the long-sought normalization for the pri- 
mordial density fluctuation spectrum that gave rise via gravitational instabilities 
to the present-day structure. Yet there are many choices that remain in models 
for primordial fluctuations as well as in cosmological parameters. An angular 
scale of 10 ° on the last scattering surface corresponds to a comoving scale of 1 
Gpc, useful for establishing the validity of the cosmological principle, and for 
probing inflation, but of little direct relevance to formation of known structure. 
Only by detecting fluctuations on the precursor scales of the largest structures 
(degree scales) and galaxy clusters (arc-minute scales) can we hope to specify 
more precisely the elusive models that quantify the details of galaxy formation. 
One important complication arises from the thermal history of the universe since 
redshift z = 1000, where the last scattering surface is located in the canonical 
uniform model of the expanding universe. 

The principle purpose of this talk is to argue for the inevitability of reioniza- 
tion in the standard model for large-scale structure, that of cold dark matter, 
and to discuss, more generally, the secondary signatures of early reionization 
for microwave background anisotropies on small angular scales. First, however, I 
describe a new presentation of data from experiments on different angular scales 
that largely circumvents any assumptions about the radiation power spectrum. 
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2 Comparison of Different Experiments 

Microwave background experiments probe & complex domain of sky and fre- 
quency sampling. To facilitate comparison between different experiments, a novel 
transformation has been developed that transforms the Gaussian autocorrelation 
function angular fits into something more physically useful. 
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Figure 1. Experimental filter-averaged detections and upper limits, compared 
to radiation power spectra for CDM OB = 0.12 model for various redshifts of 
reionization, as labelled (top); experimental filters (bottom) 
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The approach, pioneered by Bunn [1] and performed independently by Bond 
[2], is straightforward. The temperature fluctuations are expanded in spherical 
harmonics -~ = ZalmY~,, with power per harmonic Ct =<  IAzml 2 > • The 

contribution to the total power per decade is BI = l(2l + 1)4~ ~. If the filter 
function of a particular experiment that defines its sensitivity to harmonics I is 
Fh then one can define/} ~BzFz = ~F, as the experimental filter function-averaged 

power. One can show by computing/~ for different input power spectra that it 
is insensitive to the assumed power spectrum. 

Figure 1 displays a comparison between the experimentally-averaged power 
for various recent detections of cosmic microwave background fluctuations and 
the radiation power spectra for various cold dark matter models, characterized, 
in the spirit of the present discussion, by redshifts of reionization that range from 
0 to 150 [3]. It is premature to conclude that the apparent disagreement between 
experiments on degree angular scales is significant, because the uncertainties in 
modelling out Galactic foreground contamination have not been fully included, 
and also because of the very limited sky coverage. I discuss below a possible 
cosmological source of such variations. 

3 R e i o n i z a t i o n  w i t h  C o l d  D a r k  M a t t e r  

Early nonlinearity will result in production of dust and ionization input that 
can reionize the intergalactic medium. Indeed, this must have happened with 
high efficiency prior to redshift z ~ 5. The lack of a Gunn-Peterson absorption 
trough towards high redshift quasars means that the neutral fraction in the 
intergMactic medium is less than 10 -6. Indirect pointers to early energy input 
come from the enrichment of the intracluster medium, where there is more iron 
in the gas than in the stellar components of the cluster galaxies. This requires 
considerable ejection of enriched gas during the early stages of cluster galaxy 
evolution. Ejection from supernovae would inevitably involve input of heat into 
the intergalactic medium. Another indirect indicator of early heat and ionization 
input comes from the excess, relative to the present day, population of faint blue 
dwarf galaxies required to account for the deep galaxy counts. The lack of a 
present day counterpart in the field requires such galaxies, also a common feature 
in theoretical models, to have ejected considerable amounts of their initial mass 
in a supernova-driven wind. In nearby galaxy clusters, there is a population of 
low surface brightness dwarfs that may be the relics of these early, star forming 
dwarfs: again, considerable mass loss must presumably have occurred in order to 
differentiate the low surface brightness dwarfs from the compact dwarf galaxies. 

If there is so much energy input at z < 5, it is not much of an extrapolation 
to imagine that a more modest energy input occurred at an earlier epoch. Only 
--~ 20eV per baryon, a miniscule fraction of the proton rest mass, is required 
to photoionize the intergalactic medium. Once ionized, the gas can recombine. 
However the ratio of recombination time to expansion time is approximately 
0.06h3(100/(1 + z))~. Hence the required efficiency of conversion of mass into, 
say, ionizing photons is still low even at z ~ 100. 
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Various structure formation models are capable of early (z > 50) reionization. 
These include models with intrinsically nonlinear objects, such as texture or 
string-seeded models. Another class of models in which early reionization is 
natural  and even inevitable is the baryon dark mat ter -dominated universe. These 
models are only viable if the primordial density fluctuations are isocurvature. The 
spectrum of isocurvature density fluctuations imposed by large-scale structure 
constraints [4] ~ c< M-%-~, n ~ -0 .5 ,  diverges towards small scales; n < 0 
is required observationally to avoid excessive power on Mpc scales, and n < 1 
guarantees divergence in terms of potential fluctuations on small scales early 
in the matter-dominated era. These models can even plausibly bypass a neutral 
period: there need be no hydrogen recombination epoch. The more conventional, 
cold dark mat ter -dominated  universe, if normalized to reproduce the COBE 
DMR measurement of ~-  ~ 10 -5 on large angular scales, has early collapse Of 
small, rare objects. These can, with reasonable efficiency, reionize as early as 
z ~ 100. 

Many models fail to have sufficient power to reionize at an epoch suffi- 
ciently early that  some smoothing of CMB fluctuations occurred. These include 
mixed dark mat ter  (30 percent hot, 70 percent), tilted (n ~ 0.7), and vacuum- 
dominated cold dark matter  (X?~ac ~ 0.8) models, all designed to reconcile COBE 
aT with large-scale (~ 1 - 50h- lMpc)  structure observations. In a cold dark 
T 

matter -dominated  universe, however, with mass tracing light and ~2 = 1, the 
typical object to go nonlinear at z --~ 30 has mass --. 104M®. 

An investigation of reionization in a cold dark mat ter-dominated universe led 
to the following conclusions [5]. The fraction of the rest mass density of nonlinear 
objects that  goes into ionizing photons is taken to be a free parameter. With one 
percent efficiency of producing ionizing photons and unbiased cold dark matter,  
ionization is complete at z = 80. If f = 0.006, as might be appropriate if 90 
percent of the baryons formed massive stars that produced ionizing photons, 
reionization occurs as early as z = 130. It is difficult to imagine more efficient 
conversion of baryons into ionizing photons.By contrast, a tilted model could 
not reionize before z --~ 20. 

If the universe is reionized back to redshift z, the scattering probability of 
CMB photons depends only on the combination f2bh. From primordial nucle- 
osynthesis, X2bh ~ 0.015, so that  for a cold dark matter  universe, one might take 
£2bh ~ 0.03 and infer a scattering probability of 0.7 at z = 100, 0.4 at z = 60, 
0.2 at z = 30. The corresponding angular scales subtended at these epochs are 
4 °, 5 °, and 6 °. For £2h = 0.03, the probability distribution for the redshift which 
a CMB photon was last scattered, or visibility function, peaks at z ~ 40. For 
a CMB photon to have been scattered at least once with probability 0.5 only 
requires an efficiency ~ 10 -4 in a canonical model after typical low mass objects 
undergo first collapse at z ~ 40. 

4 G e n e r a t i o n  o f  S e c o n d a r y  Fluctuations 

Reionization at z >~ 20 partially smooths out degree-scale CMB fluctuations, 
but regenerates small angular scale fluctuations. This second order effect arises 
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because in first order, no fluctuations arise. To see this, one studies the photon 
collision terms that  are source terms in the second order Boltzman equation for 
the radiation intensity, ,5 (equivalent to ~p* ~ namely p.~ ] '  

0,5 0,5 
0-5- + = n0  [1 + { - , 5  + 4 .v - v 2 + . . . } .  cgxi 

Here 7i is the photon direction, (~(x) is the first order mat ter  fluctuation 
at position x, v is the mat ter  velocity. To first order, the right hand side of 
the Boltzman equation has a term (--,shoaT) that,  arising from primary last 
scattering, is exponentially suppressed by rescattering as exp ( - f  neaTcdt). 
The Doppler term linear in v, ..~ n¢crTV, is suppressed by phase cancellation. The 
second order terms survive. However the O(v 2) and other terms are negligible, 
and the only significant contribution term is the O(~v) term. This is known 
as the Vishniac effect. Since it is in the convolution of two terms that,  in the 
BDM model, at most diverge weakly towards smaller scales when averaged over 

~+1 
the thickness of the last scattering surface (~ c< R-~-~-~-2 ~ , v oc R -  2 , it diverges 
significantly, ~ o¢ ~v cx R - " - 2 ,  n ~ -½,  and is of order 10 -5 on subaxcminute 
scales i f /2  ,-~ 0.2. In reionized CDM models, the Vishniac effect amounts at most 
to ~-  ,-~ 10 -6 for any realistic ionization history and baryon density. 

Since observational limits axe about ~-  ~ 10 -5 over an arcminute, from 
experiments at OVRO and ATCA, one can strongly constrain the allowable 
(/2, n) parameter  space for the BDM model [6]. Some parameter space remains, 
near n ~ -0 .5 ,  /2 ~ 0.1 - 0.2, where the BDM model happens to have the 
parameters that  are preferred by large-scale structure observations. 

5 Reionized C D M  

While the CDM predictions on small scales are well below current limits, the 
factor < 2 suppression that  is likely on degree scales is significant. If one takes 
the lowest limits to date on degree scales at face value, then consistency with 
the COBE detection on 10 ° and the CDM prediction for n = 1 initial conditions 
has been questioned. Smoothing makes a significant difference to this conclusion: 
even reionization in a CDM model at z = 20 suffices to remove any discrepancy 
between the nucleosynthesis range for /2b and n = 1 COBE-normalized CDM 
[3]. 

Early reionization results in another possibility that  has interesting observa- 
tional consequences. Since the reionization is a consequence of the early non-  
linearity of very rare dwarf galaxies, one can well imagine that  there may be 
non-Gaussian smoothing of the primordial Gaussian fluctuations. This could 
arise as follows. The first objects to form, in the extreme tail of the distribution, 
ionize their environments. Suppose that  this local reionization induces a feedback 
effect. For example, reionization can actually enhance, (e.g. [7]) the formation 
of H2 molecules that  form via H -  ions. The enhanced cooling and gas dissi- 
pation would enhance dwarf galaxy formation with this positive feedback. One 
can imagine this process bootstrapping, much as in the early models of explosive 
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galaxy formation [8, 9] that  are now ruled out by the low limits on the Compton 
y-paramete r  [10]. With partial reionization, however, being the contagious car- 
rier that  induces galaxy formation rather than explosion-generated overpressure, 
one can avoid a hot intergalactic medium, yet still propagate the seed-induced 
effect out to an appreciable fraction of the horizon at last scattering. Hence the 
new last scattering surface and reionization would not occurr simultaneously 
in cosmic time. The reionization process would be patchy and non-Gaussian. 
This could well result in variable optical depth or thickness of the last scattering 
surface over degree scales. 

6 S u m m a r y  

There is no doubt that early reionization is an essential feature of the observed 
Universe. It certainly occurred by z ,,~ 5, and most likely occurred before z ,-~ 
20 in unbiased CDM models. Diminution of ~ on degree scales by a factor 
< 2 is almost inevitable in COBE-normalized CDM. Surviving fluctuations are 

plausibly non-Gaussian, since the reionization physics of rare objects could well 
introduce local feedback. A consequence is that reionization and rescattering 
generate potentially observable secondary fluctuations on arc-minute scales. In 
CDM models, these secondary fluctuations are ~-- ,-~ 10 -6. However in BDM 
models, they must be of order 10 -~, and already provide a strong constraint on 
the allowable BDM parameter space. 

