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FORMATION OF GALAXIES

Alexander 5. SZALAY
Institute for Theoretical Physics, University of California, Santa Barbara

CA, and Astrophysics Group, Fermi National Accelerator Laboratery, P.0. Box
500, Batavia, IL U.S.A,

The present theories of galaxy formation are reviewed. The relation between
peculiar velocities and the correlation function of galaxies points to the
possibility that galaxies do not form uniformly everywhere. Scale invariant
properties of the cluster-cluster correlations are discussed. Comparing the
correlation functions in a dimensicnless way, galaxles appear to be stronger
clustered, in contrast with the comparison of the dimensicnal amplitudes of
the correlation functions. Thecretical implications of several observaticons
as Lyman-o clouds, correlations of faint galaxies are discussed. None of
the present theories of galaxy formation can account for all facts in a
nacural way.
1. INITIAL CONDITIONS

The universe contains z wide dynamic range of objects: from stars (1 Mo) all
the way to superclusters (1OT6MO). A major question that we are unable to
answer yet is whether the formation of structure has started with smaller
masses clustering on ever larger scalesw, or whether extremely large structures
formed first, then subsequently fragmented into smaller ones.? If we knew the
precise initial conditions then the present structure of the universs could be
derived by applying the laws of physies., Let us summarize, what has to be
known about the initial conditions for this ambitious project.

The fluctuations are likely to be adiabatic, since the specific entropy of
the universe, Ng/ny is tied to microscopic parameters of particle physics. In
the inflationary theories quantum fluctuations arise in a natural way.
However, the necessary amplitude seems to require rather special prescriptions
for the effective potential.3 The initial perturbations are expected to be
scale free, therefore their Fourier amplitude depending on the wavenumber k can
De well described by a power law, 6i = k™, If the spectral index Is n=1, the

amplitude of the different perturbations is the same when their wavelength



aquals the horizon size. This 'double scale-invariant' is called the Zeldovich
spectrum, and is known to arise in inflationary scenar‘ios.u There are severe
constraints on the fluctuation emplitudes, If the fluctuations were adiabatic,
the perturbations of the metrics generate fluctuations in the temperature of
the microwave background. On small angular scales (4.5 arc min) these limits
are extremely small5:
5 T/T < 2.9 x 1072

The standard growth rate of fluctuations in a flat universs Is {1+Z)_1. The
H-He plasma becomes gravitationally unstable only after recombination, at
Z % 1000, At this point the density and temperature fluctuaticns are similar,
38T/T=dp/p. This does not leave enough margin for fluctuation growth, the
fluctuations cannot reach the nonlinear stage our universe seems to be 1In
today. Present calculations confir‘m6'7 that 1f the universe 1s baryon
dominated, eonly prohibitively high initial fluctuation amplitudes can result In
the formation of galaxies. If the universe 1is dominated by some form of
collisiconless dark matter, the dark matter fluctuations are unaffected by
pressure, therefcre grow even before recombination. After recombination these
curvature perturbations caused by the dark matter will accelerate fluctuation
growth in the baryons, so the 8T/T constraints are less stringent.

Though the initial spectrum is a power law, by the time it becomes nonlinear
it will be considerably modified. When the universe is radiation-dominated,
Tluctuations within the horizon have a minimal increaseg, whereas the ones
cutside the horizon grow. This effect will bend the slepe of the spectrum from

nto n 4

for wavenumbers nigher than keq, corresponding toc the size of the
horizon when the matter and radiation energy densities were equal. The
presence of the collisionless dark matter results in distortions of a different
kind: the free motion of particles erases structures smaller than the free

9,10,11,12 The mass scale of this collisionless damping process

streaming scale,
can be expressed in terms of the mass and entropy of the particles the dark

matter consists of,



M- 3g72
‘x 2.2 mp mX

In the ¢ase of neutrinos this mass takes the value of Mvm = 3.2 x 1015 m352 Mo’

351 Mpe. Depending on  what

the 'temperature'’ of the dark matter is, this damping scale can change from the

corresponding to the comoving length scale Avm=u1 m

above 41 Mpe to extremely small values. The neutrinos are ‘'hot' particles,
since their average momentum 1is close to that of the background radiation

photens. Most other candidates for the dark matter like axions and photines -

yet undiscovered - would have decoupled much before the neutrinos, having a
lower entropy or temperature, so they are called 'cold'. They hardly move at
all, their damping scale 1s negligible. Intermediate candidates, llke a

gravitino of 1 keV mass would be 'warm'.

