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Abstract. Several issues related to the gravitational clustering of collision-
less dark matter in an expanding universe is discussed. The discussion is
pedagogical but the emphasis is on semianalytic methods and open ques-
tions — rather than on well established results.

1. Mathematical description of gravitational clustering

The gravitational clustering of a system of collisionless point particles in an
expanding universe poses several challenging theoretical questions. Though
the problem can be tackled in a ‘practical’ manner using high resolution
numerical simulations, such an approach hides the physical principles which
govern the behaviour of the system. To understand the physics, it is neces-
sary that we attack the problem from several directions using analytic and
semianalytic methods. These lectures will describe such attempts and will
emphasise the semianalytic approach and outstanding issues, rather than
more well established results. In the same spirit, I have concentrated on the
study of dark matter and have not discussed the baryonic physics.

The standard paradigm for the description of the observed universe pro-
ceeds in two steps: We model the universe as made of a uniform smooth
background with inhomogeneities like galaxies etc. superimposed on it.
When the distribution of matter is averaged over very large scales (say,
over 200 h~'Mpc) the universe is expected to be described, reasonably
accurately, by the Friedmann model. The problem then reduces to under-
standing the formation of small scale structures in this, specified Friedman
background. If we now further assume that, at some time in the past, there
were small deviations from homogeneity in the universe then these devia-
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tions can grow due to gravitational instability over a period of time and,
eventually, form galaxies, clusters etc.

The study of structure formation therefore reduces to the study of the
growth of inhomogeneities in an otherwise smooth universe. This — in turn
— can be divided into two parts: As long as these inhomogeneities are small,
their growth can be studied by the linear perturbation around a background
Friedmann universe. Once the deviations from the smooth universe become
large, linear theory fails and we have to use other techniques to understand
the nonlinear evolution. [More details regarding structure formation can be
found e.g. in Padmanabhan, 1993; 1996]

It should be noted that this approach assumes the existence of small
inhomogeneities at some initial time. To be considered complete, the cos-
mological model should also produce these initial inhomogeneities by some
viable physical mechanism. We shall not discuss such mechanisms in these
lectures and will merely postulate their existence. There is also a tacit
assumption that averaging the matter density and solving the Einstein’s
equations with the smooth density distribution, will lead to results com-
parable to those obtained by averaging the exact solution obtained with
inhomogeneities. Since the latter is not known with any degree of confi-
dence for a realistic universe there is no straightforward way of checking
this assumption theoretically. [It is actually possible to provide counter ex-
amples to this conjecture in specific contexts; see Padmanabhan, 1987] If
this assumption is wrong there could be an effective correction term to the
source distribution on the right hand side of Einstein’s equation arising
from the averaging of the energy density distribution. It is assumed that
no such correction exists and the universe at large can be indeed described
by a Friedmann model.

The above paradigm motivates us to study the growth of perturbations
around the Friedmann model. Consider a perturbation of the metric goa(x)
and the stress-tensor Tpg into the form (gag+06gaps) and (Tag+6T,a), Where
the set (gag,Tag) corresponds to the smooth background universe, while
the set (6gap,8Tng) denotes the perturbation. Assuming the latter to be
‘small’ in some suitable manner, we can linearize Einstein’s equations to
obtain a second-order differential equation of the form

£(9ap)89ap = 5Tap (1)

where £ is a linear differential operator depending on the background space-
time. Since this is a linear equation, it is convenient to expand the solution
in terms of some appropriate mode functions. For the sake of simplicity, let
us consider the spatially flat (2 = 1) universe. The mode functions could
then be taken as plane waves and by Fourier transforming the spatial vari-
ables we can obtain a set of separate equations L(x)6gk) = 6T(x) for each
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mode, labeled by a wave vector k. Here ﬁk is a linear second order differ-
ential operator in time. Solving this set of ordinary differential equations,
with given initial conditions, we can determine the evolution of each mode
separately. [Similar procedure, of course, works for the case with Q # 1.
In this case, the mode functions will be more complicated than the plane
waves; but, with a suitable choice of orthonormal functions, we can obtain
a similar set of equations]. This solves the problem of linear gravitational
clustering completely.

There is, however, one major conceptual difficulty in interpreting the
results of this program. In general relativity, the form (and numerical value)
of the metric coefficients gag (or the stress-tensor components T,g) can
be changed by a relabeling of coordinates z* — z®/. By such a trivial
change we can make a small 6T, g large or even generate a component
which was originally absent. Thus the perturbations may grow at different
rates — or even decay — when we relabel coordinates. It is necessary to
tackle this ambiguity before we can meaningfully talk about the growth of
inhomogeneities.

There are two different approaches to handling such difficulties in gen-
eral relativity. The first method is to resolve the problem by force: We
may choose a particular coordinate system and compute everything in that
coordinate system. If the coordinate system is physically well motivated,
then the quantities computed in that system can be interpreted easily;
for example, we will treat §T3 to be the perturbed mass (energy) density
even though it is coordinate dependent. The difficulty with this method is
that one cannot fix the gauge completely by simple physical arguments; the
residual gauge ambiguities do create some problems.

The second approach is to construct quantities — linear combinations of
various perturbed physical variables — which are scalars under coordinate
transformations. [see eg. the contribution by Brandenberger to this vol-
ume and references cited therein| Einstein’s equations are then rewritten
as equations for these gauge invariant quantities. This approach, of course,
is manifestly gauge invariant from start to finish. However, it is more com-
plicated than the first one; besides, the gauge invariant objects do not, in
general, possess any simple physical interpretation. In these lectures, we
shall be mainly concerned with the first approach.

Since the gauge ambiguity is a purely general relativistic effect, it is
necessary to determine when such effects are significant. The effects due to
the curvature of space-time will be important at length scales bigger than
(or comparable to) the Hubble radius, defined as dg(t) = (a/a)~". Writing
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the Friedmann equation as

Z—Z:Hg [QR (a0)4+QNR (%0)3+Qv+(1—9) (2—0)2] (2)

a

where Qgr, Qng, Qv and € represent the density parameters for relativistic
matter (with pr = (1/3)pr; pr o a=*), non relativistic matter with pyr =
0; pvr o a~3), cosmological constant (py = —py; pv = constant) and total
energy density (2 = Qgr + Qnr + Qv), respectively, it follows that

~1/2

drr(2) = Hy* [Qr(1+2)* + Qnr(1+2)° + (1 - Q)1 +2)* + Qv]
(3)

This has the limiting forms

dn(e) = | HEOR 21427 (2> 2o) @)
HO_IQI?IIIX/z(]' + Z)_3/2 (zeq > 2 > Zeurv, QV = 0)

during radiation dominated and matter dominated epochs where

QNR 1
(1 + zeq) = QR 3 (1 + zcurv) S5 QNR_ -1 (5)

(The universe is radiation dominated for z >> z¢q and makes the transition
to matter dominated phase at z ~ zeq. It becomes ‘curvature dominated’
sometime in the past, for z < 2cury, if Onr < 0.5. We have set Qy = 0
for simplicity).The physical wave length Ao, characterizing a perturbation
of size Ao today, will evolve as )\(z) = Xo(l + 2)7! t. Since dy increases
faster with redshift, (as (1 + 2z)7/2? in matter dominated phase and as
(1 + z)~2 in the radiation dominated phase) A(z) > dp(z) at sufficiently
large redshifts. For a given Ao we can assign a particular redshift zepter at
which A(Zenter) = dH (Zenter). FOr 2 > Zenter, the proper wavelength is bigger
than the Hubble radius and general relativistic effects are important; while
for 2 < Zenter We have A < dy and one can ignore the effects of general
relativity. It is conventional to say that the scale Ao “enters the Hubble
radius” at the epoch 2epter-

The exact relation between Ao and zepter differs in the case of radiation
dominated and matter dominated phases since dg(2) has different scalings
in these two cases. Using equation (4) it is easy to verify that: (i) A scale

)\eq = (%) (Q}{z/QNR) & l4MpC(QNRh2)_1 (6)
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enters the Hubble radius at z = zeq. (ii) Scales with A > A.q enter the
Hubble radius in the matter dominated epoch with

~ 2\ _L)_z
Zenter = 900 (QNRh ) (100 MpC k (7)

(iii) Scales with A < A¢q enter the Hubble radius in the radiation dominated
epoch with
Zenter = 4,55 x 10 (m) ' (8)
One can characterize the wavelength A of the perturbation more mean-
ingfully as follows: As the universe expands, the wavelength A grows as
A(t) = Xo[a(t)/ag] and the density of non-relativistic matter decreases as
p(t) = polao/a(t)]®. Hence the mass of nonrelativistic matter, M(Xo) con-
tained inside a sphere of radius (A/2) remains constant at:

This relation shows that a comoving scale Ag &~ 1 Mpc contains a typical
galaxy mass and Ao &~ 10 Mpc contains a typical cluster mass. From (8), we
see that all these — astrophysically interesting — scales enter the Hubble
radius in radiation dominated epoch.