I thank E. Bunn, W. Hu, D. Scott, N. Sugiyama and M. Tegmark for valuable 
discussions. 
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1 I n t r o d u c t i o n  

In the Cold Dark Matter  theory, structure formation is known to occur lately. 
This  is specially true when one is dealing with galaxy formation in b ~ 2 nor- 
malization,  for which the redshift formation could be as late as z ~ 1. However, 
for a higher normalization, as required by COBE (b ~ 1), the formation of first 
structures occurs quite early. For instance, Blanchard et al. (1992) have shown, 
tha t  at least 10% of the cosmological gas could have been cooled by a redshift 
10. Tegmark  et al. (1993) showed that  in the (t9 = 1, b = 1,h = 0.5) CDM 
model a partial  reionization can occur at redshift ,~ 50 by objects with mass of 
the ordre of 106~4®, which may part ly  smeared out the fluctuations on small 
anguler scales. In the present paper,  I would like to point out that  the very first 
structures actually form early, with masses of a few 100M O and virial temper-  
ature of the order of 100 K. Such objects are likely to form VMO's  and migh 
allow reionization to occur early enough to fully smear out these fluctuations. 

2 F i r s t  S t r u c t u r e s  

In a hierarchical picture, fluctuations in the mat te r  field exist on every scales, 
and increases indefinitly as the scale is smaller : 

or(m) c< m -~  (1) 

because of this there are no "first structures" to form for the dark mat ter .  How- 
ever, these structures do not present any interest if baryons can not fall inside. 
This si tuation will certainly occur if the tempera ture  of the mat te r  is larger 
than the virial tempera ture  of the collapsing object. The virial tempera ture  of a 
collapsing mass i.e. the tempera ture  of the gas in hydrostatic equilibrium in the 
potential  is: 

) T = 50 K \-TS-U/ (2) 10 i® 
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Fig.  1, The grey area represents the caracteristics (temperature) of first structures 
(3.5 - 4.5a) versus redshift. The solid line represents the matter temperature. This 
graph demonstrates that no structures (i.e. less than 10 -4) can form before Z ~ 85 
while at Z ~ 60 

substantial fraction of objects have form with m~sses in the range 3 000 to 500 000M O. 
The associated objects have a baryonic mass between 150 to 25 000M o with virial 
temperature between 60 and 2000 K. 

See Blanchard et al. (1992). Fluctuat ions  above 4.5 a contain 10 -5  to 10 -4  of  
the total  mass (the first value is es t imated from Press and Schechter, which is 
likely to underes t imate  the actual fraction; the latter value is es t imated f rom the 
peak formal ism which is more likely to give a bet ter  value for rare fluctuations).  
In the following we argue tha t  f luctuations tha t  may  allow a full reionization 
are 3.5-4.5~r. Consequently,  we can compute  the tempera ture  versus redshift 
of  these f luctuations when they are collapsing. This range is presented on Fig. 
1 by the grey area.. The  tempera ture  of  ma t te r  is given by the full line. The  
first s t ructures  to form, with baryons falling in, correspond to the intersectioni, 
occuring at redshift ~ 60-80 with typical t empera tu r  e 60-100 K. The  mass range 
is 2800-3600 M e .  The  baryonic mass is therefore 150-300 M e .  Because of  the 
very low temperature ,  such object are likely to form stars rapidly. 

3 Poss ib le  Re ion iza t ion  

Very massive stars can be very efficient in nuclear burning. Bond et al. (1984) 
did est imate  tha t  such object  can convert 5 . 1 0  - 3  of their rest mass in radiat ion,  
which can easily ionize quickly the intergalactic medium.  Moreover the remnant  
of  such objects are likely to be black holes. Lat ter  accretion on the black hole 
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migh release a considerable ammount  of energy (more than 100% of the rest 
mass actually!). At high redshift the Compton cooling is extremely efficient, so 
in order to maintain the ionization one needs 1000 eV per baryon. The energy 
available per baryon from the ionising sources is: 

E ~ Fcmpc~ (3) 

where Fc is the collapsed fraction in the reionising objects, mp is the proton mass 
and c is the efficiency of the source. With e ~ 5.10 -3, the collapsed fraction which 
is required is 2.10 -4. The conclusion that  we can draw are very unsensitive to 
the exact asumption about the required fraction Fc of objects satisfying our 
criteria (Tv > Trn): at z = 100 this fraction is 10 -9, while z = 50 it is 10 -2. 

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

The formation of the first structures will be determined by the epoch at which the 
virial temperature  of the collapsing structures will be larger than the temperatre 
of the cosmological gas. In CDM theory, normalized to COBE data, this occurs 
at redshift of the order 60-80, allowing for a full reionization. 
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1 Introduct ion  

Observations of Cosmic Microwave Background (CMB) anisotropies smaller than 
the 10 degree scale axe more and more important after the discovery of cosmic 
microwave background (CMB) anisotropies by COBE satellite (Smoot et al. 
1992). If we assume the standard thermal history, one degree scale is just cor- 
respond to so-called doppler peak on CMB power spectrum because it is the 
horizon scale of the last scattering surface, i.e, the horizon scale at the stan- 
daxd recombination. Supposing possible reionization after the epoch of standard 
hydrogen recombination, however, we find the place of last scattering becomes 
much closer to present and the horizon scale increases. Hence, this peak is very 
sensitive to the thermal history of the universe. 

Readers will find the motivation, the physical mechanism and the constraint 
from compton y-parameter of reionization after the standard recombination in a 
paper by 3. Silk of this proceeding. Here, we would like to point out the fact that 
reionization reduces CMB anisotropies. Recently, several authors suggest cold 
dark matter dominated models (CDM models) are no more preferable (Gorski 
et al. 1993) or are given very severe constraints (Dodelson and Jubas 1993) 
from the resent observations by Gaier et al. (1992) at South Pole(hereafter as 
SP91). The beam of this experiment had a sinusoidal throw on the sky with 
amplitude 1.°5. Though the doppler peak of the CDM model without reionization 
is slightly smaller than this scale, this experiment is still sensitive to this peak. If 
reionization occurs, however, such a high peak is smeared out and CDM models 
may be saved. 

There is another model motivated by reionization. From the numerical sim- 
ulations by several authors (Suginohaxa and Suto 1992 and Cen, Ostriker and 
Peebles 1993), the primeval isocurvature baxyonic models (hereafter as PIB mod- 
els) are known as one of the most attractive candidate of the large scale structure 
formation. Because PIB model has very steep spectrum, first objects created in 
the very early stage and the universe kept ionizing till present. The most prefer- 
able spectrum index n from numerical simulations is about -0.5. Then when we 

*** e-mail: sugiyama@bkyast.berkeley.edu 
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consider PIB models, we naturally assume reionization in the very early stage 
just  after the recombination. 

In this paper, we will show how reionization after the recombination affects 
the CMB anisotropies. And constraints on several specific models, i.e., CDM 
models and PIB models are given from recent observations. 

2 Behaviour of  C M B  anisotropies  in the  Reionized 
Universe  

In oder to know the behaviour of CMB anisotropies through reionization, let's 
consider the standard CDM model, i.e., with density parameter  Y2 = 1, ttarrison- 
Zel'dovich initial spectrum, initially adiabatic perturbations as an example. The 
perturbat ion equations are soleved numerically in the gauge invariant method 
(see e.g. Sugiyama and Gouda 1992). The features of CMB spectrum of standard 
CDM models without reionization are well known as; on the large scale, the 
Sachs-Wolfe effect is dominated and this plateau on CMB spectrum are shown in 
Fig. l (a)  (dashed line). There is a doppler peak corresponds to the horizon scale of 
the last scattering surface on the intermediate scale. If reionization did not occur 
or occurred at very recent epoch, scattering between photons and electrons is not 
effective after the recombination epoch and the universe is transparent. Hence the 
scale of the last scattering surface is the horizon scale at the recombination epoch. 
On small scales, you can find significant damping because of photo diffusion (Silk 
1968). This scale corresponds to the thickness of last scattering surface. 
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Fig. 1. (a)Power spectrum of temperature anisotropies for CDM models. Dashed line 
and solid line represent models with reionization at z = 10 and z = 100, respectively. 
The normalization is arbitrary. (b)Time evolution of temperature anisotropies, CDM 
and Baryon density fluctuations as a function of red-shift. The ionization fraction is 
also shown. 

What  will happen if reionization occurs? In Fig.l(b),  the t ime evolution of 
perturbations in the reionized universe is shown. The scale of perturbations 
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coincides with the original doppler peak. It is found that  the perturbation of 
temperature anisotropies grows after entering the Jeans scale. Once recombi- 
nation occurs, however, this perturbation remains constant because of the free 
streaming behaviour. Then the perturbation is suddenly damped if we assume 
reionization at z -- 100 as shown in this figure. The perturbations on the scale 
which is smaller than the horizon scale of the new last scattering surface are 
smeared out. This new last scattering surface stays where the optical depth 
equals unity roughly written as z = 6552(0.05/~2Bh) 2/a. Here ~ ,  ~2B and h are 
present total density parameter, present baryon density parameter and Hubble 
constant normalized by 100km/s/Mpc~ respectively. The resultant spectrum is 
also shown in Fig.l(a) (solid line). You can find the extreme suppression of the 
doppler peak. On the other hand, there exists a newly created peak on the large 
scale. This scale corresponds to the horizon scale at the new last scattering sur- 
face. Here we have to mention that the effect of second oder perturbations is 
important  especially for PIB models because the last scattering surface is so 
close to present. On small scale temperature anisotropies, this effect, that  is~ 
Vishniac effect (Vishniac and Ostriker 1986 and Vishniac 1987) is dominated for 
PIB models. 

In Fig.2, in oder to directly compare the spectrum with specific observations, 
we show the coefficients of the temperature anisotropies Cl in g space as a param- 
eter of the epoch of reionization for a CDM model (a). Evidently, reionization is 
effective at significantly reducing the Doppler peak. The same power spectrum 
for the PIB model is shown in Fig.2 (b). The contribution of the Vishniac effect 
is also shown on these figures. And in Fig.2(c), the window functions Wl of SP91, 
OVRO(Readhead et al. 1989) and COBE are shown. Th e expected temperature 
anisotropy of each experiment is expressed as ( t~T /T)  2 = ~ l > l ( 2 g ÷  1)CLWI/4zc .  

3 C o n s t r a i n t s  o n  M o d e l s  

The method to get the constraints on the specific model is as follows. We use the 
observed value 30/~K by COBE as the normalization of CMB anisotropies. Then 
we check the value of ~r8 and compare the expected anisotropies with OVRO 
experiment, SP91 and the quadrupole anisotropies by COBE. In oder to treat 
SP91, we use the Bayesian method (Bond et al. 1989). And we only use the 
highest frequency channel data  because the data  of the other channels seem to 
be suffered the galactic emission (Gaier et al. 1992). We also take into account 
the subtraction of mean and gradient. 
PIB models 

Here the fully ionized universe is assumed. We check the models in wide 
range of parameters that are density parameter f2, power law index n and non 
dimension Hubble constant h though the most preferable model from numerical 
simulations is ~ = 0.1 ,-~ 0.2 and n = 0.5. We consider both open and flat 
universes without and with the cosmological constant, respectively. 

The expected value of crs and quadrupole anisotropies on the ~2 - n plane are 
shown in Fig.3 (a) and Fig.3 (b) for h = 0.5 in the open universe. It is very im- 
pressive that  C~s of the most desirable model is very close to unity. The expected 
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F ig .  2. Power spectrum of temperature anisotropies t (2 l  + 1)Cd47r as a function of l 
for CDM with vaxious reionization epochs (a) and PIB (b). Contribution of Vishniac 
effect is shown on large t labeled as 2nd. We multiply the effect by factor 10 for CDM 
models. Window function We for COBE, SP91 and OVRO axe shown in (c). 

values of quadrupole anisotropies are a little bit smaller than tha t  of observed 
ones by COBE. But if we take into account of 'cosmic variance', these values 
are acceptable. In Fig.4, the constraints from the OVRO experiment,  SP91 are 
shown for h = 0.5 in the open universe. About OVRO experiment,  the right hand 
region of the 2.1 x 10 -5 line is excluded. As for SP91, the right hand region of 
each line, labeled as 30#K and 25#K corresponds to the value of COBE normal- 
ization at 100 is excluded. Though the Vishniac effect is dominated,  expected 
anisotropies on the arcminute scale are still a little bit lower than the observed 
ones. But  the problem is the degree scale anisotropies. Because the new doppler 
peak just  coincides with the South Pole experiment scale as shown in Fig.2(b), 
this experiment gives very stringent constrains on the models. As a result, not 
only these specific parameter models, but  also almost of all models motivated 
on the PIB models are excluded. 

