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Summary. We discuss how galaxies and clusters might
evolve from primordial density fluctuations which,
at the recombination epoch t,.., have small amplitudes

0
( j) oc M~*~%_ This approach is stimulated by Peebles’

claim that the spatial distribution of galaxies can be
described by a power law covariance function &(r)
of the approximate form r~? with y~1.77, which shows
no well-defined preferred scale of clustering. The data
on &(r) mainly refer to density enhancements which,
though in the non-linear regime, are not compact
enough to be properly “virialised”. The effective slope
y corresponding to a given n is then steeper than in the
“virialised” regime, and the data indicate n=—1

. 0 . )
(1.e. ?Q oM "*) rather than the n=0 “white noise”

spectrum adopted by some authors. Recent studies of
the “multiplicity function” for groups and clusters
also suggest a “flat” fluctuation spectrum with n<.—1.

If 2=1, one would expect a conspicuous “spike” in &(r)
at r~50 Mpc. The absence of such a feature, plus the
fact that & ... (r) would need to be even flatter than the
observed &, (r) if =1, leads us to favour an 2=0.1
model. The functional form of the multiplicity function
is reminiscent of Schechter’s empirical luminosity
function for individual galaxies. If dissipative processes
cause any bound systems with collapse times < 10° years
to form a single galaxy, then galaxy formation fits
naturally into the scheme if the fluctuation spectrum at
t,e. Tetains a power law form down to masses S 10'°M.

We show that the desired M™% spectrum can arise
naturally from scale-independent metric fluctuations
involving inhomogeneities in the baryon distribution.
These (isothermal) fluctuations, unlike adiabatic fluctua-
tions, survive undamped through recombination w1th a
simple M ¥ spectrum on relevant scales.
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1. Introduction

The evolution of large scale structure from small-
amplitude primordial irregularities via gravitational
instability has been extensively discussed in the context
of “big bang” cosmologies [see, for example, the recent
reviews by Jones (1976) and Rees (1975)]. In the present
paper, we explore the implications of recent data on the
spatial distribution and luminosity function of galaxies,
and suggest that the evidence is consistent with a
“unified” scheme in which galaxies and clusters evolve
from initial density perturbations with a smooth
power law spectrum of the approximate form

e

We adopt Hy=50kms 'Mpc™! and define Q=
817G 33’;2 —(00/471x 10" gcm™3). The number of
photons per baryon is N,~14x108Q7 ', and the
redshift where baryon and photon densities are equal
(er=0,) is z,,~10x10*Q. We concentrate on two
specific Friedmann models: (a) the Einstein-de Sitter
(2=1) model; and (b) a “standard open model” with
Q=0.1. The latter value is claimed to have the advantage

that it can simultaneously give the correct mass-to-light
ratios for galaxies, the age of the elements and globular
cluster stars, and the cosmic deuterium abundance
(Gott et al., 1974). The total density at any epoch where
the temperature is below ~4x10°°K is g,+1.45¢,
(where the factor 1.45 includes the neutrino background
contribution).

For the moment we do not discuss the processes which
govern the evolution of primordial inhomogeneities at
early epochs prior to the time ¢, when the plasma
recombines. We suppose that baryon inhomogeneities

o . .
(—Q> are present at t,.. and consider their subsequent
2/

behaviour.
In the Q=1 model, the well-known growth law

(%Q) oc(l4+2) toct? )

applies from z..(~1000) until the present time, or
until the perturbation becomes non linear. The ampli-
tude of a perturbation can thus grow 1000-fold since
L

rec*
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Fig. 1. Constraints on the Hubble constant H, and the density
parameter Q. The curve marked “grav. instability” delineates the
boundary of the region satisfying the inequality (3). Unless this
inequality is fulfilled, there will be no period during which small
amplitude density perturbations can grow appreciably. The other
lines in the diagram [adapted from Fig. 1 of Gott et al. (1974)] indicate:
the minimum Q contributed by galaxies; the “best” estimate of Q;
the upper limits to the present density g, if deuterium is produced in
the big bang; limits to the age of the universe ¢, based on stellar
evolution and nucleosynthesis; and an observational upper limit on
the deceleration parameter g,

But in a low-density (2<1) model, growth does not
start until the epoch corresponding to a redshift
4

(142 ot o, ®)
hs, being the Hubble constant in units of
50 km s~ ! Mpc~?, because at earlier times the photons
and neutrinos would be dynamically dominant (Guyot
and Zeldovich, 1970; Meszaros, 1974) and small
fluctuations in the baryon density do not grow. Also,
the growth ceases at (142z)~Q~! unless the amplitude
has by then become non-linear (we discuss the latter

situation in §2). For (1+2z)>Q~! the model may be .

approximated by the - Einstein-de Sitter case R(t)oct?
but for (1+2z)<Q~! the open approximation R(f)oct
becomes more appropriate. In the latter case the matter
is dynamically insignificant as far as deceleration of the
Hubble flow is concerned, so naturally small density
perturbations in the matter do not grow in this regime.
Thereforein an Q=0.1 model with Hy ~50km s~ ! Mpc™*
the maximum permitted linear growth factor since
tec I8 ~70.

[This raises a further interesting point: to grow galaxies
and clusters from small perturbations certainly requires
(14 z4)> Q™. This implies

Qhgo>12x10"2. 0

This provides a rough lower bound on £, as a function
of H,, which may be compared with the other constraints

J.R. Gott IIl and M. J. Rees

discussed by Gott et al. (1974) (Fig. 1). If there were any
“excess” neutrinos, or a significant contribution to Q
from any other uniformly distributed “hot” material
which does not participate in the clustering process,
then the required value of Qhs, is larger than given by
(3). Indeed, if more than half the present density in the
universe were in a “hot” form, graviational instability
could never have occurred].

The most readily observable inhomogeneities in the
present universe all involve density contrasts 10,

~and we must therefore extend the analysis into the

non linear regime. This is done in the following section
where we consider in detail the predicted covariance
function &(r) of galaxies implied by the gravitational
instability picture, given an initial spectrum at re-
combination of the form (6¢/0),oc M~ *~2. In particular
we discuss the different approximate power law slopes
obtained for the virialized, non-virialized and linear
regimes. In § 3 we discuss the predictions of the multi-
plicity function of galaxies as a function of n and compare
with the observations. For both the covariance function
data and multiplicity function data n= —1 is found to
give a better fit to the observations than n=0. In §4 we
discuss how one may produce both galaxies and clusters
of galaxies from the same density fluctuation spectrum
and how one may hope to produce the correct galaxy
luminosity function in this way. In § 5 we describe a
simple theory of constant curvature isothermal baryon
fluctuations (entropy fluctuations). We show that such
a spectrum has the advantages of the Zeldovich constant
curvature hypothesis, can form galaxies and clusters
at the same time via the graviational instability picture
(i.e. no Silk damping at small scales), and produces
naturally at recombination a spectrum of baryon
density fluctuations with (5g/g)ocM % :n=—1.