This feature suggests the following strategy for studying the gravita-
tional clustering. At z 3> Zenter (for any given )Xg), the perturbations need
to be studied using general relativistic, linear perturbation theory. For
2 & Zenters general relativistic effects are ignorable and the problem of
gravitational clustering can be studied using newtonian gravity in proper
coordinates. Observations indicate that the perturbations are only of the
order of (10~4 - 10_5) at 2z ~ Zenter for all Ag. Hence the nonlinear epochs
of gravitational clustering occur only in the regime of newtonian gravity. In
fact the only role of general relativity in this formalism is to evolve the ini-
tial perturbations upto z < Zenter, after which newtonian gravity can take
over. Also note that, in the nonrelativistic regime (z < Zenter;A S d),
there exists a natural choice of coordinates in which newtonian gravity is
applicable. Hence, all the physical quantities can be unambiguously defined
in this context.

2. Linear growth in the general relativistic regime

Let us start by analysing the growth of the perturbations when the proper
wavelength of the mode is larger than the Hubble radius. Since A > dy we
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cannot use newtonian perturbation theory. Nevertheless, it is easy to deter-
mine the evolution of the density perturbation by the following argument.
Consider a spherical region of radius A(>> dy ), containing energy den-
sity p1 = pp + 8p, embedded in a k = 0 Friedmann universe of density pp.
It follows from spherical symmetry that the inner region is not affected by
the matter outside; hence the inner region evolves as a k # 0 Friedmann
universe. Therefore, we can write, for the two regions:
m =5, H2+£2=%(pb+5p)- (10)
3 a 3
The change of density from p, to pp + 6p is accommodated by adding a
spatial curvature term (k/a?). If this condition is to be maintained at all
times, we must have

—bp= (11)
(12)

If (6p/pp) is small, a(t) in the right hand side will only differ slightly from
the expansion factor of the unperturbed universe. This allows one to deter-
mine how (6p/pp) scales with a for A > dp. Since pp  a™? in the radiation
dominated phase (¢ < teq) and pp ox a3 in the matter dominated phase

(t > teq) Wwe get
bp a?  (for t < teq)
(?) . {a (for t > teq)- (13)
2

Thus, the amplitude of the mode with A > dy always grows; as a® in
the radiation dominated phase and as a in the matter dominated phase.
Since no microscopic processes can operate at scales bigger than dg all
components of density (dark matter, baryons, photons), grow in the same
manner, as § « (ppa?)~! when A > dy.

A more formal way of obtaining this result is as follows: We first recall
that there is an eract equation in general relativity connecting the geodesic
acceleration g with the density and pressure:

V.g=—4rG(p + 3p) (14)

Perturbing this equation, in a medium with the equation of state p = wp,
we get

Vr - [6g] = —47G (6p + 36p) = —4nGpp (1 4 3w) 6 = a Vg - [6g] (15)

where 6§ = (6p/p) is the density contrast. Let us produce a ég by introducing
a perturbation of the proper coordinate r = a(t)x to the form r+1 =
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a(t)x[1 + €] such that 1 2 axe. The corresponding perturbed acceleration is
given by 6g = x[a€ + 2aé]. Taking the divergence of this g with respect to
X we get

Vx - [6g] = 3[aé + 2aé] = —4nGppa(l + 3w)b (16)
This perturbation also changes the proper volume by an amount
(8V/V) = (3l/r) = 3¢ (17)

If we now consider a metric perturbation of the form g;x — gir + hik, the
proper volume changes due to the change in \/—g by the amount

(6V/V) =—(n/2) (18)

where h is the trace of h;,. Comparison of the expressions for (6V/V)
suggests that, as far as the dynamics is concerned, the equation satisfied by
3¢ and that satisfied by —(h/2) will be identical. Substituting ¢ = (—h/6)
in equation (16), we get

h+2 <g) h = 87Gpp(1 + 3w)s (19)

(A more formal approach — using full machinery of general relativity —
leads to the same equation.) We next note that § and h can be related

through conservation of mass. From the equation d(pV) = —pdV we obtain
5= ip’l = (1 +w) 2 = 301+ w)e (20)
giving _
. h
§=-3¢1+w)=+(01+ w)§ (21)

Combining (19) and (21) we find the equation satisfied by & to be
8+ 2%8 = 47Gpp(1 + w)(1 + 3w)é. (22)

This is the equation satisfied by the density contrast in a medium with
equation of state p = wp.

To solve this equation, we need the background solution which deter-
mines a(t) and pp(t). When the background matter is described by the
equation of state p = wp, the background density evolves as py o a~3(1+w),
In that case, Friedmann equation (with Q = 1) leads to

1
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provided w # —1. When w = -1, a'(t) o exp(put) with a constant p. We
will consider w # —1 case first. Substituting the solution for a(t) and p(t)
into (22) we get

b+ —— — 24

T i tw) 3 (14w (24)

This equation is homogeneous in t and hence admits power law solutions.
Using an ansatz 6 « t", and solving the quadratic equation for n, we find
the two linearly independent solutions (64, 64) to be

4 6 _2(143w)$
- =

1 2 (14 3w)
5 o 17 1 _2 2
L 6do<t, n 3 (T w (25)
In the case of w = —1, a(t) x exp (ut) and the equation for & reduces to
§+2X6 =0. (26)

This has the solution 8, x exp(—2ut) « a~2. All the above solutions can
be expressed in a unified manner. By direct substitution it can be verified
that &, in all the above cases can be expressed as

1

Freh (27)

0g x
which is exactly the result obtained originally in (12). This allows us to
evolve the perturbation from an initial epoch till 2 = zepter, after which
newtonian theory can take over.

3. Gravitational clustering in Newtonian theory

Once the mode enters the Hubble radius, dark matter perturbations can be
treated by newtonian theory of gravitational clustering. Though 6 <1 at
2 5 Zenter, We shall develop the full formalism of newtonian gravity at one
go rather than do the linear perturbation theory separately.

In any region small compared to dy one can set up an unambiguous co-
ordinate system in which the proper coordinate of a particle r(t) = a(t)x(t)
satisfies the newtonian equation ¥ = —V;® where ® is the gravitational
potential. Expanding ¥ and writing ® = ®prw + ¢ where prw is due to
the smooth component and ¢ is due to the perturbations, we get

ax + 2ax + a% = —Vy®prw — Ved = —VirPrrw — @~ Vxé (28)

The first terms on both sides of the equation (4x and — V®prw) should
match since they refer to the global expansion of the background FRW
universe. Equating them individually gives the results

la , 27G

N N 1 i
—Xx=—-—V30; = = —— 2
X+ 2ax a2V ¢ PrrwW 55" 3 (p+ 3p)r (29)
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where ¢ is generated by the perturbed, newtonian, mass density through
Vi¢ = arGa®(6p) = 4nGpyas. (30)

If x;(t) is the trajectory of the ¢ —th particle, then equations for newtonian
gravitational clustering can be summarized as

2a 1
%+ Tki= - Vxdy Vg = dnGa’p (31)

where py, is the smooth background density of matter. We stress that, in the
non-relativistic limit, the perturbed potential ¢ satisfies the usual Poisson
equation.