CDM models 
Here we only consider the standard models with ~2 = 1, n = 1 and initially 

adiabatic perturbations. We assume that  the universe becomes suddenly ionized 
at  the some epoch after the recombination. We consider the density parameter  of 
baryon ~2B, Hubble constant h and this epoch of reionization z,~ as parameters. 
The expected values of ~s and the quadrupole anisotropy do not  depend on the 
thermal  history because CDM spectrum is changed very little due to the thermal 
history and the quadrupole anisotropy is far larger than a horizon scale of the 
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Fig. 3. The expected values of ~r8 (a) and quadrupole auisotropy (b) for PIB models 
by COBE normalization are shown in #2 - n plane. 
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Fig .  4. The 95% credible-limit on PIB models from OVRO and SP91 experiment. 

last scat ter ing surface. And these values are consistent with observed ones. I t  
is know tha t  the expected arcminute scale anisotropies are still smaller than  
observed ones even in the non-reionized universe. If  reionization is assumed, 
anisotropies on small  scale are smeared out. So the observations on small scale 
do not give any constraints on models. As for CDM models, the Vishniac effect 
is not so impor t an t  because the last scattering surface is father  than that  of PIB 
models.  T h e  Vishniac effect is suppressed by proportional to square of red-shift 
at  the last scattering surface since it is a second oder effect. The constrains 
f rom SP91 on #2B -- h plane are shown in Fig. 5. If  we consider reionization 
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at  z = 10, the constraint is almost  same as the models without  reionization 
(Dodelson and Jubas).  But it is very remarkable that  reionization at  z = 20 
makes  the constraint significantly looser and all models which are consistent 
with Big Bang Nucleosynthesis are survived though the universe is far f rom 
being optically thick at last scattering. 

C 

0.14 
• " " C D - -  M n=l  

0.12 0 . 1 - ~  adiabatic 

o 

0.06 z = l O  " - - . . . . ~  
004 

0 . 0 2  n ,  h2_--O.~ - - -  

o& 0:8 0.6 0.7 0.9 
h 

Fig. 5. Constraints on CDM models form SP91 in the DB -- h plane. The 95% credi- 
ble-limit is shown. The epoch of reionization is chosen as either z = 10 or z = 20. Lines 
corresponding to ~Bh 2 = 0.01 and Y2Bh 2 = 0.03 are also shown. 

4 Conclus ion  

We have investigated effects of late t ime reionization on the CMB anisotropies. 
Such reionization smooths out the original tempera ture  fluctuations on the scale 
smaller  than  a few degrees while it creates new fluctuations on large scale which 
corresponds to the horizon scale of the last scattering surface and on small scale 
by the Vishniac effect. We compared the expected anisotropies of PIB models 
and CDM models with several recent observations. 

We found PIB models axe almost dead if we assume the continuously ionized 
universe. We also have checked the constraint f rom the new 13 points experiment 
a t  South Pol~ by Schuster et. al (1993) and still get a lmost  same answer. I t  seems 
tha t  the end of PIB models can not be avoided. However late t ime reionization 
m a y  save this model f rom death. The reason is if we consider the optically thin 
universe, the new peak on the spectrum of CMB anisotropies does not create 
and the Vishniac effect is small. The problem is the original doppler peak of 
CMB anisotropies. We will find the min imum fluctuations of PIB models and 
give the most  stringent constraint in near future. 

As for CDM models, we found that  reionization only at  z = 20 is required 
in oder to save the large ~2B models which axe consistent with Big Bang Nucle- 
osynthesis though the universe is still t ransparent .  
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The CMB spectrum on the scale smaller than a few degree is very sensitive 
to the thermal history of the universe. So nowadays~ it becomes more and more 
important  for the experiments of the CMB anisotropies on the intermediate 
scale. 

The author acknowledges financial support from a JSPS postdoctoral fellow- 
ship for research abroad. A part of this work about PIB models is collaborated 
with T. Chiba and Y. Suto and about CDM models is collaborated with J. Silk 
and N. Vittorio. 
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A b s t r a c t  

The role of CBR Anisotropies in Cosmology is briefly discussed. The 
various possible sources of noise and distortions are analyzed. In particular we 
consider the effects of the elastic Thomson scattering between Cosmic Back- 
ground Radiation (CBR) and primordial molecules, like H2, H +, Hell +, HD, 
HD+,LiH,  LiH + : primary CBR anisotropies are erased or attenuated for 
angular scales _< 100 ~:~ 500 and frequencies v < 50 GHz. 

Future space programs are illustrated. 

Subjec~ headings: Cosmology- Cosmic Background Anisotropies- Post- 
Recombination Universe 

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

The potentiality of Cosmic Background Radiation (CBR) anisotropy 
studies lies on the hypothesis that the post-recombination Universe (i.e. 
10 _< Z _< 1000) was transparent to CBR photons so that measurements of 
anisotropies at various angular scales can be directly compared with the pre- 
dictions of theories of galaxy formation. It is therefore required that the post- 
recombination Universe was not re-ionized, because an ionized medium would 
scatter CBR photons thereby changing their energy distribution and spatial 
direction. Strong evidence against an hot re-ionization (i.e. characterized by 
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an electron temperature > 106 OK) is provided by recent COBRA (Gush et al. 
1990) and COBE-FIRAS ( Mather et al. 1990) results: their spectral measure- 
ments of CBR have set stringent upper limits to any spectral deviation from 
a pure Planckian curve as well as to the Comptonization parameter, excluding 
the existence of an hot ionized medium. If we neglect for a while the remaining 
possibility of a soft reionization (T~ < 10 ~ OK) or a very late re-ionization 
(i.e. occurring at redshift Z < 70), we are led to the conclusion that CBR 
anisotropies, observed by COBE-DMR at angular scales from 90 to 10 degrees 
are directly testing primordial perturbations. 

This being the situation let us briefly summarize the criteria employed 
by cosmologists to describe CBR Anisotropies: 

The entire sky distribution of CBR may be described in terms of spherical 
harmonics: 

£~oO ~T~----l 

T = Z Z ArYlm(O' ~) [1] 
l = O  m = - l  

Where the first term of the sum A°Y ° = To = 2.73K is just the CBR 
mean temperature, averaged over the sky. Let us assume that we explore a 
certain sky region: we are interested in the r.m.s, value of the temperature 

fluctuations. Therefore we have to compute the quantity ( ( -~)2) .  We may 
write: 

1 2 
(o,°,,o= 

1 , /  ' 
= 4"--~ ~ Z ara'~" Y~(O, cli)Y'~,(O, @)df~ [21 

l l '  m m  I 

The integral of spherical harmonics is zero unless g = g', m = m', so that 

In a uniform Universe we expect a rotational invariance of the coeffi- 
cients, so that  the sum over m simply gives 2g + 1 and, finally, we get 

uate.  

l 

[4] 

Where the coefficients Cl --= (la~l~/ are the quantities we want to eval- 

Theories of galaxy formation provide informations on the dependence 
of these coefficients on £: the normalization, however, is mainly experimental. 
It is customary to plot the quantity (l = l (2l  q- 1)Cl versus £ because in the 
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most popular theory of Cold Dark Matter + Inflation ~l is expected to be a 
constant for larger- than- horizon anisotropies. In Figure 1 we have plotted 
some of these "theoretical power spectra" just to give an idea of the variety of 
the possible theories. 

In this figure we have aLso sketched the power spectra of the most signif- 
icant sources of disturbances; namely, atmospheric fluctuations, galactic dust 
emission, radio-galaxies counts. 

Let us investigate the effects of the instrumental limitations. In the 
practical cases, one has to introduce an instrumental function F(l,  O, ~,) which 
depends on the beam size cr (for a Gaussian shape of the angular response, 
c, is just the variance), on the beam modulation amplitude (two or three sky 
regions are observed, separated by an angle O) and on the type of modulation 
(two beams, three beams, sinusoidal, square-wave, etc) and demodulation. In 
the two simple cases of square-wave, two and three beams modulation the 
instrumental function is of the type 

[5] 

Where Pz(cos O) are the Legendre polynomials: for large l they approx- 
imate the Bessel function J0((g + 1/2)O). In Figure 1 we have illustrated how 
the Transfer Function changes for different experiments: they would probe 
different regions of the power spectrum and, as an obvious consequence, also 
different physical mechanisms responsible for the anisotropies. 

Unfortunately, aS more data become available from new intermediate- 
scale experiments, it appears more and more evident that none of the various 
available theories is fitting the data satisfactorily. 

For instance, Tenerife (Lasenby et al., 1993) and South Pole Experiment 
(Schuster et al. 1993) seem to indicate upper limits well below the values 
expected by a simple extrapolation from COBE-DMR data on the basis of 
Cold Dark Matter models (Vittorio, 1993). This situation has led some authors 
to revitalize the hypothesis of a moderate secondary reionisation around Z _~ 
100 - 50 in order to appropriately reduce intermediate-scale anisotropies to 
values compatible with CDM theory, while avoiding spectral distortions within 
the limits posed by COBE-FIRAS results (Silk et al., 1993). 

Even more disturbing is the fact that bolometric observations in the 
miniraetfic region at similar angular scales, like one of the ULISSE experiments 
(Melchiorri et al. 1981), the MAX experiment (Devlin et al. 1992) and ARGO 
experiment (de Bernardis et al. 1993) provide r.m.s, values more than 2c, 
higher than the radio results. The disagreement between radio and infrared 
measurements could well be fortuitous, being the observations carried out on 
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F ig .  1: Power spectrum of CBR Anisotropies as expected in the case of 
CDM+inflat ion with and without reionisation. Galactic dust spectrum is 
shown as deduced from ULISSE, ARGO ahd MAX experiments 
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different sky regions : in such a case, however, one is forced to consider a 
non-Gaussian spatial distribution of anisotropies. 

Therefore, it appears worthwhile to re-analyze the general question of 
the cosmic transparence to CBR photons in order to explore the possibility 
that CBR anisotropies could be affected by some not yet considered mecha- 
nism, even in the case of a neutral Universe. In view of the problems risen 
by the observations, such an unknown mechanism should present the following 
peculiarities: 

a- it should not affect CBR spectrum. 

b- It should be able to erase, at least partiaily, CBR anisotropies at small 
angular scales and, possibly, in a frequency-dependent way able to explain the 
colour excess in the millimetric region. 

c- secondary anisotropies arising from the process should pass the severe 
upper limits already posed by several radio and infrared observations at small 
angular scales. 

The goal of the present paper is to show that points a) to c) may be 
fulfilled by the process of elastic Thomson scattering between CBR photons 
and primordial molecules : more specifically, we intend to study the influence of 
primordial molecules on CBR anisotropies in the redshift range Z! ¢~ Zd, where 
gf  is the foT'mc~¢ion ~dshifl, i.e. when the Universe becomes cold enough to stop 
the photodissociation of newly formed molecules (Z! _~ 100 - 400 depending on 
the molecular species); Zd is the dissociation redshift, i.e. when the high energy 
photons of the first formed objects start  again to photodissociate molecules 
(gd ~- 5 - 70 depending on the evolutionary models of structures). 

In the above redshift range a certain amount of primordial mohcules 
is expected to be present. The possible mechanisms of interaction between 
these mohcules and CBR photons are thermal emission and absorption and 
elastic Thomson scattering. Since molecular abundances are modest, collisional 
excitation and de-excitation are negligible: therefore, thermal emission and 
absorption are also negligible. Puy et al. (1992) have estimated that emission 
from molecules could hardly reach 10 -8 of CBR brightness. 

The remaining effect is the Thomson scattering between photons and 
molecules. This is an elastic scattering during which a photon is first absorbed 
and then re-emitted at the same frequency, but not in the same direction. 
Obviously, the effect does not alter CBR spectrum,while it could in principle 
smear out the primordial spatial distribution of CBR: For a given molecular line 
z/ij a CBR photon arriving from the Last Scattering Surface can be resonantly 

. (~+z) scattered if U L S ~  = uij; taking into account the finite natural linewidth 
Az/ij (essentially due to the Doppler broadening), this condition will be fulfdhd 
for a redshift range - ~  -- A~j _~ 10_5. 

v i i  

In the following paragraphs we summarize our knowledge about molecu- 
lar formation in the hostile pregalactic environment, compute the optical path, 
analyse the effect on CBR anisotropies and, finally, briefly discuss the possible 
secondary anisotropies . 



193 

2 . -  M o l e c u l a r  F o r m a t i o n  i n  E a r l y  U n i v e r s e  
a n d  O p t i c a l  D e p t h  C o m p u t a t i o n  

2 . 1  P r i m o r d i a l  a b u n d a n c e  o f  m o l e c u l e s  : 

Molecular formation in the early Universe starts when photons have not 
enough energy to dissociate them. The final abundance for each specie depends 
on the initial atomic abundance, and on the associative and dissociative rates 
of the various reactions. A complete lists of possible reactions can be found in 
Lepp and Shull (1987), Kirby and Dalgarno (1978), Dalgarno and Lepp (1987), 
Puy et al. (1992). 