2, Large-amplitude Inhomogeneities, and the
Covariance Function of Galaxies

Peebles and his colleagues have obtained a wealth
of data on the covariance function of galaxies over the
sky (Peebles, 1974a,b; Peebles and Hauser, 1974;
Peebles and Groth, 1975; see also Totsuji and Kihara,
1969). The covariance function &(r) is defined in terms
of the probability dP of finding a galaxy within a
volume dV at distance r from a randomly chosen
galaxy,

dP=n1+&r)dV, ©)

where n, is the number density of galaxies. The spatial
covariance function for matter is given by

Ellr)=<e(x)e(x+r))/Ke)*—1
= de(x)de(x +1))/<e>* . )

If the material in the universe is entirely in galaxies
(and their halos) then the observed covariance function
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reflects the matter covariance function [i.e. £(r)=¢(r)]
on all scales larger than an individual galaxy. The ob-
served angular covariance function w(6)oc0~ %77
(Peebles, 1974a; Peebles and Groth, 1975) yields an
estimated spatial covariance function

Er)=Ar~" where A=68x2%!,
y=1.7740.06 ©)

for 0.06 Sr <60, r being measured in Mpc.
Guided by the power law form of the observed co-
variance function, we take (following Peebles, 1974a)
a fluctuation spectrum at t,,. described by

18,2 k™. ™

Here 6, is the Fourier transform of (o(x)/{(¢>—1)
with the §, having randomly assigned phases: fluctua-
tions with diameter ~k~! have amplitudes

(‘%’)bocM—%—’s‘. ®)

For an initial “white noise” spectrum with n=0 (i.e.
. L . 0 s
poisson distribution of points), (zg) oc M™% We shall

find that the observations actually suggest a flatter
spectrum (n<0) with relatively more power on the
larger scales.

If the initial irregularities had a spectrum of the form (7),
then Peebles (1974a) suggests that, in an Q=1 model,
the result (6) can be interpreted in the following way:
“In the Einstein-de Sitter cosmology the amplitude

(%’) grows as t¥... until ((%Q) ~1 when bound systems
k k

of coordinate size k™! fragment out of the general
expansion, whence one finds that the bound systems
with proper size | have typical internal density

oDocl™,  y=(9+3n)/(5+n). - ©)

Thus the covariance function is the power law &(r)oc
0i(r)ocr™?.” Peebles utilizes Eq. (4) and the reasonable
assumption that each galaxy finds itself in a “hierarchy”
[i.e. every cluster has smaller clumps within it, each
clump being as tightly bound as allowed by the density
perturbations [Eq. (8)] on its scale]. For n=0, y=1.8,
in agreement with (6), so he concludes that the original
inhomogeneities were “poissonian”.

However, formula (9) applies only on scales small enough
to result in bound groups already in virial equilibrium.
Consider a bound protocluster: it is characterised by a
collapse time t,, defined as the cosmic time when it
reaches its point of maximum compression. The proto-
cluster initially shares in the cosmic expansion, but

. t . .. .
eventually (at a time 5‘, when its radius is Rmax) its

expansion stops. If the background universe is Einstein-

de Sitter (2=1), its internal density then exceeds the

9 2
Z’ = 1—n6 (which we hereafter denote
by x). By the time t~3t,, the protocluster has recol-
lapsed, “bounced”, and reached approximate virial

equilibrium [see numerical experiments by Peebles

(1970) showing this] the radius then being R, =~ %

. .. . t
Its internal density is now 8 times larger than at 5“,

whereas the background density (goct ™ 2) has decreased

mean by a factor

by a factor 9. Thus at t = 3¢, the cluster has% =T72y=399.

This means that relation (6) is strictly valid only for
&(r)= 398—i.e. for the very highest density part of the
covariance function—whereas Peebles fits his data
with a single power law (y=1.77) throughout the entire
range 1042 £(r)=0.1.

Let the present age of the universe be t,. Then for
groups with t,<2t,, (Q‘) oct; 2. Moreover the collapse
time ¢, of a group (wheQn Q=1) is simply related to the
baryon fluctuation (@) at recombination required to

) Q/p
produce it:

t,oc (59) . (10)
2/ .
By comparison with (8) we can then find ¢, and hence

QQ‘ for any mass scale. &(r)~ (5‘) for 0;>0. The mass

within a sphere of radius r, with density ¢ is

3
M(<ro)=4%mnor3=2.90x 10“{2(1 Mpo ) M. (11)
Given a cluster with mass M and g,/0~¢&(r) then its
radius is given by r where ro=r(&(r))* with r, deﬁned
from (11).

Using Eqgs. (8), (10), (11) and (g;/@)oct; % one can derive
directly Peebles’ result (9) for an Q=1 cosmology. We
can also apply the above considerations to estimate,
for an Q=1 cosmology, the average value of y (for a
given n) between the pomts &r)=T2xy—1and é(r)=x—1.
We obtain

_ 3In(72x—1)-3In(x—1) 3.8

10724 In81" 1+ 1.03
3+n 3+n

12)

For n=0, this gives a mean slope y=2.34 over the range
400> £(r)=4.5 where Peebles’ data certainly seem
most reliable. This value of y is steeper than that in the
virialised regime [Eq.(9)] because g; changes more
rapidly with changing ¢, in this regime than in the
virialised regime due to the extra factor of 8 in density
encountered during virialisation.
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One can carry out similar calculations for a low density
cosmology. Denoting by a suffix “st” the value of quanti-

ties at the epoch corresponding to z,, and assuming

that (3) is satisfied and the perturbations are linear at
zy,, we then have

H2=QH3(1+z,)°. (13)

Zi
8nG
Gunn and Gott, 1972)

Defining ¢, to be , one finds (cf. Sunyaev, 1971;

__ (-9
cht Q_cht Q(1+Zs:) ’
and if a density enhancement is large enough to be
bound, its collapse time is related to the density ¢ at
zq by

L2 ( Qest )*
H st \@ ~ Qcst
Note that when Q< 1, (9. — @) is always strictly positive;

-

.= (15)

, which is defined as (0 — @)/, has to exceed a

definite threshold value in order for a région to have
negative energy and eventually collapse.