Usually one is interested in the evolution of the density contrast & (¢,x)
rather than in the trajectories. Since the density contrast can be expressed
in terms of the trajectories of the particlés, it should be possible to write
down a differential equation for §(¢,x) based on the equations for the tra-
jectories x;(t) derived above. It is, however, somewhat easier to write down
an equation for 8y (t) which is the spatial fourier transform of 6(¢,x). To do
this, we begin with the fact that the density p(x,t) due to a set of point
particles, each of mass m, is given by

plx,t) = as% > éplx —xz(t,q)] (32)

where x;(t) is the trajectory of the ith particle. To verify the a2 normal-
ization, we can calculate the average of p(x,t) over a large volume V. We
get

a’V a8

where N is the total number of particles inside the volume V and M = Nm
is the mass contributed by them. Clearly p, o< a=3, as it should. The density
contrast 8(x,t) is related to p(x,t) by

we)= [ oo = o= () = 25 - 4 (3)

1+ 6(x,1) = "(’;; D= XY bnlbe—xi(o)] = [ dasolx— xz(t,q)l. (30

In arriving at the last equality we have taken the continuum limit by re-
placing: (i) x;(¢) by x7(t,q) where the initial position q of a particle lables
it; and (ii) (V/N) by d3q since both represent volume per particle. Fourier
transforming both sides we get

S(t) = / Pxe X6 (x, 1) = / $q exp[—ik.xr(t,q)] — (27)%6p(k) (35)
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Differentiating this expression, and using the equation of motion (31) for
the trajectories give, after straightforward algebra, the equation:

b + 2%& = 47G ppby + Ak — Bx (36)

= B’ kK
Ay = 4nGpy / (27)35k'5k_k' [F] (37)
By = / Pq (k.x7)? exp [—ik.xr(t,q)] (38)

This equation is exact but involves X7(¢,q) on the right hand side and hence
cannot be considered as closed. [see, eg. Peebles, 1980; the expression for
Ay is usually given in symmetrised form in k’ and (k —k') in the literature].
The structure of (36) and (38) can be simplified if we use the perturbed
gravitational potential (in Fourier space) ¢ related to 6 by

b = T 4nGpya® (47TG,00 k= (3H2) K adx (39)

and write the integrand for Ay in the symmetrised form as

k.k' kk' k.(k-k)
5 ! ’ = 1] !
k5kk[k ] 5k5kk[k +|k—k’|2]
8 Ok_k '
I B 'Y k-k _1.\2 / 2 (12 _ ’
- 2( >(|k k'|2) [k - k) + &2 (K~ kX))
- Lz K (kX + k?) - 2(k k')
= 23m ¢k'¢k—k’[ (kK + &%) - 2(k. )]
(40)
In terms of @, equation (36) becomes, for a 1 = 1 universe,
. a 1 [ &K , k.k"\?
| = —— ! ' -2
¢k+4a¢k 2a2/(27r)3¢k¢k k l (k+k) ( k )}
9 [P (65"
2 a k
(41)

where x = x7(t,q). We shall see later how this helps one to understand
power transfer in gravitational clustering.
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If the density contrasts are small and linear perturbation theory is to be
valid, we should be able to ignore the terms Ay and By in (36). Thus the
liner perturbation theory in newtonian limit is governed by the equation

Sk + 2%51( = 47Tpr6k (42)

From the structure of equation (36) it is clear that we will obtain the linear
equation if Ay < 47Gppbk and By < 47Gpydk. A necessary condition for
this 6 < 1 but this is not a sufficient condition — a fact often ignored or
incorrectly treated in literature. For example, if 6y — O for certain range
of k at t = to (but is nonzero elsewhere) then Ay > 47Gppdy and the
growth of perturbations around k will be entirely determined by nonlinear
effects. We will discuss this feature in detail later on. For the present, we
shall assume that Ay and By are ignorable and study the resulting system.

4. Linear perturbations in the Newtonian limit

At 2 5 Zenter, the perturbation can be treated as linear (p < 1) and new-
tonian (A < dg). In this case, the equations are

Sk + 2%8k & 417G pp b (43)
a? k 81
;+¥=—3“(PR+PDM+PV) (44)

where ppur, PR, and py are defined in section 1. We will also assume that the
dark matter is made of collisionless matter and is perturbed while the en-
ergy densities of radiation and cosmological constant are left unperturbed.
Changing the variable from ¢ to a, the perturbation equation becomes

%2a2 [ + =l - i gz_é
@ |PRTPDM TPV = g Ga? | da?
3k dé
9 4 ==\ Z =
+ a[ pr + 3ppM + Bpy (SWGaz)] 10 3ppMmo

(45)
Introducing the variable 7 = (a/ao) = (1+2z)~* and by writing p; = Q;p. for

the i** species, and k = —(87G/3)pcad(1 — Q), we can recast the equation
in the form

2T [Qv’r4 +(1- Q)T2 + Qput + QR] §"
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+ [6Qvrt +4(1- Q)7 +3QpuT + 20g] 6' = 3Qpub
(46)

where the prime denotes derivatives with respect to 7. This equation is in
a form convenient for numerical integration from T = Tepter = (1 + Zenter)
tor=1.

The exact solution to (46) cannot be given in terms of elementary func-
tions. It is, however, possible to obtain insight into the form of solution by
considering different epochs separately.

Let us first consider the epoch 1 € z $ Zenter When we can take Qy =
0,Q = 1, reducing (46) to

2T(QDMT+QR) 6"+ (3QDMT+2QR) §' = 3Qpué (47)

Dividing thoughout by Qg and changing the independent variable to

mET(QDM)— i (48)

Qr / a0 (Qr/DM)  Geq
we get
d25DM d6DM a
2 = ) = —. 4
a(l+a)——3= +(2+32)— = =36pm; @ Geq (49)

One solution to this equation can be written down by inspection:
3
bpm=1+ §:l: (50)

In other words épy = constant for a < a.q (no growth in the radiation
dominated phase) and épm o a for a 3> a.q (growth proportional to a in
the matter dominated phase).

We now have to find the second solution. Given the first solution, the
second solution A can be found by the Wronskian condition (Q'/Q) =
—[(2 + 3z)/2z(1 + z)] where Q = épmA’ — bpyA. Writing the second
solution as A = f(z)épm(z) and substituting in this equation, we find

f__ 25],)M_ 24 3z
f' bpm 2z(1 +:1:)’

"

(51)

which can be integrated to give

da
f= _/:L'(l + 32/2)%(1 + )12 (52)
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The integral is straightforward and the second solution is

3 142)Y2 41
A= fépm = (1 + ;) In [2113—1/:1} —-3(1+2)Y/2.  (53)

Thus the general solution to the perturbation equation, for a mode which
is inside the Hubble radius, is the linear superposition § = Aépm + BA
with the asymptotic forms:

Pema(e) = AbDu() + Bz} = {éﬁﬁfi‘{ﬁ}5)3m(_3,z) Eﬁ S 5( )
54

This result shows that dark matter perturbations can grow only logarith-
mically during the epoch @epter < @ < @eq. During this phase the universe
is dominated by radiation which is unperturbed. Hence the damping term
due to expansion (2a/a)é in equation (42) dominates over the gravitational
potential term on the right hand side and restricts the growth of perturba-
tions. In the matter dominated phase with a > a.q, the perturbations grow
as a. This result, combined with that of section 2, shows that in the matter
dominated phase all the modes (ie., modes which are inside or outside the
Hubble radius) grow in proportion to the expansion factor.

Combining the above result with that of section 2, we can determine
the evolution of density perturbations in dark matter during all relevant
epochs. The general solution after the mode has entered the Hubble radius
is given by (54). The constants A and B in this solution have to be fixed by
matching this solution to the growing solution, which was valid when the
mode was bigger than the Hubble radius. Since the latter solution is given
by 6(z) = z? in the radiation dominated phase, the matching conditions
become

x? = [Aépm(z) + BA(z)]

enter T=Tenter

2Zenter = |Abpp(z) + BA'(z)]

T=Tonter -

(55)

This determines the constants A and B in terms of Tenter = (Genter/Geq)
which, in turn, depends on the wavelength of the mode through aenter-

As an example, we consider a mode for which Zenter < 1. The second
solution has the asymptotic form A(z) ~ In(4/z) for ¢ < 1. Using this and
matching the solution at & = Zenter We get the properly matched mode,
inside the Hubble radius, to be

6(z) = T2 per [1 +21In ( )] (1+ 37"’) — 222 .. In (%) : (56)

Tenter
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During the radiation dominated phase — that is, till @ S @eq, ¢ S 1 —this
mode can grow by a factor

8z ~ 1) _ 21 6(mg1)g5ln< ! )

6(wenter) menter Tenter

e tc
- 51n( Geq )=§1n(_q).
Genter 2 tenter

(57)
Since the time tenter for a mode with wavelength A is fixed by the condition
AGenter X )‘ter/ltzer ~ dfi (tenter) X tenter, it follows that A o tex/lter' Hence,
6ﬂna.1 )‘eq 5 (Me )
S & o _Ip (=2
6enter 51n ( )\ ) 3 & M (58)

for a mode with wavelength A < Aeq. [Here, M is the mass contained in a
sphere of radius (A/2); see equation (9).] The growth in the radiation dom-
inated phase, therefore, is logarithmic. Notice that the matching procedure
has brought in an amplification factor which depends on the wavelength.