Of particular relevance is the case of molecules containing Lithium: L i H  

and L i H  +. The abundances of these molecules are rather uncertain: for L i H  

the data  available in literature range from 1 - 10% of the primordial 7Li abun- 
dance (Dubrovich,1977; Lepp and Shull, 1984) to 60% (Puy et al. 1992). More 
recently, Lipovka (1993) has shown that almost all the available Li  is trapped 
in L i H ,  if one correctly takes into account the temperature dependence of the 
photoassociation rate. For L i H  + the situation is even more uncertain: since 
ionized Li  recombines later than hydrogen, Dalgarno and Lepp (1987) con- 
cluded that  L i H  + could even be more abundant than L i H  and Palla and Fink 
(1992) estimated an abundance of about 50% of Li. The rates for the involved 
chemical processes are almost unknown, however. 

In any case, the values theoretically expected for L i H ,  range from 6 × 
10 -1° predicted by standard nucleosynthesis ( Yang et al. 1984; Kawano et 
al. 1988; Arnould and Forestini, 1989), up to a maximum of 10 -7 in the case 
of inhomogeneous nucleosynthesis (Reeves et al. 1988, 1990; Kurki-Suonio et 
al. 1988, 1989). We want to point out that primordial Li abundance is related 
to  the baryon-photon ratio: the uncertainties in this number allow a range 
from 10 -1° to 10 -9 even in the framework of the standard Nucleosynthesis. 
Measurements toward Population II stars tend to a low value like 1 - 2  × 10 - l °  
( Spite and Spite , 1982; Rebolo et al. 1988), but these results have been 
criticized by various authors , being possible that  a substantial fraction of Li 
was destroyed through some form of internal mixing (Vauclair 1987, 1988). 
The most recent measurements of Li abundance is that of Lemoine et al (1992) 
giving an abundance of 3.4 × 10 -9 toward p - Ophiuchi .  In any case, in Table 
I we have indicated the adopted ranges of abundances. 

Table  I 

Molecule abundance Z! 

tt2 10 -6 .'- 10 -5 355 

112 + 10-13+ 10 -12 210 

Li11 .1 + .9. [Li] 400 

Lily + _ .1. [Li] > 400 

Hell + ~ 10 -14 148 

l iD 10 -11 357 

HD + 10 -1° 212 
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2 . 2 -  O p t i c a l  d e p t h  c o m p u t a t i o n  

The molecules we considered are H2, H~,  LiH, L iH +, H e l l  +, HD, 
HD+: their energy levels are shown in Figure 2 . 

The resonance cross section of Thomson scattering has to be normalized 
on the line width and the optical depth r is 

= f o'nmoldg [7] 

where 

$3Aij u 
O ' - -  

8~rc Auo 

nmo! =- ~wbpcamn.j(1 4" Z)  3 

cdZ 
dt = 

~o(1 + z)241 + ~ z  

where the notations mean: 

cr _- cross section; 

AVD = Doppler broadening; 

Aij = Einstein coefficients; 

=tota l  (i.e. baryonic and non-baryonic) density relative to Pc ; 

Wb = baryonic fraction of total density 

pc = critical density; am - molecular abundance to H; 

n , j  = population of level with quantum numbers v, j 

The abundance of CBR photons guarantees that  the population of the 
levels follows the Boltzmann distribution, at least for Z _> 70: for smaller values 
of Z one has to consider the collisional processes, but the correction is small in 
O U r  c a s e .  

Due to the expansion of the Universe a photon will change its frequency 
and explore the entire linewidth of a given molecular resonance within a redshift 
interval A Z  - (1 + Z) × -~f~, where Au is the linewidth, essentially determined 
by the Doppler broadening. The optical depth will depend on the molecule 
abundance and on the number of molecules in each quantum level considered 
as starting level in the process of elastic scattering. The optical depths for 
rotational and vibrational transitions are shown in Figure 3 a,b,c,d. 

Even if H2 is the most abundant,  its interaction with photons is small, 
due to the lack of dipole moment: moreover the quadrnpole coupling is not 
sufficient to provide interesting scattering. Similarly Hz + (lacking of dipole 
moment too) and HD (having PD ~-- 10 -4 esu) give a negligible contribution 
and axe not plotted in Figure 4: the only important contributions arise from 
LiH and LiH +. 
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The total optical depth is shown in Figure 4 a,b,c,d. We have considered 
the most significant cases, namely LiH formation at redshift 200 and 400 with a 
redshift of photodissociation respectively 5 and 70. For each molecular scenario, 
the total optical depth is computed in the case of a large Li abundance (like 
in the case of inhomogeneous Nucleosynthesis), Population II abundance and 
standard Nucleosynthesis. For comparison, the frequencies of COBE-DMR 
radiometers axe indicated . 

3-  D a m p i n g  o f  P r i m a r y  C B R  A n i s o t r o p i e s ;  
R i s i n g  o f  S e c o n d a r y  A n i s o t r o p i e s  

The first important consequence of Figure 5 is that primary CBR 
anisotropies may be affected by resonant scattering if ® <_ OH and u _< 80GHz, 
where OH is the angular diameter of the Horizon at the effective redshift of 
Thomson scattering. In order to get an estimate of OH we recall that the angle 
subtended by the horizon at a redshift Z is given by 

flo(floZ + 1) 1/~ ] 
®horiz~ = 2 axcsin 'floZ + (flo - 2)[(flog + 1) 112 - 1]' [8] 

we averaged all the horizon diameters for the lines contributing at dif- 
ferent redshift to the same frequency, i.e. 

- E [9] 
"rl 

where rl is the optical depth of the single line. The dependence of OH 
on the frequency is shown in Figure 5 a,b in the two cases of dissociation 
redshift 5 and 70. For a given power spectrum of primary CBR anisotropies, 
the effect of the Thomson scattering is that of affecting all the angular scales 
smaller than ®H(~) by an amount of the order of e -~. Therefore we anticipate 
a decrease in CBR anisotropies which is wavelength dependent, as shown in 
Figure 6 a, b. For sake of simplicity we have estimated the only two cases only 
of inhomogeneous Nucleosynthesis and standard Nucleosynthesis. 

As primary CBR anisotropies are erased, new, secondary anisotropies 
are expected. We may consider three classes of secondary anisotropies; they 
all arise from the primordial clouds evolving from the perturbations present at 
the last scattering surface. 

To get an idea of the peculiarities of these anisotropies let us first consider 
the spectrum of a single cloud located at different redshifts but with mass 
corresponding to a galaxy cluster today (this fixes the peculiar velocity at about 
600 Kin~see now). In Figure 7 we have plotted the corresponding spectrum . 
In order to isolate a single cloud along the line of sight, the observer should use 
a telescope with an adequate spatial and spectral resolution. For a cloud with 
dimensions comparable with a proto-galaxy, the spatial resolution would range 
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around 10-50 arcseconds for a redshift Z -~ 100, while the spectral resolution is 
given by/x• _< v-4~ in the case (a,b) and about 10 -5 in case (c). Even in these 
conditions one should take into account that other clouds along the line of sight 
at appropriate redshifts would radiate inside the selected bandwidth and, also, 
would scatter the radiation coming from the selected cloud. In Figure 8 a, b, 
c, d the expected anisotropy is plotted versus the frequency of observation in 
the same cases as for the optical depth. 

We should note that this is a rough estimate of the real anisotropy, to 
which clouds of different size contribute. However it is adequate to provide an 
idea of the level of the expected signals for clouds in linear regime. The angular 
size of these anisotropies would be that of protogalactic objects, i.e. 10"-100". 
The main conclusion is that  secondary anisotropies have a very peculiar spec- 
trum: In the range 20 < ~ < 250 GHz they may acquire detectable amplitudes. 
Moreover, in the region ~ > 60GHz ,the Universe is rather transparent and 
~- < <  1, and one should be able to observe the effect of the single cloud. As 
pointed out before this would require a spectral resolution A_.~ ,,~/,...~z ~ 10-3 for 

/ J  - -  Z - -  

the typical dimensions of clouds corresponding to galaxies today( _~ 10 azcsec- 
onds). Moreover, the spectral distribution of the roto-vibrational lines would 
allow to check the nature of the observed signals, being the roto-vibrational 
signature unique in this range of frequencies. 

A rather different situation is expected in the case of clouds at the end of 
the linear regime: as ~ approaches the unity, the cloud collapse compensates 

P 

cAz and the the expansion of the Universe. The collapsing velocity is close to 
expected signals are remarkably large, even if concentrated into narrow lines. 
(see Appendix A). 

4 .  C o m p a r i s o n  W i t h  O b s e r v a t i o n s  

Our model predicts a partial or total erase of anisotropies in the radio 
region for angular scales smaller than the Horizon at the redshift for which the 
optical depth is unity. This effect is similar to the case of a partial secondary 
ionization but differs in being strongly frequency dependent. If primordial Li 
abundance is large (i.e. > 10 -9) we predict a substantial difference between 
the amplitude of COBE-DMR 31 GHz Channel and 90 GHz Channel. There- 
fore, one may use COBE-DMR data to set upper bounds to Li abundance. 
Unfortunately, the amplitude of 31 GHz channel is the most noisy in COBE 
data and the observed anisotropy could even be consistent with zero at this 
frequency. (Smoot et al. 1992). Much more sensitive to any possible erasure 
are the various 30 GHz experiments carried out with HEMT's at South Pole 
(Lubin et al., 1993) and at Saskatoon ( Wilkinson et al. 1993) at angular scales 
of 0.5-1.5 degrees. The results of these experiments, although very preliminary, 
seem to indicate an anisotropy at a level of 1.5 × 10 -5, significantly (2 a) smaller 
than the value quoted by MAX experiment (Richards et al., 1992) at 200 GHz. 
If this discrepancy will be confirmed on the same sky region, then the effect 
of primordial molecules would be proved. At the present level of knowledge, 
however, the difference could well be fortuitous: 
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We may tentatively summarize the observational situation as following: 

1- Tenerife Experiment: Beam-size: 5.6 0 15 GHz radiometer ::~ 60 
12/~K; 37 GHz radiometer =~ 86 ± 20#K. For a redshift of formation of ZF : 
400 we get [LiH] _< 2 x 10 -°. 

2- SP and MAX Experiments: Beam size _ 1°: 30 GHz radiometer 
:e~_< 50#K; 200 GHz bolometer =~ 100 - 150#K. For a redshift of formation 
ZF = 400 we get [LiH] < 2 x 10 -9. 

3- ULISSE and COBE: Beam size _~ 6 °, 300 GHZ radiometer:~ 110 
50#K; 31 GHz receiver, 100 beam size, =~< 50#K. For a redshift of formation 
ZF = 400 we get [LiH] _< 4 x 10 -9. 

Secondary anisotropies may be tested at small angular scales, like in 
th e radio observations of Fomalont and Partridge (1992) at 8 GHz and 50", 
although their spectral resolution of 50 MHz is a bit too low. Their upper 
limits of 2 x 10 -5 impose a LiH upper limit of 3 x 10 -9. Observations at 200 
GHz have been carried out by de Bernardis et al. (1992) and recently improved 
in sensitivity, by means of IRAM radiotelescope at 10 arcseconds resolution. 
The sensitivity of the system (about linK) is close to the values predicted by 
inhomogeneous Nucleosynthesis. 

5- Conclusions 

Primordial molecules may play a significant role in altering the amplitude 
and power spectrum of CBR anisotropies: the effect depends essentially on the 
Li abundance. 

Conversely, accurate measurements of anisotropies at large and small 
angular scales win provide precious information on the abundance of Li: the 
upper limits we may derive from the available data are already excluding LiH 
values much greater than 10-9: a further increase in accuracy of observations 
would possibly rule out inhomogeneous Nucleosynthesis. 

Secondary anisotropies arising from anisotropic scattering, if detected, 
would represent the only way to study the spatial distribution of perturbations 
after the decoupllng and well before the formation of non-llnear structures. 

This being the situation, it is hard to decide if signals observed by COBE 
and other groups are CBR anizotropies or a mixture of CBR and spurious 
signals : in the first case, their knowledge win provide a picture of the last 
scattering surface for angular scales greater than 10 arcmlnutes: at smaller 
angular scales the optical thickness of LSS is large enough to average and erase 
the anisotropies along the line of sight. 