For 2=0.1 the overdensity % of a region which is at its
maximum radius at the present epoch ¢, (i.e. for which
2

t,=2ty) is Y= For Q=0.1 this is 30.6. The

n

4Q(Hoto)*
least dense group which is properly virialised .= 2t,
has a contrast density of 72y'=2200. Equation (9) then
applies only when &(r)22200, this being both in the
virialised regime and also in the limit when (9—g)=
(0.—0) so Eq. (15) can be approximated well by Eq. (10).

. .y (0 . .
A perturbation at ¢, with (f) = 0.0227 is required to
' b
produce a group with t,=%t,, while for a group with

t.=2t, the corresponding (%@) is 0.0177. The ratio of the
b

corresponding to t,=%t, and t,=2t, is 1.28. By a
procedure similar to that used in deriving (12) we find
that the mean y in the “intermediate” range where
22002 &)= 30 is

_ 31In(72y'—1)—3 In(xy'—1) _ 3.03
- + 61n(1.28) - i+ 0.349°
n+3 n+3

(16)
In72

» In the linear regime (£(r) < 1) perturbations of all scales

grow as (1) between the epochs corresponding to z
and z~Q™ ' (The amplification factors for the Q=1
and 2=0.1 models are respectively ~ 1000 and ~ 70).
Combining (2) and (4) with the relation that initially

(14)
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Fig. 2. The radius-versus-time relation for spherical inhomogenieties
of given mass, for different values of the initial density enhancement

d d
—g—. Curve 1 corresponds to a sphere for which il is so large that
e e
2
t.< 5to. Curves 2 and 3 represent cases for which ¢, is Eto and 2t,
2
2
subsequent behaviour of r(f) depends on the precise density

respectively. The spheres start to recollapse at t= —. The

L . . 1

distribution in the sphere, but in general they will collapse to less than 5

their maximum radius r,,,. They then “bounce”, and settle down
3 1

after a time ~ Etc to virial equilibrium with radius Er,w. Curve 1

represents a perturbation which is now fully virialised, and
Curve 2 one which is marginally virialised. Expressions (12) and
(16) in the text give the mean slope of &(r) for perturbations
intermediate between Cases 2 and 3. The precise slope of £(r) in this
region will not, however, be a power law: it depends on the
uncertain form of r(f) during the “bounce” and virialisation, and
on the structure of the initial perturbation

M(r)ocr® we find:
Eryocr™ P (ESY),
independent of Q.

17)

Given a particular form for (%Q) [Eq. (8)], one can now
b

construct the whole &(r) curve for any Friedmann model.
One simply computes ¢, from (10) or (15), and can then

calculate % =§&(r)—1 from formulae in (e.g.) Gunn and

Gott (1972). One then uses (11) to relate M and r. In
Fig.2 we have plotted such curves for Q=1 and
Q=0.1. .

The curves show, for r<50 Mpc, the expected slopes
(approximately normalised to the data) in the regions

covered by Egs. (9), (12) or (16) and (17). |The “spike”
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at r~ 50 Mpc in the Q=1 model is a feature discussed in
§5 and 6 where we show that in general one expects a

0
discontinuity in (?Q) at ~10'" M
b

The only substantial region not covered by any of these
relations is the range 29.6z¢(r)z1 for the 2=0.1
cosmology. We see that, for n= —1, the curve here has
a mean slope y~2.4. Contrary to the suggestion of
Peebles (1974a) there is no sharp break or cut-off in
&(r) for this low-density cosmology. Thus, the smooth-
ness of &(r) does not rule out open cosmological models.
However even for n=—1 (and not merely for n=0)
the overall slope is somewhat steeper than Peebles’
“best fit” y=1.77. .

We note that for both Q=1 and Q=.1 the n=—1
predictions are in better agreement with the data than the
n=0 predictions. Now we should emphasize that the
sections of the curve &(r) for 22002 £(r)2 1 in the open
model and 3982 &(r)=1 in the closed model are not
strict power law sections. In general the form of &(r)
between the “just turning around” and the virialised
regime will be quite complicated and will depend in
detail on the degree of irregularity of the original lumps
and how tightly they compress at their point of maxi-
mum collapse before springing back to the virial
equilibrium radius (see Fig. 3). We have only computed
an average slope between the t,=2t, point and the
t.=%t, point. Hopefully, though, small wrinkles in the
curve will be washed out by projection effects so that our
overall slopes are not too bad. Importantly, the position
of the &(r) curve in the virialised regime relative to the
&(r) curve in the linear regime is fixed and independent
of whatever behaviour of &(r) may occur in between.
This is because £(r) in the linear regime establishes

the amplitude of the fluctuations at a given mass scale '

precisely; and then, using Egs. (8)—(11), one can solve
directly for &(r) in the virialised regime. Thus we can
be certain that the Q@=.1 model shows a slight kink
between &(r)=2200 and 1, in that the slope there must
on average be steeper than at either end.

Now the closed model with 2=1 and n=—1 as it
stands fits the data extraordinarily well. However the
closed model has an additional complication. In
comparing the data with clustering theories, we have
implicitly supposed that the luminosity-density and
matter-density are strictly proportional to each other.
If this were true, then every group and cluster in the
Q=1 model should show a virial mass-to-light ratio
corresponding to the closure density, whereas their
values are typically ~0.1 of this (Gott et al., 1974). In the
Q=1 model one would therefore require &, (r)~
10€ auec(r) at the typical group or cluster radius of
~0.5 Mpc. Unless most of the mass was in some “hot”
form which does not participate in the clustering process
[in which case it would be hard to understand how
gravitational clustering would occur at all (cf. Mes-
zaros; 1974)] this would require that &,.(*)/¢mater(r)

10°
" 171
10’
Eir)
1¢°
10
" —— a=1, no0
% Q=I n=
=1
1 * + % Q=01 n=4
1612# 10 1

r (Mpc)

Fig. 3. The covariance function &(r) arising from gravitational
clustering. The line indicated by short dashes, &(r)ocr™!77, is the
straight power law which, according to Peebles (1974a, b), yields the
best fit to the data [cf. Eq. (6) in text]. The other curves show the
calculated form of &(r) for cosmological models with @=1 or 2=0.1,
where the baryon inhomogeneities at t,,. have the form (8) with n=0

or n=-1

(7
ie. (Zg) M™% or M™% respectively|, their amplitude
b

being chosen to yield &(r)~1 for r~10 Mpc. The theoretical curves
are exact power laws in the limit of large £(r), and also in the linear
regime where &(r)< 1. In the intermediate range, they are not exact
power laws, but the mean shapes (indicated in the diagram) are
calculated in the manner described in the text. Note that: (i) the n=0,
Q=1 curve has a mean slope which is significantly too steep, the mean
slope being fitted better by an initial spectrum with n=-—1"

[i.e. (5—9) oM™}
Q/p

cut-off at &(r)=1, and there is actually a smooth transition from the
high-¢ limit where (9) applies to the linear regime. The interpretation
of the “spike” at r~50 Mpc in the Q=1 model is discussed in §6
of the text .