In the discussion above, we have assumed that 2 = 1, which is a valid
assumption in the early phases of the universe. However, during the later
stages of evolution in a matter dominated phase, we have to take into
account the actual value of Q and solve equation (43). This can be done
along the following lines.

Let p(t) be a solution to the background Friedmann model dominated
by pressureless dust. Consider now the function py(t) = p(t + 7) where 7 is
some constant. Since the Friedmann equations contain ¢ only through the
derivative, p;(t) is also a valid solution. If we now take 7 to be small, then
[p1(t) — p(t)] will be a small perturbation to the density. The corresponding
density contrast is

(S(t) — pl(t) — p(t) _ p(t + T) — p(t) ~ lenp — —37'H(t) (59)

o0 A1) dt

where the last relation follows from the fact that p  a™3 and H(t) = (a/a).
Since T is a constant, it follows that H(t) is a solution to be the perturba-
tion equation. [This curious fact, of course, can be verified directly: From
the equations describing the Friedmann model, it follows that H+H? =
(—47Gp/3). Differentiating this relation and using p = —3Hp we 1mmed1-
ately get H + 2HH —4wGpH = 0. Thus H satisfies the same equation as
8].

Since H = —H? — (47rGp/3), we know that H < 0; that is, H is a
decreasing function of time, and the solution § = H = g4 is a decaying
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mode. The growing solution (§ = §4) can be again found by using the fact
that, for any two linearly independent solutions of the equation (42), the
Wronskian (6,64 —6464) has a value a~2. This implies that

5g=5,,/af—f5§ :H(t)/ﬁj%. (60)

Thus we see that the H(t) of the background spacetime allows one to com-
pletely determine the evolution of density contrast.

It is more convenient to express this result in terms of the redshift z.
For a universe with arbitrary €, we have the relations

a(z) =ao(l+2)7Y,  H(z) = Ho(1 + 2)(1 + Qz)'/? (61)

and )

Hodt = —(1 4+ 2)7%(1 + Q2) " 2dz. (62)
Taking 64 = H(z), we get
6, = ba(z) / a=267%(z2) (j—i) dz

= (aoHo) %(1 + 2)(1 + Qz)*/? /w de(1+ z)"2(1 + Qz)"%. (63)

z

This integral can be expressed in terms of elementary functions:

s _ 14204302z 30(1+2)(1+ Qz)1/? o |t Qz)1/2 4 (1 — Q)Y/?

I (1-Q)2 2 (1-9)8/2 (14 Q2)1/2 - (1-Q)1/2|"

(64)

Thus §,(z) for an arbitrary Q can be given in closed form. The solution in

(64) is not normalized in any manner; normalization can be achieved by
multiplying 8, by some constant depending on the context.

For large z (i.e., early times), 8, o 271, This is to be expected because
for large z, the curvature term can be ignored and the Friedmann universe
can be approximated as a € = 1 model. [The large z expansion of the
logarithm in (64) has to be taken upto O(275/?) to get the correct result; it
is easier to obtain the asymptotic form directly from the integral in (63)].
For 2 < 1, one can see that §; ~ constant for z < Q1. This is the
curvature dominated phase, in which the growth of perturbations is halted
by rapid expansion.

We have thus obtained the complete evolutionary sequence for a per-
turbation in the linear theory, which is shown in figure 1. This result can be
conveniently summarized in terms of a quantity called ‘transfer function’
which we shall now describe.
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Figure 1. Schematic figure showing the growth of linear perturbations in dark matter.
The perturbation grows as a® before entering the Hubble radius when relativistic theory
is required. During the radiation dominated phase it grows only as Ina and during the
matter dominated phase it grows as a. In case the universe become dominated by curva-
ture or background energy density, the perturbations do not grow significantly after that
epoch.

5. Transfer function

If 6(t,x) < 1, then one can describe the evolution of §(t,x) by linear
perturbation theory, in which each mode 6 (t) will evolve independently
and we can write

() = Ty (¢, )6y () (65)

where T (t,t;) depends only on the dynamics and not on the initial condi-
tions. We shall now determine the form of T (¢, ).

Let 6)(t;) denote the amplitude of the dark matter perturbation corre-
sponding to some wavelength A at the initial instant t;. To each A, we can
associate a wavenumber k& « A~! and a mass M o« A3; accordingly, we may
label the perturbation as é37(t) or &(t), as well, with the scalings M ~ A%,
k ~ A~1. We are interested in the value of 65(t) at some t & tgec.

To begin with, consider the modes which enter the Hubble radius in
the radiation dominated phase; their growth is suppressed in the radiation
dominated phase by the rapid expansion of the universe; therefore, they
do not grow significantly until t = teq, giving 6x(teq) = LOx(tenter) Where
L ~ 5In()eq/)) is a logarithmic factor determined in (58). After matter



ASPECTS OF GRAVITATIONAL CLUSTERING 17

begins to dominate, the amplitude of these modes grows in proportion to
the scale factor a. Thus,

831 (t) = Lot (tenter) <ai) (for M < May). (66)

Consider next the modes with Aeq < A < Ay where Ay = H™'(t) is the
Hubble radius at the time t when we are studying the spectrum. These
modes enter the Hubble radius in the matter dominated phase and grow
proportional to a afterwards. So,

632(£) = 61t (fenter). < ) (for Mg < M < My)  (67)

Genter

which may be rewritten as

Su(t) = 6M(tmter)< = ) <i> : (68)

Genter Geq

But notice that, since tenter is fixed by the condition Adenter X Tenter X
A2 we have tenter X A3, Further (Geq/Genter) = (teq/tmter)z/ 3, giving

enter?
Geq \ _ ﬁg)z . (Me_q)z/s '
(aentcf> B ( A B M . (69)

Substituting (69) in (68), we get

631(2) = 61 (fenter) (%)2 (aiq> — at(tener) (Aﬁq)z/s (aiq) . (70)

Comparing (70) and (66) we see that the mode which enters the Hubble
radius after to, has its amplitude decreased by a factor L~*M~%/3, com-
pared to its original value.

Finally, consider the modes with A > Ay which are still outside the
Hubble radius at ¢ and will enter the Hubble radius at some future time
tenter > t. During the time interval (,tenter), they will grow by a factor
(Genter/a). Thus

Ba(tener) = S2(1) (222 ()

or

x(t) = 6 (tenter) ( 2 ) = 6 (tenter) (A—;\[Jﬂ)z/s (i) (A > Agr).

Genter Qeq
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[The last equality follows from the previous analysis]. Thus the behaviour
of the modes is the same for the cases Aeqg < A < Ay and Ag < A; i.e. for
all wavelengths A > Aeq. Combining all these pieces of information, we can
state the final result as follows:

Léx(tenter)(a/aeq A < Aeq
St = {&GEm)()cz(/a/eq)<)Aeq/x>2 o ) (73)

or, equivalently

L6M(tenter)(a/aeq) (M < Meq)

() = { e af oS M M (e ).

Thus the amplitude at late times is completely fixed by the amplitude of
the modes when they enter the Hubble radius.

In this approach, to determine 6(x,t) or 6 (t) at time ¢, we need to
know its exact space dependence (or k dependence) at some initial instant
t = t; [eg. to determine §(¢,x), we need to know 6(t;,x)]. Often, we are not
interested in the ezact form of 6(¢,x) but only in its “statistical properties”
in the following sense: We may assume that, for sufficiently small ¢;, each
fourier mode 6y (¢;) was a Gaussian random variable with

(61 (£:)83(t)) = (2x)* Pk, :)8p (k - p) (75)

where P(k,t;) is the power spectrum of 6(¢;,x) and < .-+ > denotes an
ensemble average. Then,

(B (1)op(t)) = T(t,t:)Tp(t, t:)(6k(t:)6p(t:))
= (2m)°|Tk(t, t:)* P(k, t:)6p (k — p)
(76)

and the statistical nature of ) is preserved by evolution with the power
spectrum evolving as

P(k’t) - |Tk(t7ti)|2P(k’ti)' (77)

It should be stressed that as far as linear evolution of perturbations are
concerned the statistics of the perturbations is maintained. For any random
field one can define a power spectrum and study its evolution along the
lines described below. In case of a gaussian random field with zero mean the
power spectrum contains the complete information; in other cases the power
spectrum will only provide partial information. This is the key difference
between gaussian and other statistics. Some theories of structure formation
describing the origin of initial perturbations predict the statistics of the
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perturbations to be gaussian. Since this seems to be fairly natural we shall
confine to this case in our discussion.
A closely related quantity to the power spectrum is the two point cor-
relation function, defined as
— (5 5 _ [ &k &p 5u.6% etk (X+Y) g—iPY 78
€s(x) = (6(x + y)b(y)) = (27)3(77;)—3( Kkbple e (78)

where < -+ > is the ensemble average. Using

(6x6p) = (2m)* P(k)ép(k — p) (79)
we get
d3k kox
- . 0
£5(x) / s P)e (80)
That is, the correlation function is the Fourier transform of the power
spectrum.