Therefore, what the study of CBR is providing at best is a bidimensional 
map of perturbations with comoving dimensions larger than those of super- 
clusters today. Referring to Figure 1 it follows that a suppression of angular 
scales smaller than 5 arcminutes (superclusters) would substantially leave un- 
changed the amplitude of the observed CBR anisotropies: a Universe without 
galaxies would produce the same anisotropies of the observed one! Viceversa, 
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if we suppress all the large-scale fluctuations, so that CBR anisotropies be- 
come undetectable, the apparent distribution of galaxies would substantially 
remain unchanged; i.e. the observed nearby Universe could exist even with 
CBR anisotropies equal to zero. Still cosmologists pretend to reconstruct the 
process of galaxy formation from the analysis of this map. First of all it im- 
plies that the power spectrum of perturbations has a single slope from super- 
clusters to galaxies, so that the study of the large perturbations on LSS may 
allow to predict the behaviour of the smaller one. The second point relies on 
the application of methods of analysis which have already failed in the study 
of galaxy distribution: the two point correlation function, when employed in 
galaxy statistics, was unable to emphasize important effects, like huge voids or 
matter concentrations. Why we have to believe that in the case of CBR this 
algorithm will provide a more efficient method? 

The third point is that molecules, dust and gas may affect in several 
ways CBR photons along their travel from LSS to us. Primary anisotropies 
may be partially or totally erased in a wavelength dependent way as well as 
in a different amount depending on the angular scale. Secondary anisotropies 
may appear at small and intermediate angular scales. 

This being the situation it is hard to believe that rapid progresses in 
Cosmology can be obtained, unless a wide systematic program of research is 
organized. In this program future measurements of CBR anisotropies may or 
may not play a relevant role, depending on the transparency of the Universe. 
Several satellite and balloon programs have been proposed to measure CBR 
anisotropies at 0.5-5 degrees : It is unfortunate that this interesting research 
program is apparently not complemented with what should be the natural 
evolution of observational Cosmology, i.e. the study of the Universe at 1000 > 
Z>5. 

But let us analyse the situation in deeper detail. In our opinion the first 
and most important problem to be solved is that of the physical mechanism 
responsible for galaxy formation. Roughly speaking, two alternatives are still 
passing the observational tests: the linear theory of gravitational instability 
and the highly non-linear theory of matter condensation in the potential wells 
of topological defects, like Cosmic Strings. The last hypothesis is considered 
by some authors as a bit too odd to be taken seriously: one should remem- 
ber, however, that nobody has observed the Hot or Cold non-baryonic matter 
required by the first hypothesis! 

Cosmic Strings predict, however, a significant not-Gaussian distribution 
at small angular scales. Dedicated telescopes and special topological analysis 
are needed to solve the problem. It is unfortunate that all the proposed space 
experiments have not enough angular resolution to provide useful informations. 
A three meters telescope operating in the miUimetric region would be adequate. 
The only available telescope is that of TIR Project, which however is at present 
in stand by due to an unfortunate decision of the Italian Space Agency. FIRST, 
the European millimetric space telescope could provide important informations, 
if bolometers will be used. 
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Once this problem will be solved, if the Theory of Gravitational Insta- 
bility would prevail, the next important point is that of deciding the role of 
Te•8or Fluctuations, i.e. of primordial gravitational waves. The amount of 
these perturbations is linked to the specific nature of the Inflation. As shown 
in Figure 1 this problem may be solved by a comparison between the amplitude 
of anisotropies at large (Quadrupole) and intermediate (2-5 degrees) angular 
scales, in order to check if the long-wave power spectrum is flat or not. COBE 
has provided a very limited amount of informations on this respect, just because 
the error bars axe too large. The only planned space experiment in this angu- 
lar range is RELIC 2. Some other proposed experiments, like SAMBA, would 
explore the intermediate-scale range, but a decision about GW contribution 
would require a new more precise measurement of the large-scale anisotropy. 

The next problem to be solved is that of a possible re-ionization: the 
lack of a significant increase of anisotropies for angular scales smaller than the 
horizon at decoupling (_~ 2-5 degree) would be a definite test of this fact. A 
wide range of experiments (balloon- satellite) are in the position to answer 
this question. One should note, however, that the presence of a significant 
reionization would render impossible CBR anisotropies observations at small 
angular scales. Among the various proposed space experiments only SAMBA 
has taken seriously into consideration this possibility, by including in the pro- 
gram a search for the S-Z effect on the ionized protoclouds, characterized by 
the typical spectral signature of SZ effect. Also, ground based observations of 
secondary anisotropies, like the VLBI searches could help in understanding the 
structure of the primordial Universe. 

If reioni~ation would turn out to be negligible, one has still to worry 
for molecular scattering: a comparison of CBR anisotropies at the same small 
angular scale but in the radio and millimetric regions would fix this question: 
it could also help in measuring the primordial abundance of Li. Search for 
secondary aulsotropies by means of ground based telescopes and by FIRST 
could open the new field of cosmological spectroscopy. 

In conclusion, the most promising results are expected to come from a 
combination of sub-millimetric and radio observations of CBR anisotropies at 
small angular scales: confirmations of COBE results are needed, however at 
much better level of sensitivity. 
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1 A b s t r a c t  

The most plausible cosmological model dominated by baryonic dark matter,  
characterized by primeval isocurvature fluctuations, may be ruled out in the 
limit of very early reionization by the new COBE FIRAS limit y < 2.5 x 10 -5 
on Compton y-distortions of the cosmic microwave background. A neutral phase 
is inevitable for such a model to survive this confrontation with data. Indeed, not 
only this model, but  virtually any model with similar cosmological parameters 
($20 = C2b ~ 0.15, ~2ig,n ~ 0.04, h ~ 0.8), in which the intergalactic medium 
is ionized with temperatures above 104K as early as z = 800 is ruled out. This 
conclusion is independent of whether the main ionization mechanism is collisional 
ionization due to high temperatures or photoionization at lower temperatures. 
Completely ionized scenarios with typical CDM parameters (~2 = 1, h2S2b 
0.015) are still allowed for most realistic spectra of ionizing radiation, but will 
also be ruled out if the y-limit were to be improved by another factor of a few. 
If the ionizing radiation has a typical quasar spectrum, then the y-constraint 
implies roughly h3/212b~2o 1/4 ( 0.025 for fully ionized models. 

2 Introduct ion  

Recombination of the primeval plasma is commonly assumed but was by no 
means inevitable. Theories exist that  predict early reionization are as diverse 
as those invoking primordial seed fluctuations that  underwent early collapse 
and generated sources of ionizing radiation, and models involving decaying or 
annihilating particles. The former class includes cosmic strings and textures, as 
well as primordial isocurvature baryon fluctuations. The latter category includes 
baryon symmetric cosmologies as well as decaying exotic paricles or neutrinos. 

The Compton y-distortion of the cosmic microwave background (CMB) pro- 
vides a unique constraint on the epoch of reionization. In view of the extremely 
sensitive recent FIRAS limit of y < 2.5 x 10 -5, we have reinvestigated constraints 
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on the early ionization history of the intergalactic medium (IGM), and have cho- 
sen to focus on what we regard as the most important of the non-standard re- 
combination history models, namely the primordial isocurvature baryon scenario 
involving a universe dominated by baryonic dark matter (BDM), as advocated 
by Peebles (1987), Gnedin & Ostriker (1992) (hereafter "GO"), Cen, Ostriker & 
Peebles (1993) and others. This class of models takes the simplest matter content 
for the universe, namely baryons, to constitute dark matter in an amount that 
is directly observed and is even within the bounds of primordial nucleosynthesis, 
if interpreted liberally, and can reconstruct essentially all of the observed phe- 
nomena that constrain large-scaie structure. The BDM model is a non-starter 
unless the IGM underwent very early reionization, in order to avoid produc- 
ing excessive CMB fluctuations on degree scales. Fortunately, early nonlinearity 
is inevitable with BDM initial conditions, ~p/p c¢ M -5/12, corresponding to a 
power-spectrum (~ )  oc k-1/2 for the observationally preferred choice of spectral 
index (Cen, Ostriker & Peebles 1993). 

Is it possible that the IGM has been highly ionized since close to the standard 
recombination epoch at z ~ 11007 Perhaps the most carefully studied BDM 
scenario in which this happens is that by GO. In their scenario, $20 = I2b0 ~ 0.15. 
Shortly after recombination, a large fraction of the mass condenses into faint 
stars or massive black holes, releasing energy that reionizes the universe and 
heats it to T > 10000K by z = 800, so Compton scattering off of hot electrons 
causes strong spectral distortions in the cosmic microwave background. The 
models in GO give a Compton y-parameter between 0.96 x 10 -4 and 3.1 x 10 -4, 
and are thus all ruled out by the most recent observational constraint from the 
COBE FIRAS experiment, y < 2.5 x 10 -5 (Mather et al. 1993). 

There are essentially four mechanisms that can heat the IGM sufficiently to 
produce Compton y-distortions: 

ePhotoionization heating from UV photons (Shapiro & Giroux 1987, 
Donahue & Shull 1991) 

eCompton heating from UV photons 

oMechanical heating from supernova-driven winds (Schwartz et al. 
1975, Ikeuchi 1981, Ostriker & Cowie 1981) 

oCosmic ray heating (Ginzburg & Ozernoi 1965) 

The second effect tends to drive the IGM temperature towards two-thirds of 
the temperature of the ionizing radiation, whereas the first effect tends to drive 
the temperature towards a lower value T* that will be defined below. The third 
and fourth effect can produce much higher temperatures, often in the millions 
of degrees. The higher the temperature, the greater the y-distortion. 

In the GO models, the second effect dominates, which is why they fail so 
badly. In this paper, we wish to place limits that are virtually impossible to 
evade. Thus we will use the most cautions assumptions possible, and neglect the 
latter three heating mechanisms altogether. 
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3 T h e  C o m p t o n  y - P a r a m e t e r  

Thomson scattering between CMB photons and hot electrons affects the spec- 
trum of the CMB. It has long been known that hot ionized IGM causes spectral 
distortions to the CMB, known as the Sunyayev-Zel'dovich effect. A useful mea- 
sure of this distortion is the Comptonization y-parameter (Kompan~ets 1957, 
Sunyayev ans Zel'dovich 1969, Stebbins & Silk 1986, Bartlett & Stebbins 1991) 

~. m~c2 ] neqtc dt y* f ~/l(l++~20zZ) Z~T4(z)x(z)dz, (1) 

where 

4x / me.c 2 ] \ 8rGmp ] ~ 9.576 x lOShff2igm . 

Here Te is the electron temperature, T 7 is the CMB temperature, AT4 ~ (Te - 
TT)/104K, ~2igm is the mass in intergalactic medium and x(z) is the fraction of 
the hydrogen that is ionized at redshift z. ~2ig,n is the fraction of the critical 
density in intergalactic hydrogen and helium. The integral is to be taken from 
the reionization epoch to today. In estimating the electron density n~, we have 
taken the mass fraction of helium to be Y ~ 24% and assumed XH~ ~ x, i.e. 
that helium never becomes doubly ionized and that the fraction that is singly 
ionized equals the fraction of hydrogen that is ionized. The latter is a very crude 
approximation, but makes a difference of only 6%. 

Let us estimate this integral by making the approximation that the IGM is 
cold and neutral until a redshift Zion, at which it suddenly becomes ionized, and 
after which it remains completely ionized with a constant temperature T~. Then 
for Zion >> 1 and T~ >> Zion × 2.7K we obtain 

y ~ 6.4 × lO-Sh~igm~2oU2T4 3/2 Zion, 

where T4 -- Te/IO4K. Substituting the most recent observational constraint from 
the COBE FIRAS experiment, y < 2.5 × 10 -5 (Mather et al. 1993), into this 
expression yields 

Z, on < 554T;2/   o/  (h ig  )-2/3 (2) 

Thus the only way to have Zion as high as 1100 is to have temperatures consid- 
erably below 10000K. In the following section, we will see to what extent this is 
possible. 