; and (ii) the 2=0.1-curve does not display a drastic

decreased with r, implying that &_,...(r) was really
* flatter than assumed in (6). The open model with
2=0.1 needs no such steepening correction factor,
since the mean density of the universe is then assumed to
be precisely that implied by the virial mass-to-light
ratio in groups and clusters. Thus in the Q=1 model
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the curve &(r) in the virialised regime must be boosted
upward by a factor of 10 relative to the &(r) in the linear
regime to give the &, (r) curve to compare with the
observations. Note that this places the &,.(r) curve
for the Q=1 model in the virialised regime virtually
on top of the &(r) curve for the Q=.1 model. The theory
therefore predicts the position of the observed &(r)
curve in the virialised regime relative to the observed
&(r) curve in the linear regime to be virtually identical
in the Q=1 and Q=.1 model. The Q=1 model is
expected to show a steep middle section. In fact it is
possible to have an even sharper kink than the open
model since one way to gain the factor of 10 in &,/
Ematter 18 to adopt the heavy halo hypothesis (Ostriker
et al., 1974) in which masses of galaxies go up linearly
with radius: M(<r)ocr so that (M/L)ocr and &, (r)/
Ematterc? L. In the next decade in radius beyond the
virialised groups the extra factor of 10 in &./& auer
can be gained. But of course this steepens the ob-
served &,.(r) curve over this decade by exactly 1
factor of r. Thus we expect &, p(r)ocr 307 for the decade
in radius beyond &, = 720y —1=3990. If the halos are
gentler then in principle one could have as gentle a
kink as appears in the open model. But the closed
model can never look any better than the open model
because the position of the virialised regime relative
to the linear regime is the same in both models and
fixed independent of detailed assumptions. Thus we
expect it to be virtually impossible to distinguish

between an Q=1 and Q=.1 model from the covariance -

function data. The Q=.1 model has the advantage of
simplicity in that &~ &pauer; @ Situation expected to
arise naturally in the gravitational instability picture
(see Gott et al., 1974). _

Now both the Q=1 and 2=.1 model (n= —1) have

therefore somewhat steeper slopes overall than the

observational data. They would fit data with y=2
much better than y=1.77 [see Eq. (6)]. We might ask
what uncertainties in the data would tend to make a
steeper slope. If there are several different power law
sections in the true &(r) curve, then projection effects

-will contaminate the observed &(r) function at r with

material from all larger scales. Also, in a magnitude-
limited catalogue there is a blurring of scales due to the
fact that (owing to the broad luminosity function) the
galaxies are at different distances. These two effects
tend to smooth out any kinks in the £(r) curves, but
any power law section of the &(r) relation which extends
over a decade in radius (as in the case for the mean power
laws shown in Fig. 3) should still show up in the &(r)
relation (Peebles, private communication). Removal
of the Virgo cluster would certainly tend to steepen the
slope at large r, but we suspect that this would be a
small effect at 15th magnitude (Peebles and Hauser,
1974).

Peebles has matched together data from the Zwicky
and the Shane-Wirtanen catalogues. The overall slope

for the combined data depends on the distance scaling,
which in turn depends on the somewhat uncertain
difference between the limiting magnitudes for the two
catalogues.

Peebles deduces a distance ratio of Dy =4.16D%y
on the basis of the ratio of counts supported by photo-
metry by Kron and Shane, indicating a depth ratio
of 4.65. First the photometry results are uncertain by
at least .4 of a magnitude because the K corrections
for these galaxies are of this order and uncertainties in
the K corrections for the field are uncertain by an
amount comparable with their magnitude (Gunn,
private communication). The SW counts show a
density proportional to exp(—.557 cos b") implying a
“pseudo” galactic absorption of .4mag at the pole.

" However this cannot be due to absorption because

fitting of cosec absorption laws for brighter galaxies
shows no effect this large [Schechter (1974 and references
therein) argues for an absorption of .12 mag]. It is not
clear there is any appreciable absorption at b">40°.
Any absorption above b"=40° would be likely to occur
predominantly in the eastern half of the b">40°,
0>0° region [as a northern extension of Gould’s belt
(Knapp, private communication)]. However the Zwicky
catalogue at 15.5 mag shows no appreciable difference
in counts between the eastern and western halves and
neither does the Shane-Wirtanen catalogue.

If the Shane-Wirtanen counts cannot be explained by
absorption they must be associated with some other
galactic effect. Perhaps the most reasonable explanation
is that for such faint galaxies the low surface brightness
galaxies at low galactic latitudes cannot be seen against
the diffuse galactic starlight scattered by the Earth’s
atmosphere, an effect suggested by Gunn (private
communication).

That the Shane-Wirtanen data may have a slightly too
large distance estimate is supported by the fact that,
scaled as it stands, it sits even slightly above the extra-
polation of the Zwicky data and prevents fitting a
y>1.77. However, the Shane-Wirtanen data at scales
larger than 10 Mpc is fit better by a power law with
y=2 than with y=1.7 (Peebles and Hauser, 1974).

If the true distance ratio D&y/D%y were a factor 1.78
less than Peebles’ estimate, a good fit would be obtained
with the large —r part of the 2=0.1, n= —1 model.
However, even though the cumulative uncertainties
are substantial, it is not clear that the data are com-
patible with a shift as large as this.

Since then n= —1 curves are a bit steep for both the
Q=1 and Q=.1 models, one might wonder whether
going to even smaller values of n would be worthwhile.
For @=.1 and n=—2 we find slopes y=1 (virialised),
y=2.25 (intermediate), y=1 (linear). With heavy halos
extending out to the edge of the virialised groups (say
300 kpc) we can in principle steepen y=1 (virialised)
to y=2. (Note: even the open model can have heavy
halos out to the edge of the virialised groups because
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we use these virialised groups to estimate the Q2=.1)
Then we have y=2.25 outside (i.e. again closer to the
y=1.77 value than previously). But the y=1 in the linear
regime is definitely too shallow since Peebles and
Hauser (1974) find y=2 for the largest scales in the
Shane-Wirtanen counts. The Q=1 model would have
y=1 (virialised), y=1.55 (intermediate), y=1 (linear).
Heavy halos would steepen the first two to y=2 and
p=2.55 (slightly worse fit than the open model) with
the same trouble in the linear regime.