Our analysis can be used to determine the growth of P(k) or £(z) as
well. In practice, a more relevent quantity characterizing the density inho-
mogeneity is A2 = (k¥ P(k)/2n?) where P(k) = |6;|%is the power spectrum.
Physically, A2 represent the power in each logarithmic interval of k. From
(73) we find that quantity behaves as

2 [ L3(k)AZ (tenter)(a/aeq)? (for keq < k)
i i (v SRR A S S

Let us next determine AZ({enter) if the initial power spectrum, when the
mode was much larger than the Hubble radius, was a power law with A%
k3P(k) oc k™3, This mode was growing as a? while it was bigger than
the Hubble radius (in the radiation dominated phase). Hence AZ(tenter)
atiek™ 3. In the radiation dominated phase, we can relate Genter to A by
noting that A@enter X fenter X @2nter; SO A X Genger X k~1. Therefore,

A (tenter) X af Em3 o km L. (82)

enter

Using this in (81) we find that

2 L3(k)k™ 1 (a/aeq o for keq < k
Ak = {k""('e’)(a/acq()z/ ) ((for k <<keq)). (83)

This is the shape of the power spectrum for a > aeq. It retains its initial
primordial shape (A2 o< k"13) at very large scales (k < keq Or A > Aeq)-
At smaller scales, its amplitude is essentially reduced by four powers of k
(from k%3 to k™~ 1). This arises because the small wavelength modes enter
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the Hubble radius earlier on and their growth is suppressed more severely
during the phase Genter < @ < Geq-

Note that the index n = 1 is special. In this case, A,zc(tenter) is inde-
pendent of k and all the scales enter the Hubble radius with the same
amplitude. The above analysis suggests that if n = 1, then all scales in
the range keq < k will have nearly the same power except for the weak,
logarithmic dependence through L2(k). Small scales will have slightly more
more power than the large scales due to this factor.

There is another — completely different — reason because of which n =
1 spectrum is special. If P(k) o k™, the power spectrum for gravitational
potential P,(k) oc (P(k)/k*) varies as P,(k) ox k"~*. The power per loga-
rithmic band n the gravitational potential varies as A2 = (k3P,(k)/27%) o
k™1, For n = 1, this is independnet of k and each logarithmic interval in k
space contributes the same amount of power to the gravitational potential.
Hence any fundamental physical process which is scale invariant will gen-
erate a spectrum with n = 1. Thus observational verification of the index
to n = 1 only verifies the fact that the fundamental process which led to
the primordial fluctuations is scale invariant.

Finally, we mention a few other related measures of inhomogeneity.
Given a variable §(x) we can smooth it over some scale by using win-
dow functions W (x) of suitable radius and shape (We have suppressed the
t dependence in the notation, writing 6(x,t) as §(x)). Let the smoothed
function be

bw(x) = /6()( +y)W(y)d®y. (84)
Fourier transforming 6w (x), we find that
d®k . ikex _ d3k
S (%) = / e = / B e (85)

If 6 is a Gaussian random variable, then Qy is also a Gaussian random
variable. Clearly éw (x) — which is obtained by adding several Gaussian
random variables Q) — is also a Gaussian random variable. Therefore, to
find the probability distribution of éw (x) we only need to know the mean
and variance of 6w (x). These are,

(w0) = [ oz (B Wi =0
() = [ s PO = 2 )

Hence the probability of 6 to have a value ¢ at any location is given by

P(q) = (2—7”}2@ exp (—%) ; (87)
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Note that this is independent of x, as expected.

A more interesting construct will be based on the following question:
What is the probability that the value of éy at two points x3 and xp are
q1 and ¢z ? Once we choose (xi,X2) the &w (x1),6w (x2) are correlated
Gaussians with (6w (x1) 6w (x2)) = &r(r) where r = x3 — x2. The simul-
taneous probability distribution for éw(x1) = ¢1 and éw(x2) = g2 for two
correlated Gaussians is given by:

1 1 \2
Plar, 2] = T (m) exp —Q|q1,¢2] (88)

where . . )
2, 2 :
Qlar, %] = 5 (m) 2 [Ch +4; - 2AQIQZ] ; (89)

with A = [€r(r)/p]. (This is easily verified by computing (g1),(g2) and
(gigq;) explicitly). We can now ask: What is the probablility that both ¢
and g, are high density peaks ? Such a question is particularly relevant since
we may expect high density regions to be the locations of galaxy formation
in the universe (see e.g. Kaiser, 1985). Then the correlation function of
the galaxies will be the correlation between the high density peaks of the
underlying gaussian random field. This is easily computed to be

Pylgn > vp,q2 > vp) = /d(h /dQ2P[Q1,Q2] = Pf(q > vp) [1+6,(r)]

v v

(90)

where &,(r) denotes the correlation function for regions with density which

is v times higher than the variance of the field. Explicit computation now
gives

T 7 1 1
P2 0.8 /dtl /dtg exp{—am (t% + t% - 2Atlt2)} (91)
v v

This result can be expressed in terms of error function. An interesting
special case in which this expression can be approximated occurs when
A« 1and v > 1 though Av? is arbitrary. Then we get

P& %e"’z exp (Au2> > P2 (g > vu)exp (Auz) (92)

so that

& (r) = exp (A,ﬂ) —1=exp [:—ZfR (7')] =1 (93)
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In other words, the correlation function of high density peaks of a gaussian
random field can be significantly higher than the correlation function of the
underlying field. If we further assume that A < 1, > 1 and 4% < 1,
then

o~ 2&r(7) _ (V)2
EV(T) =V £R(0) L 3z (’I‘) (94)
In this limit &,(r) o< €g(r) with the correlation increasing as v2.
A simple example of the window function arises in the following context.
Consider the mass contained within a sphere of radius R centered at some
point x in the universe. As we change X, keeping R constant, the mass
enclosed by the sphere will vary randomly around a mean value My =
(47/3)ps R® where pp is the matter density of the background universe.
The mean square fluctuation in this mass ((6M/M)%) is a good measure of
the inhomogeneities present in the universe at the scale R. In this case, the
window function is W(y) = 1 for |y| £ R and zero otherwise. The variance
in (86) becomes:

AulB) = )= [ R PO Wa ()

(2m)?
B /w@ k*P {3(sinkR—choskR)}2
~ Jo k \ 2n2 k3R3

(95)

This will be a useful statistic in many contexts.

Another quantity which we will use extensively in latter sections is the
average value of the correlation function within a sphere of radius r, defined
to be

£= 5 [ to)tan (%)

0= [ 5P et - 7 T (ksigk)> (=) o

and (96) we find that
’ Tdk (KBP\ [ .
E(r) = 1'3/k_ (?) /dm(wsmkm)
0 0
3

= —/dkP(k) [sinkr — kr cos kr).
0

Using
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(98)

A simple computation relates 02, (R) to £(z) and £(z). We can show that

o2 (R) = % /0 " P dat (2) (1 - %)2 (1 + E) (99)

=3t (B[] o

Note that Uszph at R is determined entirely by £(z) (or £(z)) in the range
0 < z < 2R. (For a derivation, see Padmanabhan, 1996)

The Gaussian nature of §; cannot be maintained if the evolution couples
the modes for different values of k. Equation (36), which describes the
evolution of 8y (t), shows that the modes do mix with each other as time
goes on. Thus, in general, Gaussian nature of 6y’s cannot be maintained in
the nonlinear epochs.

and

6. Zeldovich approximation

We shall next consider the evolution of perturbations in the nonlinear
epochs. This is an intrinsically complex problem and the only exact proce-
dure for studying it involves setting up large scale numerical simulations.
Unfortunately numerical simulations tend to obscure the basic physics con-
tained in the equations and essentially acts as a ‘black box’. Hence it is
worthwhile to analyse the nonlinear regime using some simple analytic ap-
proximations in order to obtain insights into the problem. In sections 6 to
8 and in section 11 we shall describe a series of such approximations with
increasing degree of complexity. The first one — called Zeldovich approx-
imation — is fairly simple and leads to an idea of the kind of structures
which generically form in the universe. This approximation, however, is not
of much use for more detailed work. The second and third approximations
described in sections 7 and 8 are more powerful and allow the modeling of
the universe based on the evolution of the initially over dense region. Finally
we discuss in section 11 a fairly sophisticated approach involving nonlinear
scaling relations which are present in the dynamics of gravitational clus-
tering. In between the discussion of these approximations, we also describe
some useful procedures which can be adopted to answer questions that are
directly relevant to structure formation in sections 9 and 10.