A major underlying assumption in calculating most consequences of a given
fluctuation spectrum 1is that the phases of the individual Fourier components
are random, 1i.e. the perturbations are a random Gaussian process. One can
envisage scenarios, where this will not be the case, like perturbations
originating from strings.13 For a given spectrum combined with the assumption
of random phases one can calculate the distribution of mass [luctuations,
density of local peaks, density profiles around local peaks, the distribution
of peaks of a given size, etc.

The expansion of the universe is characterized by &=p/p the density

crit?
parameter, i, the Hubble constant, Ay, the cosmological constant. A;=0 and
=1 corresponds to the flat wuniverse, which appears to be necessary for
inflation. AO is generally assumed to be negligible. However, (=1 and
HO=50 km/s. Mpe with A0=O imply uncomfortably low values for the present age of
the universe, Calculations of the primeordial uHe and D + 3He abundance
indicate1“, that the baryon density of the universe at the time of primerdial
nucleosynthesis lies iIn the range of 0.01 < QB < 0.1. This suggests that if
baryons dominate the mass density then the universe is open by a large margin.

Fluctuation groewth also depends on the density of the universe. If <1,

the growth of operturbations effectively stops at the redshift 7 = 9"1. The
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detailed predicticns of &T/T are below the current limits if the dark matter

consists of neutrinos with about 30 eV mass, but restrict @ Iif the cold

~4/3

particles dominate the universe.6'7 £ 2 0.2 x h‘u/B = 0,5 x h50

(h=Ho/1OO km/s.Mpe and h5O=HO/50 km/s.Mpe, dimensionless). In deriving this
limit 1t was assumed that galaxies follow the mass distribution: the amplitude
of the [luctuations today was normalized to 63, the integral of the

galaxy~-galaxy correlaticn function £(rj.

2. NONLINEAR STRUCTURE

Here we would like to discuss the expected structure of the universe if the
dark matter 1s either not, warm or ¢old. Once the first mass scale in a
spectrum with a large damping cutcff (hot) reaches nonlinearity, particle
trajectories cease expanding away from each other and converge, resulting in
the temporary formation of caustics. The density becomes very high and a flat
'pancake' is formed.” At first they arise at isolated spots where the initial
velocity perturbations had the largest gradient. Soon  these regions grow,
turning into hugs surfaces which intersect, forming the walls of a
cell-structure which is itself gravitationally unstable.

In this nonlinear phase mode-mode c¢oupling among Fourier components sends
power te  short wavelengths, and correlates the phases even though the initial
fluctuation spectrum may have had random ones. The methods of catastrophe
theory were applied15 to anélyze structure that develops in such potential

motion. It was found that the two dimensional pancakes are only ,the lowest

order singularities; other singular topological structures should also appear.
String-like features are one example, and they can be seen in the N-body
simulations,

When the intersection of trajectories takes place, gas pressure builds up,
the velocity of the collapsing gas exceeds the sound speed and a shock wave 1is

formed.® The gas is shock-heated up to keV temperatures and cools by emitting

radiation oveéer a broad spectrum. Recentlv several authorsiG have nalrunlated



the cooling of collapsing neutrino-baryon pancakes, the details of which are
considerably different from those in a pure baryon pancake17: the baryocn
density 1is lower, infall velocities are higher, thus the cooling rate is much
slower. It is evident that the fraction that ecan cool significantly 1is a
sensitive function of the mass of the collapsing region. This cooling is
necessary, since only cold gas 1s able to form the seeds of galaxies, 3o the
local column density modulates the rate of galaxy formation.

The UV and soft X-ray emission can photolonize the intergalactic medium,
making galaxy fermation in regicns that have nct yet formed pancakes more
aifficult, which would accentuzate the contrast in galaxy density between the
string and pancakes vs. volds, even though the density contrast may be only
3=10.

If the dark metter is warm, it will still form pancakes, though of galactic

size, There the «cooling s much more efficient18, those timescales will

determine the fate of each object. If the dark matter is cold, the spectrum

K325

o is substantially different from the nhot and warm case., It has no peak

2t all, but it is slowly increasing towards the smallest scales. These small
scales will collapse first, but later the larger systems are also goling
nonlinear, forming a clustering hierarchy. Due to the complicated nature of
tnese many-body Iinteractions only numerical N-body simulations are able to

follow the evolution of such systems,

3. N-BCDY SIMULATIONS AND GALAXY CORRELATIONS

If we knew all the parameters listed above, it would be relatively easy to
calculate the evolution o¢f the universe. Only gravitational forces act on
collisicnless dark matter so one can numerically solve the transport equations,
even in the nonlinear regime. This has indeed been done, as we discuss here,
Given the initial conditions, these numerical experiments will tell us the mass
distribution in the universe. One can hope, that the structure obtained this

wav will resemble the real universe., i.e. galaxies trace the mass distribution.
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Starting from the above mentioned initial conditions extensive N-body
simulations consisting of more than 32000 particles19’20 were made. These
projects all used some version of a particle/mesh Fourier code, 643 in size.
The calculations were started, when §p/p was about 0.2, and the approximate

2

Zeldovich sclution® corresponding to the growing mode of perturbations was used

to determine initial positions and velocities, then the trajectories of the
particles were integrated. The free parameters of the calculations are Q, HO
and the initial amplitude of the fluctuations. For a given & one can use
conservative limits for the age of the universe to obtain a value of HO, If
=1, then to > 12 Gy requires HO < 54 km/s.Mpc.