3. The “Multiplicity Function” for Clusters and
Groups of Galaxies

Let us now define a cluster to be any region with ¢ = 10p.
To grow such a density enhancement by the present
day, the baryon inhomogeneities at t,., must have been

(5_@) e {0.00207 (2=1 model)
o)y ¢ 100152 (Q=0.1 model)

We may now ask how this compared with the baryon
inhomogeneities needed to form galaxies. If our own
Galaxy collapsed from an initial radius ~ 100 kpc
(cf. Eggen et al, 1962) and has mass ~2x 10'* M,
then its collapse time would be ~1.1x 10° yrs. If we
say that galaxies form from density enhancements with
collapse times of this order, then the required baryon
inhomogeneities at t,., would be

3¢\ . [0.0148 (@=1)
(?)b_ o= {0.060 . (@=0.1).

[These numbers are calculated by the methods leading
to Egs. (14) and (15). See also Peebles (1969).] Now if

5 i . .
(—Qg) ocM ™3, then—insofar as our own Galaxy is
b

typical—the ratio of cluster masses and galactic masses

3 .
should be ~ (:—”) . This should also be the characteristic
cl

number N of bright members in a fairly large cluster.
This argument yields N~360 for Q=1 and N~62
for Q=0.1—both reasonable numbers.

Taking n= — 1, and choosing the constant of proportion-
ality in (8) so as to fit the observed covariance function
data according to which &(r) falls to unity for
r~10.9 Mpc, we can find the masses associated with
galaxies and clusters having the required perturbations
[see § 5, Egs. (29) and (32)] for Q=1

M,=41x10"M,

rec

(18)

19

M,=104x10''My; (20)
and for 2=0.1

M,=35x1013M,

M,=51x10" M. | 1)

We should not of course be surprised that the M,
values are reasonable since the normalization is taken

from the &(r) data which covers the relevant scales.
However we had no reason to expect the galactic
masses to turn out right. We know that the mass of our
Galaxy is 210"'M o from the rotation curve data;
virial studies of the local group and other groups

indicate (EZ%) ~50 (Gott et al., 1974), and with the

luminosity of our Galaxy being ~7x 10° L, (Gunn,

1974) this gives a total mass of ~4x10'' M. The

normalisation of the fluctuation amplitude from &(r) is

only accurate to a factor ~ 1.4, so a factor of 3 leeway is

inevitable. ' 50

Note that a poisson distribution with (?) oM™ *
. b

2

would fit the data less well. It would yield N ~ (%) R
cl

giving N=51 and N=16 for Q=1 and Q=0.1 re-
spectively. It would have to give approximately the
same M, as in (20) and (21) so the galactic mass would
come out on the high side, for @=0.1 and Still Too Low
for Q=1.
Press and Schechter (1974) have provided a formalism
for calculating the multiplicity function (or, equiv-
alently, the cluster luminosity function), given the
spectrum of initial perturbations and the critical
density enhancement needed to form a cluster. One

finds that
5 -@-9
_om-3 2 (1P (MY
@m 3 (” 3) (M)

d
exp- 4 (24)" ] @

N (M)

M
M,
2\M, M.’
where M, is the mass scale corresponding to an original
. .0 .
density perturbation %@ Such that the perturbation has
grown to the critical value Q§ =10 by the present day.

Equation (22) tells the number density of clusters
within a certain mass range satisfying ¢/g=10. The
procedure implicit in (22) is to start with the largest
cluster possible with ¢/g=10 and work successively
downward to smaller clusters so that every galaxy is a
member of one cluster with one or more members (see
Press and Schechter, 1974). Note that the form of the
multiplicity function depends only on n and is in-
dependent of Q (Schechter, 1974). Thus observations
of /(M) tell us directly about the initial perturbation
spectrum, and yield independent evidence that is not
implicit in the covariance function data.

In the particular case n= —1, (22) yields a power law
portion of form M ~%; and a cut-off for M > M, which is
somewhat gentler than a straight exponential cut-off
(because of the power 2 in the exponent). For the n=0
case, the power law section is flatter and the high-M
cut-off sharper. N-body calculations by  Press and
Schechter (1974) confirm the general form predicted
by (22) in the poisson (n=0) case.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1975A%26A....45..365G

FI975A8A - ~.7457 ~3650!

372 ) J.R. Gott III and M. J. Rees

Gott and Turner (1975) have recently determined the
multiplicity function from a complete sample of 1088
galaxies brighter than 14th magnitude in the north
galactic cap from the Zwicky catalogue. The actual
derived quantity is A4"(L)dL where L is the total group
luminosity. For a constant mass-to-light ratio this can
be converted to a curve A (M)dM. To understand the
results we must first mention the luminosity function
of the galaxies themselves. Schechter (1974, 1975) finds
that, for galaxies in great clusters, this is well approxi-
mated by

N (L)L oc L™ 125 exp (— Li) dL: 23)

*

while Turner and Gott (1975¢) find

. :
N ga(L)dLoc L™ exp (— L—) dL (24
*
for galaxies in small groups. L,~3x 10'°L in both
studies. Gott and Turner (1975a) also derive the
luminosity function of groups, and find that this has the

approximate form:

L™' for L<O06L,
N groups (L) dL oc {L—z L, <L<100L, 25)
0 - L2300L,.

For LSL,, the form of this function suggests that we
are looking at the faint end of the luminosity function
for single galaxies [Eqgs. (23) and (24)]. It is certainly
reassuring that there is a kink in the curve at the lumi-
" nosity associated with a characteristic ‘galactic mass,
since important astrophysical processes must operate
which single out a particular scale and cause galaxies
to be well defined entities. The observed distribution (25)
reflects groups picked out as surface density enhance-
ments in the sky rather than volume density enhance-
ments. The results can be corrected straightforwardly
to yield the true volume density enhancement, multi-
plicity function, much as one uses w(f) to deduce &(r).
Detailed analysis (Gott and Turner, 1975a) shows that,
thus corrected, the data in (25) are best fit byn=— 13+
0.3 [cf. Eq. (22)].
The existence of a cut-off at L 300L,, is supported by
failure to find any clusters significantly richer than
Coma, which is about at this level (see Schechter, 1974).
The steep slope of the power law in (25) is supported by
the large number of single galaxies. Turner and Gott
(1975a) found that galaxies with at least one near
neighbour (within 45 on the sky) had a covariance
function similar to that found by Peebles; while those
with no neighbour within 45’ had a covariance function
w(0)~0 on all larger scales. This suggests that we are
seeing two components: a smooth field galaxy com-
ponent (singles), and a clustered component. Now
~40% of galaxies.were found to be “singles”. This
compares well with what would be estimated by in-
tegrating the observed multiplicity function which

indicates that ~50% of the luminosity density of the
universe is contributed by groups (including “singles”)
with L < L,.. The multiplicity function predicted for the
n=0 (poisson) case is so flat that, if clustering has pro-
ceeded far enough to yield clusters like Virgo and Coma,
only 15% of galaxies remain as “singles” (Press and
Schechter, 1974). In fact a spectrum with n.S —1 seems
strongly favoured: coexistence of a prominent single
galaxy component with large clusters requires a spec-
trum with much more “power” on large scales than a
poisson distribution.