A useful insight into the nature of linear perturbation theory (as well as
nonlinear clustering) can be obtained by examining the nature of particle
trajectories which lead to the growth of the density contrast 61(a)  a. To
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determine the particle trajectories corresponding to the linear limit, let us
start by writing the trajectories in the form

xT(a7q) =q+ L(a’Q) (101)

where q is the Lagrangian coordinate (indicating the original postion of
the particle) and L(a,q) is the displacement. The corresponding fourier
transform of the density contrast is given by the general expression

5(a,k) = / d3qeka-ikl(a.9) _ (9m)3sn; . k] (102)

In the linear regime, we expect the particles to have moved very little and
hence we can expand the integrand in the above equation in a Taylor series
in (k- L). This gives, to the lowest order,

§(a, k) = — f Pqe Uik - L(a,q)) = — / Pqe*9(v,.L) (103)

showing that 6(a, k) is Fourier transform of —Vq.L(a, q). This allows us to
identify V-L(a, q) with the original density contrast in real space —6(a,q).
Using the Poisson equation (for a Q = 1, which is assumed for simplicity)
we can write 6(a,q) as a divergence; that is

V-L(a,q) = ~6(a,0) = 3 H;aV - (V4) (104)

which, in turn shows that a consistent set of displacements that will lead
to 8(a) x a is given by

L(e,q) = —(V¥)a=au(q); ¢ =(2/3)H;’°¢ (105)

The trajectories in this limit are, therefore, linear in a:

xr(a,q) = q + au(q) (106)

An useful approximation to describe the quasilinear stages of clustering
is obtained by using the trajectory in (106) as an ansatz valid even at
quasilinear epochs. In this approximation, called Zeldovich approximation,
the proper Eulerian position r of a particle is related to its Lagrangian
position q by

(t) = a(t)x(t) = a(t)la + alt)u(a)] (107)

where x(t) is the comoving Eulerian coordinate. This relation in (106) gives
the comoving position (x) and proper position (r) of a particle at time ¢,
given that at some time in the past it had the comoving position q. If
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the initial, unperturbed, density is p (which is independent of q), then the
conservation of mass implies that the perturbed density will be

r,t)d®r = pd3q. 108
p(r, pd’q )

Therefore

_ 8a:\]™ p/a’ po(t)
plet) =P ldet (673)] det(92;/0g)  det(6; + a(t)(0u;/0a:))

(109)

where we have set py(t) = [p/a®(t)]. Since u(q) is a gradient of a scalar

function, the Jacobian in the denominator of (109) is the determinant of a

real symmetric matrix. This matrix can be diagonolized at every point q,

to yield a set of eigenvalues and principal axes as a function of q. If the

eigenvalues of (Ou;/8g;) are [-X1(q), —A2(q), —A3(q)] then the perturbed

density is given by

e ) po(t)
P = @)l = an@)d —a@n@)

where q can be expressed as a function of r by solving (107). This expression
describes the effect of deformation of an infinitesimal, cubical, volume (with
the faces of the cube determined by the eigenvectors corresponding to Ap)
and the consequent change in the density. A positive A denotes collapse and
negative A signals expansion.

In a overdense region, the density will become infinite if one of the terms
in brackets in the denominator of (110) becomes zero. In the generic case,
these eigenvalues will be different from each other; so that we can take, say,
A1 > A2 > A3. At any particular value of q the density will diverge for the
first time when (1 — a(t)A;) = 0; at this instant the material contained in
a cube in the q space gets compressed to a sheet in the r space, along the
principal axis corresponding to A;. Thus sheetlike structures, or ‘pancakes’,
will be the first nonlinear structures to form when gravitational instability
amplifies density perturbations.

The trajectories in Zeldovich approximation, given by (106) can be used
in (41) to provide a closed integral equation for ¢i. In this case,

. 2a 2
xr(@e)=a+aVe; sr=(3) V% v=gme (1)
and, to the same order of accuracy, By in (38) becomes:

[ ae i@ s [Pofc sqpee (112
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Substituting these expressions in (41) we find that the gravitational poten-
tial is described by the closed integral equation:

; - 1 d3p
hettihe = ~g [ Grptieentppdlcr)
_ T2, 3, (k_P)2
gk,p) = 8k +2p -5 p

(113)

This equation provides a powerful method for analysing non linear clus-
tering since estimating (A — Bx) by Zeldovich approximation has a very
large domain of applicability (Padmanabhan, 1998).

It is also possible to determine the power spectrum corresponding to
these trajectories using our general formula

P(k,a) — |6(k,a)|2 — /daquqle—ik-(q—q’) <e—ik.[L(a,q)—L(a,q’)]> (114)

The ensemble averaging can be performed using the general result for gaus-
sian random fields:

(e%V) = exp (—hkikjo (V) /2) (115)

where 0% is the covariance matrix for the components V* of a gaussian
random field. This quantity can be expressed in terms of the power spec-
trum Pr(k) in the linear theory and a straightforward analysis gives (see,
for e.g., Taylor and Hamilton, 1996)

o +1 .
P(k,a) = /0 27rq2dq/1 du e** exp —k? [F(q) + ,uzqF'(q)] (116)

where ) (k)
a® [ Jilkg
= — 117
)= 5 [ dk Polk) 2 (117)
The integrals, unfortunately, needs to be evaluated numerically except in
the case of n = —2. In this case, we get
KPP 16 a’k 3w a’k
A?(k,a) = =— = 118
(k,a) 2n2 7w [1+ (2a%k)2)? 1+ 4 [1+ (2a2k)2]1/2 (118)

which shows that A2 « a2 for small a but decays as a~2 at late times due to
the dispersion of particles. Clearly, Zeldovich approximation breaks down
beyond a particular epoch and is of limited validity.
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7. Spherical approximation

In the nonlinear regime — when § & 1 — it is not possible to solve equa-
tion (36) exactly. Some progress, however, can be made if we assume that
the trajectories are homogeneous; i.e. x(t,q) = f(t)q where f(2) is to be
determined. In this case, the density contrast is

6(t) = ] Bqe Ok _ (21)26p (k)

= (2n)36p(k)[f*-1]= (2m)26p(k)6(2) (119)

where we have defined 6(t) = [f~3(t) — 1] as the amplitude of the density
contrast for the k = 0 mode. It is now straightforward to compute A and
B in (36). We have

A = 471G py6%(t)[(27)3 6D (k) (120)
and
B = [Eaegpieit = o)

4 62

\ :
_ 4 2
so that the equation (36) becomes
§+2% = anG (1+6)6+é—5—2— (122)
e 3(1+90)

(This particular approach to spherical collapse model, which does not re-
quire fluid equations is due to Padmanabhan 1998.) To understand what
this equation means, let us consider, at some initial epoch #;, a spherical
region of the universe which has a slight constant overdensity compared to
the background. As the universe expands, the overdense region will expand
more slowly compared to the background, will reach a maximum radius,
contract and virialize to form a bound nonlinear system. Such a model is
called “spherical top-hat”. For this spherical region of radius R(t) contain-
ing dustlike matter of mass M in addition to other forms of energy densities,
the density contrast for dust will be given by:

p_ 3M 1 _ 2GM [a(t)r_ a®
n WO R0 | OmHad (RO IR
[Note that, with this definition f o (R/a).] Using this in (122) we can
to obtain an equation for R(t) from the equation for §; straight forward
analysis gives

1+6= (123)

R = ""py T T q (P+ 3p)rest R. (124)
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This equation could have been written down “by inspection” using the
relations

B= -V,  bror = ¢rrw + 66 = —(d /2a)R? — G6M/R.  (125)

Note that this equation is valid for perturbed “dust-like” matter in any
background spacetime with density prest and pressure Prest contributed by
the rest of the matter. Our homogeneous trajectories x(q,t) = f(t)q actu-
ally describe the spherical top hat model.