4 IGM Evolution in the Strong UV Flux Limit 

In this section, we will calculate the thermal evolution of IGM for which 
othe IGM remains almost completely ionized at all times, 
ethe Compton y-distortion is minimized given this constraint. 
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4.1 T h e  Ion iza t ion  Fract ion  

In a homogeneous IGM at temperature T exposed to a density of ~ UV photons 
of energy ht, > 13.6 eV per proton, the ionization fraction x evolves as follows: 

dx 1 + z [Api (1 - x) + )%ix(1 - x) - Arecx 2] 
d ( - z )  - 

(3) 

where Hol(1  + z) -3 times the rates per baryon for photoionization, collisional 
ionization and recombination are given by 

Api ~ 1.04 X 1012 [hDigmtrls] ~, 

Acl ~ 2.03 × 104hDigmT~/2e-15"4/T4' 

 roc 0.7173h igmT; 1/2 [1.808-0.51nT4 + 0.187T '], 
(4) 

and T4 = Te/IO4K. Here ~r18 is the spectrally-averaged photoionization cross sec- 
tion in units of 10-1Scm 2. The differential cross section is given by (Osterbrock, 
1974) 

d~__~s { 0  if z~ < 13.6eV, 
(v)  ~ 6 30 e~-4~¢'~=(~)/~ . v4(1_~_2~/~ ) i f ~  > 13.6eV, (5) 

where 

i hv 1. e I 13.6 eV 

The recombination rate is the total to all hydrogenic levels (Seaton 1959, Spitzer 
1968). Recombinations directly to the ground state should be included here, since 
as will become evident below, the resulting UV photons are outnumbered by the 
UV photons that keep the IGM photoionized in the first place, and thus can be 
neglected when determining the equilibrium temperature. 

At high redshifts, the ionization and recombination rates greatly exceed the 
expansion rate of the universe, and the ionization level quickly adjusts to a quasi- 
static equilibrium value for which the expression in square brackets in equation 
(3) vanishes. In the absence of photoionization, an ionization fraction x close to 
unity requires Te > 15000K. Substituting this into equation (2) gives consistency 
with zion > 1000 only if h~'2igm < 0.008, a value clearly inconsistent with the 
standard nucleosynthesis constraints (Smith et aL 1993). Thus any reheating 
scenario that relies on collisional ionization to keep the IGM ionized at all times 
may be considered ruled out by the COBE FIRAS data. 

However, this does not rule out all ionized universe scenarios, since photoion- 
ization can achieve the same ionization history while causing a much smaller 
y-distortion. The lowest temperatures (and hence the smallest y-distortions) 
compatible with high ionization will be obtained when the ionizing flux is so 
strong that Avi >> Aci. 
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In this limit, to a good approximation, equation (3) can be replaced by the 
following simple model for the IGM: 

• . I t  is completely ionized (x = 1). 
• When a neutral hydrogen a tom is formed through recombination, it 

is instantly photoionized again. 
Thus the only unknown parameter  is the IGM temperature T~, which determines 
the recombination rate, which in turn equals the photoionization rate and thus 
determines the rate of heating. 

4.2 T h e  S p e c t r a l  P a r a m e t e r  T* 

The net effect of a recombination and subsequent photoionization is to remove 
the kinetic energy -~kT from the plasma and replace it with the kinetic energy 
Z-kT* where T* is defined by 3 • ~kT =_ (E,,v I - 13.6eV and (E~v) is the average 
2 
energy of the ionizing photons. Thus the higher the recombination rate, the 
faster this effect will tend to push the temperature towards T*. 

The average energy of the ionizing photons is given by the spectrum P(u) as 
(Euv) = h(v), where 

fo 
(z/) = jo ~ v_lp(v) ( r (~)dv .  

Here ~ is given by equation (5). Note that,  in contrast to certain nebula cal- 
culations where all photons get absorbed sooner or later, the spectrum should 
be weighted by the photoionization cross section. This is because most photons 
never get absorbed, and all that  is relevant is the energy distribution of those 
photons that  do. Also note that  P(v) is the energy distribution (W/Hz),  not 
the number distribution which is proportional to P(u)/v.  

T a b l e  1. Spectral parameters 

UV source Spectrum P(u) (Env) T* 
03  star 
06  star 
09  star 
Pop. III star 
QSO 

T = 50000K Planck 17.3eV 28300K 
T = 40000K Planck 16.6eV 23400K 
T = 30000K Planck 15.9eV 18000K 
T = 50000K Vacca 18.4eV 36900K 

= 1 power law 18.4eV 37400K 
c~ = 2 power law 17.2eV 27800K 
o~ ---- 0 power law 20.9eV 56300K 
T = 100000K Planck 19.9eV 49000K 

The spectral parameters (E~,) and T* are given in Table 1 for some selected 
spectra. A power law spectrum P(u) oc u -a with a = 1 fits observed QSO spec- 
tra rather well in the vicinity of the Lyman limit (Cheney & Rowan-Robinson 
1981, O'Brien et al. 1988), and is also consistent with the standard model for 
black hole accretion. A Planck spectrum P(v )  oc u3/(e h~/kT - 1) gives a decent 
prediction of T* for stars with surface temperatures below 30000K. For very hot 
stars, more realistic spectra (Vacca 1993) fall off much slower above the Lyman 
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limit, thus giving higher values of T*. As seen in Table 1, an extremely metM 
poor star of surface temperature 50000K gives roughly the same T* as QSO 
radiation. The only stars that are likely to be relevant to early photoionization 
scenarios are extremely hot and short-lived ones, since the universe is less than a 
million years old at z = 1000, and fainter stars would be unable to inject enough 
energy in so short a time. Conceivably, less massive stars could play a dominant 
role later on, thus lowering T*. However, since they radiate such a small fraction 
of their energy above the Lyman limit, very large numbers would be needed, 
which could be difficult to reconcile with the absence of observations of Popu- 
lation III stars today. The last three spectra in Table 1 do not correspond to 
any known types of objects, and have been added merely to illustrate that  T* is 
relatively insensitive to the actuM shape of the spectrum. 

4.3 The  Thermal  Evo lu t ion  

At the low temperatures involved, the two dominant cooling effects are Compton 
drag against the microwave background photons and cooling due to the adia- 
batic expansion of the universe. Combining these effects, we obtain the following 
equation for the thermal evolution of the IGM: 

dT 

d ( - z )  
2 l + z  

1 + z  T +  ~ [Aco,,p(T, - T )  + A,.,c(T)(T*~ - T)] ,  (6) 

where 

Aeomp = ~-~ \ - ~ c /  H----'~e ( + z)-3 ~ 0"00104h-l(1 + z) 

is ( l + z )  -3 times the Compton cooling rate per Hubble time and T 7 = TT0( l+z  ). 
We have taken TT0 ~ 2.726K (Mather e¢ al. 1993). Numerical solutions to this 
equation are shown in Figure 1, and the resulting y-parameters are given in 
Table 2. 

Table 2. Compton y-parameters for various scenarios 

Model [20 t2ig,n h T* Zio, y/2.5 x 10 -5 FIRAS verdict 
QSO BDM I 0.15 0.04 0.8 37400K 1100 2.71 Ruled 
QSO BDM II 0.15 0.04 0.8 37400K 500 1.38 Ruled 
QSO BDM III 0.15 0.03 0.8 37400K 800 1.33 Ruled 
09 BDM 0.15 0.04 0.8 18000K 800 1.23 Ruled 
QSO CDM I 1 0.06 0.5 37400K 1100 0.71 OK 
QSO CDM II 1 0.03 0.8 37400K 1100 0.66 OK 
Hot CDM 1 0.06 0.5 49000K 1100 0.87 OK 

out 
out 
out 
out 
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The temperature evolution separates into two distinct phases. In the first phase, 
which is almost instantaneous due to the high recombination rates at low temper- 
atures, T rises very rapidly, up to a quasi-equilibrium temperature slightly above 
the temperature of the microwave background photons. After this, in the second 
phase, T changes only slowly, and is approximately given by setting the expres- 
sion in square brackets in equation (6) equal to zero. This quasi-equilibrium 
temperature is typically much lower than T*, since Compton cooling is so effi- 
cient at the high redshifts involved, and is given by 

A T - T e - T .  r ~  Arec 690 • 2 * (T* - To) T- zg(To)h S2 gm(T - T),  

independent of Y20, where g(T~) encompasses the rather weak temperature de- 
pendence of Argo. Thus AT is roughly proportional to h2gl~g,nT*/z for z >> 1. 
Substituting this into equation (1) gives the approximation 

3 2 - 1 / 2  , y ~ 0.01h Y2ig,n~ o T~ (Zio,/llO0) °'s, (7) 

which is accurate to about 10% within the parameter range of cosmological 
interest. (The exponent 0.8 fits the numerical data better than an exponent of 
0.5, because of the behavior at low redshifts.) We have used equation (7) in 
Figure 2 by setting y = 2.5 × 10 -5 and Zlon= 1100. The shaded region of 
parameter space is thus ruled out by the COBE FIRAS experiment for fully 
ionized scenarios. 

5 Conclusions 

The most plausible cosmological model dominated by baryonic dark matter, 
characterized by primeval isocurvature fluctuations, may be ruled out in the 
limit of very early reionization by the new COBE FIRAS limit y < 2.5 x 10 -5 
on Compton y-distortions of the cosmic microwave background. A neutral phase 
is inevitable for such a model to survive this confrontation with data. Indeed, 
not only this model, but virtually any model with similar cosmological pa- 
rameters (~20 = ~2b ~ 0.15, ~ig~ ~-, 0.04, h ~ 0.8), in which the intergalac- 
tic medium is ionized with temperatures above 104K as early as z = 800 is 
ruled out. This conclusion is independent of whether the main ionization mech- 
anism is collisional ionization due to h!gh temperatures or photoionization at 
lower temperatures. Completely ionized scenarios with typical CDM parameters 
(Y2 = 1, h2glb ~ 0.015) are still allowed for ~aost realistic spectra of ionizing ra- 
diation, but will also be ruled out if the y-limit were to be improved by another 
factor of a few. If the ionizing radiation has a typical quasar spectrum, then the 
y-constraint implies roughly h3/2aQb~Qo 1[4 < 0.025 for fully ionized models, is 
possible only if most of the baryons form BDM when reionization occurs, and are 
thereby removed as a source of y-distortion, at least in the diffuse phase. This 
must be an unlikely occurrence at z > 100, since once the matter is reionized 
at this high a redshift, Compton drag is extremely effective in inhibiting any 
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further gas collapse until z < 100. Since it takes only a small fraction of the 
baryons in the universe to provide a source of photons sufficient to maintain a 
fully ionized IGM even at z ~ 1000, we suspect that most of the baryons remain 
diffuse until Compton drag eventually becomes ineffective. Moreover, the possi- 
bility that  the IGM is only partially reionized at z ..~ 1000 (e.g. GO), a situation 
which allows a lower value of the y-parameter, seems to us to be implausible as 
a delicate adjustment of ionization and recombination time-scales over a consid- 
erable range in z would be required. A complementary argument that  greatly 
restricts the parameter space allowable for fully ionized BDM models appeals 
to temperature fluctuations induced on the secondary last scattering surface, 
both by first order Doppler terms on degree scales and by second order terms on 
subarcminute scales (Hu, Scott and Silk 1993). Thus, BDM models would seem 
to be in serious difficulty because of the low limit on a possible y-distortion, 
with a window remaining only if late reionization occurs. However, this would 
mean that  primary Doppler temperature fluctuations become difficult to com- 
pletely erase (Sugiyama 1993), and provide an observable source of fluctuations 
on degree scales. 

Finally, we note that  with a modest improvement in the y limit, one would 
be able to assert that  a neutral phase was inevitable in any model that has 
the minimum baryon density required by primordial nucleosynthesis, and in 
particular, for inflationary (that is, ~2 ~ 1) models. 

The authors would like to thank W. Hu and D. Scott for many useful com- 
ments, and W. Vacca for providing stellar spectra. This research has been sup- 
ported in part  by a grant from the NSF. 
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Figure 1. Thermal  histories for various models 
The temperature of the photoionized IGM is plotted for four of the cosmological models and 

spectra of ionizing radiation listed in Table 2. From top to bottom, they are Ho~ 'CDM, QSO 
BDM, QSO CDM and 09 BDM. The lowermost curve gives the temperature of the CMB 
photons. 
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The contribution to the y-parameter from different redshifts is plotted four of the cosmological 
models and spectra of ionizing radiation listed in Table 2. Thus for each model, the area 
under the curve is the predicted y-parameSer. The area under the horizontal dashed line is 
2.5 × 10 - s ,  i.e. the COBE FIRAS limit. 
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Figure 3. Predicted and ruled out regions of parameter space 

The hatched regions of parameter space are ruled out by the the COBE FIIIAS limit y < 
2.5 x 10 -5 for zion -- 1100. ~o = I in the CDM plot and ~o = 0.15 in the BDM plot. The 
rectangular regions are the assumed parameter values for CDM and the GO BDM model, 
respectively. For CDM, the range 0.012 < h3/2f~iarn < 0.021 is given by ~he nucleosynthesis 
cons*taint 0.011 < h2~2b < 0.015 and the assumption that 0.5 < h < 0.8. (If ~igm < ~b, 
the rectangle shifts to fhe left.) For GO BDM, h = 0.8 and 0.03 < ~ig,~ < 0.04. The 
vertical range corresponds to feasible values of the spectral parameter T*. The upper limit 
corresponds to higly speculative star with surface temperature IO0000K and T* = 49000K. 
The lower line corresponds to an 09 star. The dotted horizontal limit corresponds to the 
spectrum expected from quasars/accreting black holes. 
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1. On spectral measurements of the CMB 

The spectrum of the CMB provides us with a unique probe of the thermal history of 

the universe. Accordingly, measurements of, or upper limits on distortions can be used 

to constrain physical processes which could cause an energy release in the early 

universe. With the recent and precise determination of the CMB spectrum from 0.5 to 

5mm given by the Far Infrared Absolute Spectrophotometer (FIRAS) on the COBE 

satellite, we ask the following questions : How to improve it ? In particular at larger 

wavelenghts than FIRAS ? But, first : what can we hope to learn by precisely 

measuring the CMB spectrum at short and long wavelengths ? 