4. The Luminosity Function for Galaxies

The. observed luminosity function of galaxies [Eq. (21)]
bears a striking resemblance to the predicted form of
the multiplicity function [Eq.(22)]. This strongly sug-
gests that the galactic luminosity function is itself
determined by the process of gravitational instability
and clustering. Peebles (1974a, d) has already discussed
whether the galactic luminosity function can be related
to an empirical extrapolation of the power law co-
variance function down to small scales. Press and
Schechter (1974) considered the formation of galaxies
(and clusters) from “seed” masses of 3 x 1073 x 10° M,
which have a poisson distribution at ¢,,.. These authors
admitted difficulty in justifying this assumption physi-
cally.

However, we can obtain the same results in a more
explicit way by assuming that the spectrum of form (8)
extends down to galactic mass scales and below; and
adopting the hypothesis that galaxy formation requires
dissipative processes (we certainly known that dissipa-
tion is important for spiral galaxies), and these processes
operate only when the collapse time t, is below some
critical value t ., . ' o '
The best choice for ¢, is somewhat uncertain. To be
specific, we adopt the value 1.1x 10° yrs (already dis-
cussed as the appropriate collapse time for our own
Galaxy). Assuming a constant mass-to-light ratio, we
can then calculate the luminosity function for galaxies
(i.e. condensations with t.<t_,). It is given by (22), with
M_,=M,, where M, is as defined by Egs. (20) and (21).
For n= —1 this gives

L 2 2 Onm (L3
N(L)-—==Q2rn) == (—)
L, 3 L, \L

) ]

e .

g9
' VANRER ,
where L,=M, (?) and L,~2% L . If we want L, ~
3x 10'° L [cf. (23) and (24)], then with Egs. (20) and
(21) we would find (g) ~10 (2=1) and (g) ~54
(Q=0.1).

- exp
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The general form of (26) is gratifyingly similar to
Schechter’s (1974, 1975) empirical luminosity function
(23), although the power law is steep and the exponential
cut-off rather too gradual (cf. Peebles, 1974d). This would
be true for any choice of n<0, and not just for our
preferred n= — 1. The fit could be improved if additional
astrophysical processes affect the masses after galaxies
have formed: for instance, Larson (1974) suggests that
low mass galaxy will lose a larger proportion of their
material (via galactic winds, etc.) before it has time to
condense into stars; and this would tend to flatten the
pwer law part of (26). A further possibility is that (26)
may validly describe the mass spectrum of galaxies,

. M
but that the assumption of constant — may be er-

roneous. (In particular, there is some evidence that 7

may increase for very massive galaxies: Sandage and
Hardly (1973) find that brighest cluster members always
have more or less the same absolute magnitude, in-
dicating a sharp cut-off in the luminosity function.
On the other hand, some of these galaxies seem to
have extraordinarily large masses (~10**M ) (Gunn
and Gott, 1972; Wolf and Bahcall, 1972). Also, the
surface brightness of galaxies seems to reach a peak at

intermediate luminosities (Oemler, 1974).

Another approach is to regard n as a free parameter on
galactic mass scales, and ask what value give the best
fit to (23). To obtain Schechter’s —1.25 slope [also
found independently by Abell (1975) and Shapiro
(1971)], we would require n=1.5). This is much
steeper than the initial fluctuation spectrum (n= —1)
which gives the best fit on the mass-scales of clusters of
galaxies.

Note, however, that the form of the high luminosity
part of (26) depends crucially on our hypothesis that
t..;, is independent of mass. It is likely that ¢, actually
depends on mass. Let §,;, be the perturbation amplitude
required to yield a collapse time of 1.1x 10°yrs. If

(Q) / (@) ocM~37%, where (5—9) =0y =
Q) Q required Q required

constant, then (22) applies, yielding (26) when n= —1.

But if there is an additional mass dependence such that’

d¢

e M,
bY Negrecrive =N+ 6x. If n=—1, then only a dependence
with x= 75 is required to produce n.=1.5 and give
the desired form [Eq. (23)]. Note that this is equivalent
to the requirement that more massive systems need a
smaller t, for efficient dissipation. This is in fact what

1y A possible difficulty with this picture is that numerical experiments

by Press and Schechter (1974) suggest that, for all distributions with
n>0 a “bootstrap” process will occur in the non linear regime, and
enhance the large-scale amplitude until # is reduced to zero. However
Peebles (1974a) argues that this process happens only when n>4 (see
also Carr, 1975).

(—) = O ri (ﬁ) , then (22) applies with n replaced
required

would be expected if the dissipation involves brems-
strahlung cooling (timescale oc T* for a given density),
since the virial temperature T at a given ¢, is proportional
to M. This suggests interesting directions for future
research.

5. Constant Curvature Baryon Fluctuations: a Specific
Hypothesis

The arguments of the previous section support the
hypothesis that at ¢, the baryon inhomogeneities
obey a power law at least over the mass range
10'°-10'7 M, and that these have subsequently under-
gone an unimpeded process of gravitational clustering.
The power law hypothesis has the virtue of not requiring
us to feed in any preferred scale ab initio, and for this
reason has been widely discussed in the literature.
However the data seem to favour a power law described

by Eq.(8) with n=—1 [i.e. (@) ocM™%|, over the
b

e
spectra most commonly discussed: n=0(ccM %) or

n=1(ccM™%. It is therefore worthwhile to outline
one specific hypothesis which would lend to n=—1.

Although the “white noise” (n=0) spectrum might at
first sight seem the most natural and acceptable hypo-
thesis, it implies that the metric fluctuations (or energy
fluctuations per unit mass) may become unacceptably
large on scales exceeding cluster masses. The n=1
spectrum, on the other hand, has the virtue that the
amplitude of the metric or curvature fluctuations is
scale-independent, and it has for this reason been
advocated by a number of authors (e.g. Harrison, 1970;
Peebles and Yu, 1970; Zeldovich, 1972). For an n=1

5 .
spectrum, all scales display the same value of (?Q)

at the instant when they first come within the particle
horizon. We denote this value by x—a dimensionless,
scale-independent measure of the “ripples” that perturb
the smooth Friedmann background. Sunyaev and
Zeldovich (1970b) argue that a value x=10"*% is com-
patible with all the evidence.