This model is particularly simple for the © = 1, matter dominated
universe, in which prest = Prest = 0 and we have to solve the equation

d’R GM

@R (126)

This can be done by standard techniques and the final results for the evo-
lution of a spherical overdense region can be summarized by the following
relations:

R; 3z
R(t) = —23"(1 = COSG) = m(l — COSG), (127)
3t; _ 3\%/2 3t .
t= 46?/2 (0 —sinf) = (5) Zé—gﬁ(e — sin ), (128)
B 9(6 — sin6)?
p(t) - pb(t) 2(1 oS 0)3’ (129)

The density can be expressed in terms of the redshift by using the relation
(t/t:)** = 1+ z)(1+ z)~1. This gives

6_9(0—sin0)2
T2 —cos 0)®
Given an initial density contrast &; at redshift z;, these equations define
(implicitly) the function 8(2) for z > 2. Equation (130) defines 6 in terms
of z (implicitly); equation (131) gives the density contrast at that 6(z).
For comparison, note that linear evolution gives the density contrast 6L

where 2/3
D 361+ 2 3/3 ;
61, = %‘- -1= 3—(1+—z_) =5 (Z) 6 — s1n0)2/3. (132)

We can estimate the accuracy of the linear theory by comparing 6(z) and
61(z). To begin with, for z > 1, we have § < 1 and we get 6(z) ~

1. (131)
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8(2). When 8 = (n/2), 6 = (3/5)(3/4)*/(/2 — 1)2/3 = 0.341 while
§ = (9/2)(r/2 — 1) — 1 = 0.466; thus the actual density contrast is about
40 percent higher. When 6 = (27/3),61, = 0.568 and 6 = 1.01 ~ 1. If we
interpret § = 1 as the transition point to nonlinearity, then such a transi-
tion occurs at 0 = (21/3), 61, =~ 0.57. From (130), we see that this occurs
at the redshift (1 + zu) = 1.066;(1 + 2;) = (80/0.57).

The spherical region reaches the maximum radius of expansion at 6 = .
From our equations, we find that the redshift zm, the proper radius of the
shell r,, and the average density contrast 6m at ‘turn-around’ are:

5,'(1 + z,') . '
_ 5 o ~ %o
T 3(3w/4)2/3 T 1.062°
3z (P = Or?
m = ——s|— =1+4+6,, = — = 5.6.
" 560 (m)m om =g ®P

(133)

The first equation gives the redshift at turn-around for a region, parametrized
by the (hypothetical) linear density contrast 8o extrapolated to the present
epoch. If, for example, 6; ~ 1073 at z ~ 10%, such a perturbation would
have turned around at (142m) = 5.7 or when 2z, ~ 4.7. The second equation
gives the maximum radius reached by the perturbation. The third equation
shows that the region under consideration is nearly six times denser than
the background universe, at turn-around. This corresponds to a density
contrast of 6,, ~ 4.6 which is definitely in the nonlinear regime. The linear
evolution gives 61, = 1.063 at 6 = 7.

After the spherical overdense region turns around it will continue to con-
tract. Equation (129) suggests that at § = 2= all the mass will collapse to
a point. However, long before this happens, the approximation that matter
is distributed in spherical shells and that random velocities of the par-
ticles are small, (implicit in the assumption of homogeneous trajectories
x = f(t)q) will break down. The collisionless (dark matter) component
will relax to a configuration with radius 7vir, velocity dispersion v and den-
sity peon. After virialization of the collapsed shell, the potential energy U
and the kinetic energy K will be related by |U | = 2K so that the total
energy € = U+ K = —K. At t =t all the energy was in the form of
potential energy. For a spherically symmetric system with constant density,
& ~ —3GM?/5ry,. The ‘virial velocity’ v and the ‘virial radius’ rvir for the
collapsing mass can be estimated by the equations:

Mv? 3GM? _ 3GM?

2 57m | | 5Pyir

K= = 2K = Mv®. (134)
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We get:
v = (6GM/5rm) % Tyir = Trm/2- (135)

The time taken for the fuctuation to reach virial equilibrium, tcon, is es-
sentially the time corresponding to § = 27. From equation (130), we find
that the redshift at collapse, 2o, is

&1+ z)
(2m)2/3(3/4)%/3

= 0.366;(1+2) = 0.63(1+2m) = 1‘;%6. (136)

(1+zco]l) =

The density of the collapsed object can also be determined fairly easily.
Since 7yir = (*m/2), the mean density of the collapsed object is pcon = 8pm
where pp, is the density of the object at turn-around.

We have, pm & 5.6p5(tm) and pp(tm) = (14 2m)® (1 + Zeoll) "2 Pb(teolt)-
Combining these relations, we get

Peoll 2 23 pm =~ 44.8py(tm) 22 170pp(tcon) =2 170po(1 + Zeoll) (137)

where po is the present cosmological density. This result determines pcon in
terms of the redshift of formation of a bound object. Once the system has
virialized, its density and size does not change. Since pp o a2, the density
contrast & increases as a3 for ¢t > teon.

This approach can be easily generalised to describe the situation in
which the initial density profile is given by p(r;). Given an initial density
profile pi(r), we can calculate the mass M(r;) and energy E(r;) of each
shell labelled by the initial radius r;. In spherically symmetric evolution,
M and E are conserved and each shell will be described by equation (126).
Assuming that the average density contrast 8;(r;) decreases with r;, the
shells will never cross during the evolution. Each shell will evolve in accor-
dance with the equations (127), (128) with &; replaced by the mean initial
density contrast 5,'(7‘1-) characterising the shell of initial radius 7;. Equation
(129) gives the mean density inside each of the shells from which the density
profile can be computed at any given instant.

A simple example for this case corresponds to a scale invariant situation
in which E(M) is a power law. If the energy of a shell containing mass M
is taken to be

E(M) = Eo (%)2/3_6 <0, (138)

then the turn-around radius and turn-around time are given by

Lt
ron(M) = — ];’Eﬁ) H -Gé‘f" (%) (139)
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T ( r3 1/ TGM M\ 3/2
%@ﬂ‘§<me '_Fﬁﬁﬁﬁ(ﬂﬁ . (140)

To avoid shell crossing, we must have € > 0 so that outer shells with more
mass turn around at later times. In such a scenario, the inner shells expand,
turn around, collapse and virialize first and the virialization proceeds pro-
gressively to outer shells. We shall assume that each virialized shell settles
down to a final radius which is a fixed fraction of the maximum radius.
Then the density in the virialized part will scale as (M/r3) where M is the
mass contained inside a shell whose turn-around radius is 7. Using (139) to
relate the turn-around radius and mass, we find that

M(rm =1) _ 3/(1+3¢),,-3 o n—9¢/(1+3¢), (141)

p(r) o« 3

Two special cases of this scaling relation are worth mentioning: (i) If the
energy of each shell is dominated by a central mass m located at the origin,
then E o« Gm/r « M =1/3, In that case, € = 1 and the density profile of
virialized region falls as »~%/%, The situation corresponds to a accretion on
to a massive object (ii) If € = 2/3 then the binding energy E is the same for
all shells. Then we get p ox 7~2 which corresponds to an isothermal sphere.

The spherical model can be easily generalised for the set of trajectories
with z°(t,q) = f*(t)gs (Padmanabhan 1998) In this case, it is convenient
to decompose the derivative of the velocity d,up = fap into shear ogp,
rotation ¢ and expansion 6 by writing

: 1

fab =0Ogp + eachc + géabe- (142)
where 0,1, is the symmetric traceless part of fyp; the €452 is the antisym-
metric part and (1/3)8,,0 is the trace. In this case, (122) gets generalised
to:
¢2
+ a2 (14 6)(0? —20%)  (143)

. b 4
6+2-6= 146)6+ =
+2-6 4nGpy(1 + )6+3(1+6)

where 02 = 0%0, and Q2 = QQ; . From the last_term on the right
hand side we see that shear contributes positively to § while rotation 2
contributes negatively. Thus shear helps growth of inhomogenities while ro-
tation works against it. To see this explicitly, we again introduce a function
R(t) by the definition

9G Mt? a3

1+6=
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where M and u are constants. Using this relation between § and R(t),
equation (143) can be converted into the following equation for R(t)

h=-20 - 2a (" - 20°) R (145)

where the first term represents the gravitational attraction due to the mass
inside a sphere of radius R and the second gives the effect of the shear and
angular momentum. We shall now see how an improved spherical collapse
model can be constructed with this term.

8. Improved spherical collapse model

In the spherical collapse model (SCM, for short) each spherical shell ex-
pands at a progressively slower rate against the self-gravity of the system,
reaches a maximum radius and then collapses under its own gravity, with a
steadily increasing density contrast. The maximum radius, Rmez = Ri/6;,
achieved by the shell, occurs at a density contrast § = (972/16) ~ 1 ~ 4.6,
which is in the “quasi-linear” regime. In the case of a perfectly spherical
system, there exists no mechanism to halt the infall, which proceeds in-
exorably towards a singularity, with all the mass of the system collapsing
to a single point. Thus, the fate of the shell is to collapse to zero radius
at @ = 27 with an infinite density contrast; this is, of course, physically
unacceptable.