In the early universe, energy may have been released into the "primordial plasma" 

generating spectral CMB distortions. Several possibilities may occur depending on the 

epoch of  energy injection : 1 /At  z > Zmax - 8 106 , double Compton emission 

(e + ~, ->e+ ~, + ~, ) acts efficiently and any cosmic event leaves no direct signature in 

the CMB spectrum ; 2 / F o r  redshifts z such that : ZBE < z < Zmax , any heat 

release generates a Bose-Einstein distortion characterized by a chemical potential la ; 

the Bose-Einstein distribution is achieved as long as the universe is thick to Compton 

scattering ('r c = 1 at z = ZBE); 3 /A t  z r < z < ZBE the universe is no more 
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optically thick to Compton scattering (e + 7 - - >  e + 7) characterized by the Compton 

parameter y ; the CMB spectrum becomes, then, a partially Comptonized spectrum. 

However, at these redshifts, free-free emission ( e+p - ->  e + p + 7 ) can also be 

significant ; it is characterized by its optical depth Y f f .  Therefore, Compton 

scaterring and free-free emission can compete until z NZr , when free electrons 

combine with protons to form neuu'al hydrogen atoms. In standard cosmology, Zr ~ 

1100, but the universe could become reionized at later epochs (Zr << 1100) . 

Moreover, some general features are to be given : a / Free-free emission creates new 

photons and therefore yields a rise in temperature at long wavelengths; b/Compton- 

scatterring redistributes photons to shorter wavelengths and therefore yields a deficit at 

long wavelengths and therefore yields a deficit at long wavelengths and a sharp rise in 

temperature at short wavelengths. 

Accordingly, spectral measurements of the CMB : i /At  short wavelengths ( 300ixm - 

3mm; 1000 GHz - 100 GHz) are first sensitive to Compton or Bose-Einstein 

distortions i i /A t  long wavelengths ( 3mm - 260cm ; 100 GHz - 0.4 GHz ) are 

sensitive to Bose-Einstein and free-free distortions. 

The shortwavelength measurements of FIRAS ( 5 to 0.5 mm ) provide the following 

limits ( Mather et a1.1993 ) : 

l y l  < 2.5 10 -5 , I lxl  < 3.3 10 -4 ( 9 5 % C L )  

Ground-based measurements at cm-wavelengths give the limits (Kogut,1993) : 

I IXl < 7 10 -3 , I Yf f l  < 10 -4 

All these limits have interesting consequences for cosmology : they constrain many 

physical processes in the early universe ( Wright et al. 1993 ). However, one remark is 

to be done : due to the difficulties of measuring the atmospheric and galactic 

foregrounds, long wavelength measurements are less precise than the measurements 

done by FIRAS. Significant improvement in the precision of long wavelenght 

experiments will require the use of balloons or satellites - see for instance, the project 

CRATE -. 

Finaly, two examples which show that CMB spectrum and anisotropy measurements 

complement each other, are to be given : 
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Example 1 : We have already mentioned that the universe might become reionized at a 

late epoch (Zr << 1 ). Such a late reionization is generally studied through the 

presence or the absence of  anisotropies at given angular scales and for given 

frequencies (see section 2). But it could also be observed through Compton scattering 

and free-free emission. FIRAS limit on y strongly constrains a hot IGM but cannot 

rule out a IGM with the Te ~ T r .  Precise measurements of the cm-wavelength CMB 

spectrum could provide a free-free signature of a "late-reionization" of the universe. A 

spatial mission-like CRATE- will be able to provide it! 

Example 2 • Absolute radiometry could detect CMB distortions AI defined by : Ito t = 

tBB + AI. Differential radiometry could detect the corresponding dipole anisotropy DI d 

defined by : Dlto t = DIBB + Did.  Besides the absolute values AI and DId , one can 

introduce the brightness contrast : AI / Ito t and the dipole contrast : Did/Dlto t . 

Differential radiometry can be the best strategy for detecting a distortion if the 

ratio : R = (Did/Dl to t )  x ( AI/I tot)  "1 is greater than 1. In particular : i / f o r  

Compton distortion, R is greater than 1 at low frequencies (v < 2 cm -1 or 60 GHz ; ~, 

> 1.5 cm) i i /for Bose-Einstein distortion, R is always less than 1. 

2.- On anisotropy measurements of the CMB 

Temperature anisotropies in the CMB are a direct probe of density perturbations at z - 

1000. Accordingly, measurements of, or upper limits on, anisotropies can be used to 

constrain structure evolution models.With the recent detection of temperature 

anisotropies by Differential Microwave Radiometer (DMR) on the COBE satellite, an 

important question arises : What is the best anisotropy measurement ? Or what range 

of i/frequencies v ,  ii/angular scales 0 , are needed to understand the origin and 

evolution of cosmic structure ? 

2.1. Two frequency bands for the CMB 

There are important astronomical and technical differences above and below 90 GHz. 



221 

2.1.1 v < 90 GHz ( <  3 cm-1) ; ~ > 3;3 mm 

• The galactic continuum emission is the main foreground. It is a superposition of 

synchrotron radiation, produced by cosmic ray electrons moving through the 

interstellar magnetic field and free-free emission produced by very low energy electrons. 

These emissions are mapped at 408 MHz, 1.4 GHz with a poor accuracy. Moreover, 

an extrapolation of these maps at frequencies in the range of 30 to 90 GHz is needed. 

Therefore, future anisotropy measurements require new accurate maps of the galactic 

continuum. 

• At these frequencies, a new technology of transistor amplifiers is replacing SIS 

(Superconductor-Insulator-Superconductor) amplifiers and Maser amplifiers. These are 

HEMTs (High Eleclron Mobility Transistors). 

2.1.2- v > 90 GHz (3 cm "1) ; X < 3.3 mm 

• The interstellar dust emission (ISD) is the main source of confusion. This emission 

is well mapped by IRAS at 100 I.tm and by DIRBE on board COBE at 100,150 and 

240 lam. 

• In this frequency range, two complementary types of receivers must be used : 

- heterodyne receivers provide very high spectral resolution - see P.Encrenaz, 1991. 

- for continuum receivers, bolometric detectors cooled at temperatures of the order of 

100 mK must be used either with an Adiabatic Demagnetization Refrigerator (ADR) or 

with a Dilution-type Refrigerator. 

2.2. Angular scales for CMB anisotropy measurements 

First, let us introduce 0 s and 0 b : 

a typical double beam experiment measures 

temperature  correlat ion over  some 

separation angle 0s , smoothed over an 

effective beam size 0 b 
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There are several different contributions to the amplitude of the CMB anisotropy AT/T 

that many authors have reviewed in these proceedings. Let us only recall that ". 

i /on large angular scales ( 0 > 5 °) anisotropies are generated by spatial fluctuations 

in the curvature (Sach-Wolfe effect) and by fluctuations in the entropy (isocurvature 

effect). These are insensitive to the recombination history. 

i i /at intermediate an~ular scales, the main contribution arises from the Doppler shift 

across fluctuations at last scattering surface 

iii/over smaller angular scales ( -< 1 °) the main sources of fluctuations are due to the 

finite thickness of the surface of last scattering; they are , therefore, extremely 

sensitive to the recombination history. 

In particular : 

- For the standard Cold Dark Matter Model (CDM) most of the power for the 

temperature anisotropies is distributed between 1 = 100 and 1 = 1000 for a spherical 

harmonic decomposition of the sky. 

- If the universe remains ionized (or becomes reionized) primary fluctuations are 

suppressed on small angular scales and the anisotropy distribution is shifted into the 

range I = 0 to 1= 100 - see J.Silk, A.Blanchard in these proceedings. 

- Primary anisotropies at intermediate angular scales can also be erased by resonant 

molecular scattering, via primordial molecules such as LiH and LiH + molecules, at 

least in the radio frequency range ( v < 90 GHz).  Secondary anisotropies can also 

be induced by same primordial molecules, at smaller angular scales (< 30") - see 

F.Melchiorri in these proceedings and therefore observations through ground based and 

spatial missions devoted to anisotropy studies can help to solve the litium problem 

(see Signore et a1.1993). 

A remark is to be done : the CMB temperature anisotropies given above suppose that 

fluctuations originating in an inflationary epoch, grow by gravitational instability into 

the structures seen today. An alternative model for the structure formation involves the 

production of topological defects - such as cosmic strings, textures, etc..- arising in 

symmetry breaking phase transitions If, for example, strings are responsible for CMB 

anisotropies, experiments with a beam size 0 b <_ 2' could detect their non- gaussian 

signatures (R.Moessner et al. 1993). 
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Anisotropies produced by textures are reviewed in these proceeedings by S.Torres. 

3 .  P r o j e c t s  

A list of : i) current balloon projects is given in Table 3.1 ; ii/ long duration 

balloonings (LDB) is given in Table 3.2 : BOOMERANG - a Berkeley-Rome project - 

and TOP HAT.See Cheng in these proceedings for TOP HAT. 

BOOMERANG - a Berkeley - Roma collaboration - is an Antartica balloon program. 

The first flight is expected in December 1995. Each flight will have a typical duration 

of several days, a sky coverage of about 1000 pixels of 20 arminutes 2, a per pixel 

sensitivity of 10 -6. 

A list of satellite projects iii/with experiments at low frequencies is presented in 

Table 3.3 ; iV/with experiments at higher frequencies is presented in Table 3.4. 

Let us only notice that : 

a/ RELIKT 2 and AELITA are russian projects (see also M.Sazhin in these 

procee.xlings) 

b/CRATE and FIRE are NASA proposals for Explorer-class space experiments 

c /COBRAS,  SAMBA and TOUTATIS are ESA proposals for medium missions 

(M3): COBRAS is an extension of DMR/COBE but with HEMTs ( see also 

R.Mandolesi in these proceedings). SAMBA is an up-to-date version of AELITA but 

with bolometer arrays cooled down to 0.1 K using a Dilution-type Refrigerator ; Let 

us remark that an experiment like SAMBA is no more than an extention to satellite of 

the balloon program BOOMERANG : it differs from it just for the sky 

coverage.TOUTATIS - with a heterodyne spectrometer - could provide a spectral 

analysis of the seven hot spots (> 300mK) revealed by DMR/COBE and could search 

for primordial molecules in protoclouds at z - 10-15. 

d/Let  us notice that each of the above ESA proposals is presented as a propaedeutic to 

the cornerstone project FIRST of the "Horizon 2000" plan of ESA. 

Some remarks must be done on ground based experiments which are reviewed in these 

proceedings by R.Davis, A.Lasenby and R.Rebolo : 
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• the IRAM 30 m telescope (Pico Veleta, Spain) with a 12.5 arcsec FWHM beam at 

1.3 mm is well suited for the search of LiH molecules at high redshifts (de Bernardis et 

al. 1993) but also for the search of secondary CMB anisotropies 

• a 4 -channel photometer (0.85, 1.1, 1 .4 ,2 .2  ram) with bolometers cooled to 0.3K 

(NEP - 10-15 W /~/ Hz ) is under construction; this photometer which will be 

matched to the MITO telescope (Millimetric and Infrared Testagrigia Observatory, 

Italy), will have a field of view of 17 arcminutes. 

. the bolometer DIABOLO can be matched either to the IRAM telescope at 2mm with 

0 b = 35", 0 s -1' or to the MITO telescope with 0b=8 ' and 0 s = 16'. DIABOLO and 

the PRONAOS balloon are dedicated to the SZ effect ( Sunayev-Zeldovich). This SZ 

effect is reviewed in these proceedings by M.Birkinshaw. 