Doroshkevich et al. (1974 and earlier references cited
therein) (DSZ) have developed a theory of galaxy
formation which starts with adiabatic (acoustic) fluctua-
tions of this form. These fluctuations come within the
horizon with amplitude ~ %, and start oscillating when
they fall below the Jeans mass. In this scenario, however,
the fluctuations on scales up to Mp~10'3*-10"° M
are damped out, due to photon viscosity and thermal
conductivity (Silk, 1968; Weinberg, 1971; DSZ). DSZ
show that clusters of galaxies with mass M, can
form in this way. They then propose that galaxies form
later, via cooling and fragmentation processes within
clusters. Peebles’ work strongly suggests, however,
a simple gravitation instability picture where galaxies
form first and then cluster statistically. Also, the DSZ
approach cannot readily account for field galaxies,
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and galaxies in loose groups like the local group which
have not yet completed their collapse.

Isothermal (entropy) fluctuations—i.e. fluctuations in
the baryon density at constant temperature—are not
subjeat to damping before t,... We suggest that the
data are compatible with the following scheme, which
still retains the attractive “constant curvature fluctua-
tion” feature of the DSZ hypothesis, but yields the
relatively flat power law (n= —1) which fits the data
best.

Suppose that the curvature fluctuations are attributable
to baryon inhomogeneities (i.e. isothermal or entropy
fluctuations). This would require that when a particular
scale came within the horizon at redshift =z,
(00/@)rorarL =% With Q1oTAL=0rad T Cneutrinost baryonss
and @,~ @rorar for z5z,,, 0v/0roraLocz” ! for ZP Zeq.
The associated baryon fluctuation is

(59) = (z52.9)
@/ 1.45:chi (z>z.,),

eq

27

where z,, is the redshift of equal matter and radiation
density defined in § 1, the factor of 1.45 accounting for
the neutrinos. ‘

. 0 . .

The amplitude of (-QQ) will subsequently remain con-
b

stant until recombination, except that at epochs in the

range z.,>z>Zz,, perturbations exceeding the Jeans
mass ~1017Q"2M,, will grow according to (1). The
mass of baryons encompassed with the horizon is
related to z by (see Harrison, 1973).

3
5.9% 1016 (i)

Zeq,

47 _
Myy= ?Qb(CH )= oA

Mg

(z<z,,)-

~ “eq.

(28)

For masses M <107 Q™ 2M, the density fluctuations

at t,.. would be
8o M -
(2}~ liora=sr @

When Q=0.1, this M™% law extends up to a mass
~10'° M, (comparable to the mass within the horizon
at t,,.). For Q=1, the fluctuations have the form

‘M —3
(5_9) 10|
Q/b
for 10'"Mo<M<S10*°M . (30)

10" Mg

The factor 10 in formula (30) reflects the fact that the
universe is matter-dominated for z<z,; and mass
scales > 10'7 M, which exceed the Jeans mass, undergo
growth according to (1) between the time when they
come within the horizon and t¢,.. Note however that,
even for Q=1, the M ¥ law [Eq. (29)] applies at least up
to masses corresponding to the largest observed
clusters.

Using (30), together with the results of our earlier
discussion of the growth of gravitational instabilities
after ¢, we find that in the linear regime (&(r) S 1).

503x10°%2r~2  (Q=1)
240x10%%%r"2  (2=0.1),

where r is measured in Mpc. Normalising to the ob-
servations, which give £(r)=1 at 10.9 Mpc

_{154x107%  (@=1)
T 1223x107*  (@=0.1).

[Recall, however, that even though (32) yields the best
fit there is actually a factor 2 uncertainty in the data.]
Note also that, if the periodical fluctuations have
adiabatic and isothermal components of comparable
amplitude, we would obtain an extra contribution to
&(r) on scales corresponding to M > M,

With » thus normalised, the entire &(r) curve can be
constructed in the manner described in § 2.

0= { G1)

(32)

6. General Implications and Discussion

The scheme proposed in § 5 is merely one among various
possibilities that can be envisaged which might yield
an acceptable spectrum of baryon inhomogeneities.
As one such alternative, we note that a theory which
predicted scale-independent velocity perturbations?) at

t,.c would be equally acceptable, since by a time ~2t,,.

these would generate density perturbations with
L

@ oC ﬁ oC % oC M -3 .

0 r

The Fluctuation Spectrum on Other Scales

. . o d
On scales 210'*M, the main constraints on (?Q)
b
come from the remarkable isotropy of the microwave

background (Sunyaev and Zeldovich, 1970a), which
sets upper limits on the velocity and gravitational
potential fluctuations at the “last scattering surface”,
and on our Galaxy’s peculiar velocity. These limits
would rule out a n=—1 spectrum that extended up
to the scale of the present Hubble radius. However our
hypothesis of “isothermal curvature fluctuations” natu-
rally [see Eq. (27)] gives a transition from n=—1 to
n=1 for masses 210'7Q"2M, which do not come
within the horizon until the universe is matter-

. . T
dominated (z<z,). It would predict 57 ~107* on

corresponding angular scales (>2° if Q=1 and >6° if
Q2=0.1), provided that the last scattering surface is at

2) Although primordial vorticity is damped by photon viscosity
before t,.., the minimum mass scale at which a power law spectrum
can survive is substantially lower than for adiabatic (acoustic) per-
turbations (Ozernoi, 1974 and earlier references cited therein). If this
spectrum could extend down into the scale appropriate to individual
galactic masses it would not be vulnerable to the same criticism
as the DSZ scheme. Indeed scale-independent velocity perturbations
with dv~10"*c would be expected at t,., for undamped adiabatic
fluctuations with %~ 10"
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z= 1000. It is therefore fully compatible with the present
limits on microwave background isotropy.

If the spectrum of the baryon inhomogeneities retains
a slope corresponding to n<1 (ie. flatter than M~%)
up to large scales, then the energy perturbations
associated with the inhomogeneities diverge (Fall, 1975;
Peebles, private communication). The energy associated
with scales for which ¢, <2¢t, [i.e. for which &(r)2 4.5
(2=1), or &r)=230 (2=0.1)] shows up as velocity
dispersion of galaxies; on larger scales it shows up
as a local shear and deviation from the Hubble flow.
Constraints based on these considerations are at the
moment less stringent than those derived from the
microwave background.

Turning now to small scales, our hypothesis § 5 (and,
indeed, most alternative schemes as well) implies that

1] . .

(—5—) at t,.. attains order unity on small scales. In our
b

case this happens for a baryon mass ~10° M. Indeed

we could envisage the whole process of galaxy formation

and clustering as resulting from the agglomeration of

gas clouds of this mass, which is just below the Jeans

mass after f,,. (cf. Peebles and Dicke, 1968).