The initial amplitude can be defined in different WAYS, For simulations
with hot dark matter, neutrinos, the spoch of galaxy formation, ZGF was defined
as the redshift when 1 percent of all particles have gone through a 'caustic'.
Unless ZGF = 0.4, the correlation function disagrees with that of the galaxies.
For cold dark matter the initial amplitude is determined in a different way.
Due tc the growth of nonlinearity, E(r) is rapidly increasing both in sicpe and
amplitude, just like for hot dark matter. One can define 'today' when the

correlation function of the particles most resembles that of the galaxies,

i.e. a power law with a slope -1.8.

-1.8

elr) = (r/ry)

However, at this point the amplitude is too small, One «c¢an resolve this

difficulty by choosing HO = 22km/s.Mpc, but this is hardly the way out.

There is one more difficulty: the random veloccity dispersion of galaxies is

well knownET:

<vT22>1/2 ~ 300-400Km/S.

In the neutrinc simulations, if ZGF > 1 the corresponding velocity dispersions

are In the 1200 km/s range, clearly too high. In linear perturbation theory
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(T+ZGF) » 50 either @ << 1, forbidden by the AT/T constraints, or
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For cold dark matter =2 similar problem exists, but the high velocities arise
from small scale nonlinearities; and since a low & model is ruled out, the only
remaining possibility is to have

£(0) = |8p/o|®
fairly small. Then we are Iin an even sharper contradiction with the observed
galaxy autccorrelation.

On the cother hand, the galaxies consist mostly of barycnic gas capable of
emitting and absorbing radiation. These dissipative processes, strongly
density and temperature dependent, c¢cur at a different rate at different
places.18 All these effects, combined with possible shock waves due to the
finite pressure in the H-He gas, may have an 1important role in determining
where galaxies form. As a result, the galaxies may not follow the light at
all, so0 the mass autcecorrelation shculd not be compared to the galaxy
autocorrelation. Galaxy formation, as leng as 1t 1Is a random process,
initiated by gravitationzl infall will be likely to start at the regions of
nighest densities. One can therefore assoclate the particles in these regions
with galaxies. This 'biasing' of galaxy formation towards these high densitlies
is a heuristic procedure, but probably a fair approximation to what really
happens. The detailed numerical procedure Davis et. al. used to select these
"biased' particles in the cold dark matter mcdels involved a smoothing of the
densities before the actual selection was made. The physical explanation of
where the threshold of the selection should be 1s much less clear, it can only
be adjusted to the observed number density of galaxies. This 'biasing' process
will enhance the cerrelations, without the large peculiar velocities, This
enhancement makes the cold particles actually work, as far as the agreement
with Eg is concerned.

In all these simulations the correlation function of the mass 1is evolving
rather rapidly both in slope and amplitude. Comparing the correlation
functions today to that at the redshift 0.5 one can see significant evolution

even over that small redshift range. From angular correlations w(o) of verwv



faint J=24 galaxies limits were cobtained by Koo and Szalay25 now £ behaves at
that redshift, and these limits are incompatible with the results of the
simulations. Since & for the 'biased' galaxies is much more stable, the data
do not rule out biased galaxy formation.

In the neutrino dominated universe the particles which have crossed the
caustics at any given time are the cnes asscociated with 'galaxies'. This
selection also dramatically increases the correlation, making the model
incompatible with observations. The particles selected this way contain all
the regions, where galaxies may form, but not all theses particles need be
galaxies. Most of the c¢ontribution to the small scale correlation is coming
from the regions where tight clumps are. If the rate of galaxy formation could

be biased against those regions, the correlation could be somewhat decreased.