4 .  C o n c l u s i o n s  

For CMB spectrum, precise and thus spatial measurements at long wavenlengths are 

needed; measurements of, or upper limits on, free-free distortions would then be clear- 

cut tests for a late reionization of the universe. 

For CMB anisotropy, there are many measurements projects. One must emphasize 

their technological requirements : i / a t  low frequencies, HEMTs must be used, i i /at  

high frequencies, photometry should be carried out with bolometric detectors at T ~ 

100mK (via ADR or Dilution-type Refrigerators)• Their scientific objectives are 

dealing with the fundamental problem of the origin of the structures in the universe. 

We acknowledge many people who have provided us with their projects. In particular, 

we would like to thank X.D6sert, P.Encrenaz, P.Mauskopf, J.L. Puget and P.Richards. 

This work was supported by the European Economic Community i/Twinning Project 

90 1000 13/JU 1, "Anisotropies of the Cosmic Background" (SCI-053 l-c) ii/Human 

Capital Project CHRX-CT92-0079, "The CMB radiation : measurements and 

interpretation". 
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R e f e r e n c e s  

- de Bernardis P., Dubrovich V., Encrenaz P., Maoli R., Masi S., Mastrantonio G . ,  

Melchiorri B., Melchiorri F., Signore M., and Tanzilli P.E. 1993, A & A, 269, 1.  

- Encrenaz P. 1993 in "IVth Rome Meeting on Astrophysics Cosmology and Particle 

Physics" F.Melchiorri ed., in press. 

- Kogut A., 1993, in Proceeding of the International School of Astrophysics 

"D.Chalonge", N.Sanchez edit., in press 

- Mather J.C., 1993, COBE preprint 93-01, submitted to Ap.J. 

- Moessner R., Perivolaropoulos L. and Brandenberger R., 1993, preprint Brown-HET- 

911. 

- Signore M., Vedrenne G., de Bernardis P., Dubrovich V., Encrenaz P., Maoli R., 

Masi S., Mastrantonio G., Melchiorri B., Melchiorri F., and Tanzilli P.E., 1993, 

ApJS, in press. 

-Wright J.C., 1993, COBE preprint 93-03, submitted to Ap.J. 

N.B. : Let us only note that the Space Science Advisory Committee (SSAC), at its 

meeting held on 23/24 September 1993, recommanded to the ESA Executive : 

" An assessment study of a mission to investigate the cosmic microwave 

background based on the COBRAS proposal, but taking into account also the 

SAMBA proposal, with scientists from tboth teams being brought together in oder to 

define a small European mission". 
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T h e  C O B R A S  Miss ion  

N.Mandolesi  1, G.F.Smoot  2 and M.Bersanell i  3 

1 ITESRE - CNR, 40126 Bologna, Italy 
2 Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA 
3 IFCTR - CNR, 20133 Milano, Italy 

ABSTRACT - The Cosmic Background Radiation Anisotropy Satellite (COBRAS) is 
intended to image significant portions of the sky at ~ 0.5 ° angular resolution and 
AT/T  ~ 10 -6 sensitivity. The project has been submitted to the European Space 
Agency (ESA) as a small-medium size European mission. We outline the motivation 
and mission concept on the basis of preliminary studies. 

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

The recent detection of primordial CMB fluctuations by the COBE-DMR ex- 
periment (Smoot etal .  1992) has provided remarkable support for our present 
cosmological understanding, particularly to current predictions from gravita- 
tional instability and inflationary scenarios. Far from saturating interest in the 
field, this achievement has established the basis of new fundamental  steps and 
stimulated greater activity. The > 70 angular resolution of the DMR instrument 
is sensitive to primordial fluctuations but does not provide information on scales 
"~ 1 °, corresponding to the horizon size on the last scattering surface. Only accu- 
rately probing the CMB angular distribution at these angular scales over large 
areas of the sky will observationally characterize the density fluctuations which 
originated present large scale structures ( t  100 Mpc). 

A number of balloon- and ground-based anisotropy experiments have been 
recently proposed or are presently underway to test these angular scales. Some 
results have already been obtained (e.g. ACME: Meinhold & Lubin 1991, Gaier 
etal.  1992; ARGO: De Bernardis etal.  1990; MAX: Fisher et al. 1992, Alsop 
et al. 1992, Meinhold et al. 1993, Gundersen et al. 1993; MIT: Meyer et al. 1991, 
Ganga et al. 1993, MSAM: Cheng et al. 1993) and more are expected in the 
near future. While these efforts provide outstanding observations, even under 
optimistic extrapolation of receiver sensitivities and resources, they will not cover 
a substantial (,,~ 10%) fraction of the sky with the required sensitivity (few 
× 10-6), necessary to link information on fluctuations at small and large (DMR) 
angular scales. 

The COBRAS (Cosmic Microwave Background Anisotropy Satellite) mission 
has been conceived to meet this major objective. A proposal was submitted by 
a large international collaboration in response to the ESA M3 Call/or Mission 
Ideas on May 1993 (Mandolesi et al. 1993). 
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Fig. 1. Antenna temperature of Galactic foreground emission. Shown are the intensities 
of synchrotron emission, free-free emission, and thermal emission from interstellar dust. 
The width of the bands indicates the estimated variation in the range of Galactic 
latitudes 15" < Ibl < 70*. The vertical lines show the frequencies of existing Galactic 
maps (0. 408 GHz and 1.42 GHz) and the four COBRAS frequencies (31.5, 53, 90 and 
125 GHz). Shown is also the antenna temperature of the CMB and the amplitude of 
the CMB dipole and quadrupole. 

2 R e q u i r e m e n t s  

The objective of COBRAS is to map 5 or 6 regions of 200 × 300 , or about 
10% : f the sky, with a sensitivity z a T / T  ,., 10 -6 at an angular resolution of 
.~ 0.5 °. Passive cooling is a key feature as such a goal requires a long lifetime 
(3-5 years) mission. The technical simplicity and extraordinary performance and 
rate of improvement of HEMT (High Electron Mobility Transistors) amplifiers 
(e.g. Mishra et al. 1988, Chao et al. 1990) strongly favour this technology for 
the COBRAS mapping instrument. Low noise HEMTs are already available at 
frequencies up to 50-60 GHz and prototypes are studied near 100 GHz. Passively 
cooled (-~ 100 K) HEMTs with more reliable and space-qualified technology 
are soon expected to reach performances comparable to cryogenically-cooled 
bolometers. 

The recent dramatic improvements in receiver noise push the new generation 
of CMB anisotropy experiments against the limit of confusing foreground emis- 
sion. Multifrequency observations spanning a sufficiently wide spectral range, in 
conjunction with information from external surveys at frequencies where each 
foreground is dominant,  are key features for reliably evaluating and removing 
foreground structures. We propose for COBRAS four frequencies in the range 
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30 < v < 130 GHz, i.e. in the cleanest window existing between synchrotron 
and free-free Galactic emission at low frequencies, and thermal emission from 
various dust components at higher frequencies (Fig. 1). The contribution of ex- 
tragalactic radio sources also has a mininmm in this spectral range (see e.g. 
Franceschini et al. 1989). We foresee the use of the same three frequencies as 
the COBE-DMR instrument to directly link COBRAS and DMR maps, and a 
higher frequency channel near 125 GHz. The covered spectral range will provide 
direct information on Galactic synchrotron and bremsstrahlung (relatively well 
known emission mechanisms) and minimize the contribution from dust emission, 
monitored by the 125 GHz channel. The highest and lowest frequency channels 
are sensitive guards against potential foreground signals. Table 1 summarizes 
the COBRAS main requirements. 

Table  1 
COBRAS Specifics and  Requirements 

Angular resolution 
Sensitivity 

Sky coverage 
Frequencies 
Bandwidth 
Optics 

Detection 

Mission lifetime 
Orbit 
Sidelobe rejection 

Payload mass 
Payload power 
Data rate 

0.5 0 

~ T / T  ~ lO - 6  

1 m K / v ~  
~ 1 0 %  

31.5, 53, 90, 125 GHz 
~ 1 0 %  

Off-axis Gregorian 
1.5 m primary (oversized) 
Focal plane array 
Double-band feed horns 
HEMT radiometers (T,v, < 100 K) 
Passive cooling 
--~ 5 years 
LEO, Lagrangian Point 2, Heliocentric 
-70  dB 
-80  dB (with ground screens) 
~ 90 Kg 
-~50W 
~ 2 Kbit/sec 

3 C O B R A S  P a y l o a d  a n d  O p e r a t i o n  

We have considered a number of possible solutions for the optics of the instru- 
ment, including solutions involving microwave lenses or frequency sensitive sur- 
faces. In conclusion, however, we opted for a more conventional off-axis Gregorian 
dual-reflector, similar in design to other instruments used for CMB anisotropy 
experiments. The primary reflector has an oversized aperture of ~ 1.5-m diam- 
eter and determines the overall size of the payload. An array of 26 dual-band 
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feeds will be placed at the focus of the telescope, yielding 13 channels at each 
of the four frequencies. Prelindnary simulations for this configuration show that 
coma lobes of the most decentered elements in the array can be contained be- 
low -50 dB level with acceptable projected beam symmetry. A schematic of the 
model payload is shown in Fig. 2, with the preliminary geometry of the array 
of focal plane feeds. The payload mass can be contained within 100 Kg without 
significant compromises of design or performance. 

Deployable 
shield 

w I 

1.0 m 0 .39  m 

F O C A L  PLANE A R R A Y  

20  cm 

Insulations 

I 1 
I I 
I 2 .0  m I 

3.1 m 

Solar panels 

Fig. 2. Schematic COBRAS payload concept. The off-axis Gregorian telescope points 
at an offset angle (,,- 5 °) from the spin axis. The inset shows a schematic of the 
preliminary configuration of the focal plane instrument. Dark circles represent 90-125 
GHz dual band feeds; shaded circles 31.5-53 GHz feeds. 

The high sensitivity hardens the requirements on potential systematic errors. 
Earth radiation needs to be rejected at the 10 -s  level. With proper ground 
screen design appropriate earth emission rejection is feasible. Earth radiation 
and thermal performance considerations would favour far-Earth orbits such as 
Lagrangian Point 2 or Heliocentric. From such orbits the solid angle subtended 
by the Earth is a factor of 103 to 104 smaller than from a Low-Earth Orbit 
(LEO), strongly relaxing the sidelobe rejection requirements. However, we expect 
the choice of a LEO to be compatible with the COBRAS requirements with 
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sufficiently careful design of the ground screen and pointing strategy. In the 
assessment phase we anticipate a detailed study of the antenna-reflectors-ground 
screen system and related performance in conjunction with pointing strategy and 
choice of orbit. 

The proposed observational strategy is a circular scan (allowing spin-stabi- 
lization of the spacecraft) with periodic adjustments of the spin axis in a raster 
pattern. At COBRAS angular resolution only a fraction of the sky can be imaged 
to a sensitivity of 10 -° in a reasonable lifetime. The half of the sky within =t:30 ° 
Galactic latitude would not provide useful cosmological information since it is 
largely dominated by Galactic foregrounds. COBRAS will cover a --~ 600 square 
degrees region at A T / T  .-., 10 -6 in approximately one year. Five or six such sky 
patches will be selected for minimal power of Galactic and extragalactic confu- 
sion sources, and also based on updated results from the COBE-DMR analysis. 
COBRAS will perform interleaved observations of all sky patches according to 
an optimization pattern producing consistently improving maps of the selected 
regions over the mission lifetime. 

Due to the long lifetime and flexibility of the mission, during the COBRAS 
assessment we plan to study the possibility of a lower sensitivity whole sky scan. 
This will provide information on the foreground and a cross comparison with 
the COBE DMR that would not be available otherwise. 

4 Conc lus ions  

There is a strong consensus in the scientific community that the determination 
of the CMB fluctuation spectrum from ,~ 0.5 o up to and overlapping the angular 
scales probed by COBE-DMR is probably the most critical issue to be addressed 
by the next generation of cosmological observations. Only a long lifetime space 
mission can provide sufficient sensitivity and the extensive mapping capability 
to fully respond to this challenge. At the same time the development of a mission 
like COBRAS would certainly provide further motivation to future balloon and 
ground based experiments, as coordinated, intensive observations with extended 
spectral coverage of well defined sky areas will be necessary to further study the 
nature of the detected structures. COBRAS is designed to use relatively simple 
and space qualified technology, in many ways already successfully implemented 
in recent CMB observations. 
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