It is not obvious how the spectrum should be extended
to still smaller scales—one possibility is that there may
before t, have been regions on scales <10°M
with negative baryon number (i.e. predominantly
antimatter). Extrapolating still further down in scale,
we note Zeldovich’s (1972) proposal that the entropy
(or number of photons) per baryon may—subject to
certain assumptions about the equation of state at
supernuclear densities—be attributed to dissipation of
very small scale curvature fluctuations if x=~10"%
One could no doubt speculate on other conceivable
physical relationships between these two important
cosmological numbers, N, and x, whose apparent
values are ~10® and ~ 10™# respectively.

One interesting idea is to note that the curvature fluctua-
tions (adiabatic and/or isothermal) are to be of order x
for all scales as they come within the horizon, and to
consider the important scale in the very early universe
where there is just one excess baryon within the horizon.
At this time the number of particles with the horizon
" (baryons, anti-baryons, photons, etc.) will be order N,.
This is true regardless of the number of species of
baryons because each baryon anti-baryon pair later
annihilates to form a pair of photons and the total
number of photons associated with each excess baryon
is N, today. With N,~ 10® particles within the horizon
statistical fluctuations lead to density and curvature
fluctuations on the scale of the horizon of order x=
(der/er)~N, $x107% In this picture the uniformity
of the universe x is related directly to its specific entropy
N, which is a measure of the dissipation occurring in
the very early phases. The more damping and dissipa-
tion that occurs the higher N, will be and the more
uniform the universe will become, a situation that seems
physically quite plausible. '

Dissipative Processes after t

rec

In §§ 2 and 3 we assumed (a) that non-gravitational
forces can be neglected between ¢, and the time when
the density enhancements have entered the non-linear
regime; and (b) that the covariance and multiplicity
functions are not affected by subsequent relaxation or
dissipation. "

If there is sufficient residual ionization of the primordial
plasma after ., radiative drag, inhibiting the operation
of gravitational instability, would generally act pre-
ferentially on the small scales. This type of process
would make the observations compatible with a steeper
(i.e. n> —1) initial spectrum than we have deduced
[though it would generate an even worse fit to the
luminosity function of galaxies (§ 4)]. On the other hand,
dissipative processes (e.g. dynamical friction) or two
body relaxation occurring after the perturbations have
attained non-linear amplitude would modify our con-
conclusions in the opposite direction. Such processes
would operate best in the densest regions, tending
to steepen &(r). Thus an even flatter initial spectrum
would have to be postulated in order to compensate
for this trend. Two other important effects are the
following: (i) Violent relaxation could destroy the
hierarchy of clustering in the virialised regime [Eq. (9)],
thus flattening the &(r) curve; (i) the degree of con-
densation within individual clusters would affect &(r).
However Peebles and Groth’s 3-point correlation
function data suggest, perhaps surprisingly, that this
latter effect may be unimportant.

The Evidence on Q

The observed form of &(r) is at least as consistent with -
Q=01 as with Q=1. Indeed the line of argument
discussed in this paper provides some reasons for
Savouring the lower density (Q=0.1) model.

The particular interpretation given in § 5 for the M~*
(n= —1) fluctuation spectrum has a consequence which
would raise problems for the Q=1 model, because it
predicts a “spike” in £(r) at the radius ~ 50 Mpc corre-
sponding to a mass ~ 107 M, [see Eq. (30) and Fig. 2].
Becaused the observed quantity is a surface distribution
w(r), a spike in &(r) will propagate to smaller scales owing
to projection effects, flattening the w(r) curve. Peebles’
data go out to ~60Mpc and should have revealed
any such feature. We recall that this spike is not
predicted to occur if 250.145, because gravitational
instability cannot then commence until ¢,.. This type
of spike should have a discernable effect on the co-
variance function. Such a feature would naturally be
expected in an Q=1 model for any initial power law
spectrum, and regardless of whether the fluctuations are
isothermal or adiabatic. This is because the Jeans mass
remains constant (at ~10'7Q~2M) between t,, and
t.ec» SO perturbations just above this mass are boosted by

. Z . -
an extra factor ~ —2 as compared with those just below

Zrec
(cf. Peebles and Yu, 1970).
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Even though we would argue that Q=0.1 seens more
acceptable than Q=1, note that a very low density
model with 2<50.01 can be ruled out [from (3)], unless
we are prepared to regard the present clustering prop-

erties of galaxies as having been “frozen in” as part of

the initial conditions.

7. Conclusions

We have discussed various consequences of the hypo-
thesis that the presently observed gravitationally bound
systems in the universe have evolved from small
amplitude fluctuations at ¢, whose spectrum obeys a
power law over the relevant scales. This hypothesis
has been advocated by Peebles on the basis of his
analysis of the covariance function of galaxies. Our
main conclusions are the following:

(1) The covariance function data in fact indicate an
initial spectrum which is rather flatter than the “white
noise” spectrum advocated by- Peebles [ie n<—1
in (8), rather than n=0]. This is because the data on
&(r) largely pertain to scales whose associated “collapse
time” ¢, is too long for a proper virial equilibrium to
have been set up, and in this regime the £(r) curve is
expected to be steeper, for a given n, than would be
expected on the basis of (9).

(i) Recent analysis of the multlphclty function for
groups and clusters also support a power law spectrum
withng —1.

(iii) If the inferred fluctuation spectrum extends down-
ward in scale into the range of individual galactic
masses, then the observed galactic luminosity function
can perhaps be understood subject to one additional
hypothesis: that some dissipative process comes into
play for systems whose collapse time is below some
critical value ¢~ 10° yrs. The best fit is obtained with
n=1.5, but the luminosity function can be reconciled
with n~ —1 if one adopts the hypothesis that the critical
collapse time is itself a slowly decreasing function of
mass—as would be the case if a higher density were
required to ensure efficient dissipation in more massive
protogalaxies.

(iv) If the spectrum at ¢, really is a power law, it could
not originate from primordial “adiabatic” curvature
fluctuations, since the relevant scales would have been
attenuated by viscous damping before ¢,... Isothermal
fluctuations do not, however, get damped in this
fashion. Curvature fluctuations of scale-independent
amplitude %~ 10~%, where the fluctuations arise from a
non-uniform baryon distribution, have the required
properties.

(v) The data seem to fit rather better with an Q=0.1
model than with the Q=1 (Einstein-de Sitter) case,
since the covariance function data show no pronounced
spike at ~ 50 Mpc and because the masses of galaxies
are predicted somewhat better in the 2=0.1 model.

However fitting a single smooth power law with y=1.77
over the entire range poses a problem for either model.
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