4. OBSERVATIONS OF THE LARGE SCALE STRUCTURE

Redshift surveys, filaments and voids

Redshift surveys seem to be the best way to determine the real distribution
of galaxies in 3 dimensions. The first such surveys caused a lot of
excltement, because they indicated, that galaxies are not uniformly distributed
over space, but rather they ccecupy a few percent of the available volume. They
are often Tound in long chain-like filaments, like the Perseus Supercluster,
They leave behind large voids, like the 60 Mpc diameter one in Bootes. Such
structures can easily arise in the neutrino dominated picture, but they are
hard toc form with cold dark matter. Presently there is not enough data to
assess the statistical significance of the presence of the voids,

Cluster-cluster correlations

It has been known for some time, that Abell clusters have a similar
correlation funetion, but much larger correlation length, than galaxies d026.
It was realized only recently, how hard it is to explain this feature. The

28

theory of rare Gaussian eventsET, higher order correlation functions are

recent attempts at explanation.



However, the cluster correlation data have a peculiar property. The richer
{thus rarer) clusters have an even higher correlation amplitude. <Clusters are
defined as the peaks of a given height in the galaxy distribution. The centers
of these peaks are selected as the new point catalog, and the correlation is
calculated. This selection resembles a renormalization transformation.
Whenever systems of different physical dimensions are compared, it is
preferential to use dimensionless quantities. The correlation function 1is
dimensional, related to a length scale. The only natural length that appears
in these point-catalogs is the mean separation, determined by.the density. The
value of the correlaticn function at this distance (i.e., expressing distance in
units of the mean separation) is thus dimensionless. The surprising thing is,
that this dimensionless number for the cluster data is 0.35, while for galaxies
it is 1.1, Compared in this way galaxies are stronger clustered than the Abell
clusters are.

If the bias to galaxy formation occurred in a scale-invariant way (at least
oh scales from a few Mpe and up), one would expect, that all dimensionless
correlation amplitudes are equal. The slope of the correlation function would
be related to the geometry of the pattern, essentially to its fractional (or
'fractal’) dimension., Small scale gravitational clustering may break the scale
invariance, and increase the dimensionless galaxy correlation amplitude, in

agreement with the data. A detailed analysis will be published elsewhere.29

5. LY-a ABSORPTION SYSTEMS
In the spectra of high redshift Q80's many Ly-o absorption systems were
found23. The typical characteristics of this Ly a-forest are narrow

(10-40 km/s) absorption lines with typical neutral H column densities of

NHI = 1013—1& cm‘2. The line width sets an upper limit tc the temperature of

the clouas, T q < 30000 K. The neutral H number density in the clouds is

clou

sbout 1073°27%5 apout a 10 times overdensity at those redshifts. There are

about 40 clouds in a unit redshift interval. hetween redshifts 2 and 2. This



corresponds  to a mean separation along the line of sight to more than 100 Mpe,
but this is <n R? ﬂ_1, the mean free path, not the real mean separation
<> 13, The cloud sizes are about 10-30 kpc,214 which tells us that the
comoving number density of clouds has to be 100 to 100C times higher than that

of bright galaxies. These clouds appear to be unclustered,

£ <0 gg.

clouds
If the universe Is dominated by cold dark matter, this provides another c¢lue,
that we need 'biased' galaxy formation, If galaxies, when formed, were evenly
distributed just as the Ly a clouds are, and their present correlation is due
to their gravitaticnal motion, one would expect the same correlation for the
clouds. The c¢louds could not be destroyed sufficiently when near to a galaxy
to explain the lack of correlations. If the galaxies are clustered anomalously
10 times stronger, then the clouds have just the ordinary c¢lustering properties
of the mass.

If the universe is neutrino-dominated, the hot gas Iin the pancakes has
extremely high temperature and pressure, so the clouds cannot exist in those
regicns, the external pressure would compress them. The only place, where they
could survive, would be in the voids. This would explain their low
correlation, but 1t seems to be extremely difficult tc regenerate the required
small scale fluctuations within the voids.

The formation process of the Ly a clouds is still not clear, and the major
uncertainty 1is the state of the intergalactic medium, its temperature and
density. It can be shock heated, but then the release of the energy driving
the shocks must bLe associated with explesions related to galaxy formation
processes. It is not easy to see, why the correlations of Ly a ¢louds are so
much weaker than the galaxy correlations in this case. The IGM can be
photolonized, but in the latter case the scurce of the necessary photons Iis

somewhat unclear.
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6. CONCLUSION

All the present theories of galaxy formation fail to explain the observed
universe in 1ts full complication. The recent experimental development cn the
microwave background fluctuations provides the strongest constraints on the
present theorles yet. The details of the galaxy correlation properties are a
new challenge, indicating that galaxies are unlikely to be tracers of the mass
distribution, The particular prccess which will create a local 'biasing' of
galaxy formation will be likely to be related to details of cooling and gas
dynamics. The correlations of clusters of galaxies suggest, that whatever is
the scurce of 'blasing', it is likely to be scale invariant over large scales.
The origin and clustering properties of Ly a clouds are related to the

formaticn of galaxies, and this relation needs further study.
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