In real systems, however, the implicit assumptions that (i) matter is
distributed in spherical shells and (ii) the non-radial components of the
velocities of the particles are small, will break down long before infinite
densities are reached. Instead, we expect the collisionless dark matter to
reach virial equilibrium. After virialization, |U| = 2K, where U and K
are, respectively, the potential and kinetic energies; the virial radius can be
easily computed to be half the maximum radius reached by the system.

The virialization argument is clearly physically well-motivated for real
systems. However, as mentioned earlier, there exists no mechanism in the
standard SCM to bring about this virialization; hence, one has to introduce
by hand the assumption that, as the shell collapses and reaches a particular
radius, say Rpmasz/2, the collapse is halted and the shell remains at this
radius thereafter. This arbitrary introduction of virialization is clearly one
of the major drawbacks of the standard SCM and takes away its predictive
power in the later stages of evolution. We shall now see how the retention
of the angular momentum term in equation (145) can serve to stabilize the
collapse of the system, thereby allowing us to model the evolution towards
Tyir = Rimaz/2 smoothly. (Engineer etal, 1998)

At this point, it is important to note a somewhat subtle aspect of our
generalisation. The original equations are clearly Eulerian in nature: i.e.
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the time derivatives give the temporal variation of the quantities at a fixed
point in space. However, the time derivatives in equation (143), for the
density contrast 8§, are of a different kind. Here, the observer is moving
with the fluid element and hence, in this, Lagrangian case, the variation
in density contrast seen by the observer has, along with the intrinsic time
variation, a component which arises as a consequence of his being at dif-
ferent locations in space at different instants of time. When the § equation
is converted into an equation for the function R(t), the Lagrangian pic-
ture is retained; in SCM, we can interpret R(t) as the radius of a spherical
shell, co-moving with the observer. The mass M within each shell remains
constant in the absence of shell crossing and the entire formalism is well
defined. The physical identification of R is, however, not so clear in the case
where the shear and rotation terms are retained, as these terms break the
spherical symmetry of the system. We will nevertheless continue to think
of R as the “effective shell radius® in this situation, defined by equation
(144) governing its evolution. Of course, there is no such ambiguity in the
mathematical definition of R in this formalism. This is equivalent to taking
R3 as proportional to the volume of a region defined by the location of a
set of mass points.

We now return to equation (143), and recast the equation into a form
more suitable for analysis. Using logarithmic variables, Dg¢ = In (1 + 6)
and o = In a, equation (143) can be written in the form (the subscript ‘SC’
stands for ‘Spherical Collapse’)

d?Dsc 1 (stc>2 1dDsc
da? 3\ da 2 do

- lexp(Dso) ~ 1] +a*(s? - 207%) (146)

where o takes the role of time coordinate. It is also convenient to introduce
the quantity, S, defined by

S =a?(o? - 20%) (147)

which we shall hereafter call the “virialization term”. The consequences of
the retention of the virialization term are easy to describe qualitatively.
We expect the evolution of an initially spherical shell to proceed along the
lines of the standard SCM in the initial stages, when any deviations from
spherical symmetry, present in the initial conditions, are small. However,
once the maximum radius is reached and the shell recollapses, these small
deviations are amplified by a positive feedback mechanism. To understand
this, we note that all particles in a given spherical shell are equivalent due to
the spherical symmetry of the system. This implies that the motion of any
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particle, in a specific shell, can be considered representative of the motion
of the shell as a whole. Hence, the behaviour of the shell radius can be
understood by an analysis of the motion of a single particle. The equation
of motion of a particle in an expanding universe can be written as

X,‘ + 223.(,' . _YT¢ (148)
a a

where a(t) is the expansion factor of the locally overdense “universe”. The
X; term acts as a damping force when it is positive; 7.e. while the back-
ground is expanding. However, when the overdense region reaches the point
of maximum expansion and turns around, this term becomes negative, act-
ing like a negative damping term, thereby amplifying any deviations from
spherical symmetry which might have been initially present. Non-radial
components of velocities build up, leading to a randomization of velocities
which finally results in a virialised structure, with the mean relative veloc-
ity between any two particles balanced by the Hubble flow. It must be kept
in mind, however, that the introduction of the virialization term changes
the behaviour of the solution in a global sense and it is not strictly correct
to say that this term starts to play a role only after recollapse, with the
evolution proceeding along the lines of the standard SCM until then. It
is nevertheless reasonable to expect that, at early times when the term is
small, the system will evolve as standard SCM to reach a maximum radius,
but will fall back smoothly to a constant size later on.

Equation (143) is actually valid for any fluid system and the virialization
term, S, is, in general, a function of a and x, since the derivatives in equation
(143) are total time derivatives, which, for an expanding Universe, contain
partial derivatives with respect to both x and t separately. Even in the case
of displacements with 2@ = £%°(t)gs, the one equation (143) cannot uniquely
determine all the components of f2¢(t). Handling this equation exactly will
take us back to the full non-linear equations and, of course, no progress
can be made. Instead, we will make the ansatz that the virialization term
depends on t and x only through 6(t,x):

S(a,x) = (6(a, x)) = $(Dsc) (149)

In other words, S is a function of the density contrast alone. This ansatz
seems well motivated because the density contrast, é, can be used to char-
acterize the SCM at any point in its evolution and one might expect the
virialization term to be a function only of the system’s state, at least to the
lowest order. Further, the results obtained with this assumption appear to
be sensible and may be treated as a test of the ansatz in its own framework.
To proceed further systematically, we define a function hgc by the relation
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dDsc
do

For consistency, we shall assume the ansatz hsc(a,x) = hsc [6(a,x)]. The
definition of hsg allows us to write equation (146) as

dhsc 2 1 S(Dsc)
o~ fsem g +glewe(Dse) —lF

Dividing (151) by (150), we obtain the following equation for the function
hsc(Dsc)

= 3hsc (150)

hsc

(151)

dh h, 1 1 S(D

stsZ = % kT~ [exp(Dsc) — 1]+ % (152)
If we know the form of either hsc(Dsc) or S(Dsc), this equation allows us
to determine the other. Then, using equation (150), one can determine Dgc.
Thus, our modification of the standard SCM essentially involves providing
the form of Ssc(Dsc) or hsc(Dsc). We shall now discuss several features
of such a modelling in order to arrive at a suitable form.

The behaviour of hgc(Dsc) can be qualitatively understood from our
knowledge of the behaviour of § with time. In the linear regime (6 < 1),
we know that § grows linearly with a; hence hsc increases with Dsc. At
the extreme non-linear end (6 >> 1), the system “virializes”, ¢.e. the proper
radius and the density of the system become constant. On the other hand,
the density pp, of the background, falls like =2 (or a™2) in a flat, dust-
dominated universe. The density contrast is defined by § = (p/pp—1) ~ p/ps
(for 6§ > 1) and hence

6 t? xa® (153)

in the non-linear limit. Equation (150) then implies that hgc(6) tends to
unity for 6§ > 1. Thus, we expect that hsc(Dsc) will start with a value
far less than unity, grow, reach a maximum a little greater than one and
then smoothly fall back to unity. [A more general situation discussed in the
literature corresponds to h — constant as § — oo, though the asymptotic
value of h is not necessarily unity. Our discussion can be generalised to this
case.|

This behaviour of the hgc function can be given another useful inter-
pretation whenever the density contrast has a monotonically decreasing
relationship with the scale, @, with small « implying large 6 and vice-versa.
Then, if we use a local power law approximation 6 o< ™" for 6 > 1 with
some n > 0, we have Dg¢ o In(z~!) and

dDsc din(}) ga v
*"da ¥ dha “a " a (154)

hsc
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where v = a# denotes the mean relative velocity. Thus, hgc is proportional
to the ratio of the relative peculiar velocity to the Hubble velocity. We
know that this ratio is small in the linear regime (where the Hubble flow
is dominant) and later increases, reaches a maximum and finally falls back
to unity with the formation of a stable structure; this is another argument
leading to the same qualitative behaviour of the hgc function.

Note that, in standard SCM (for which § = 0), equation (152) reduces to
dh h, 6
dDZ‘; =ho— =" +3 (155)
The presence of the linear term in 6 on the RHS of the above equation causes
hsc to increase with 6, with hge o 61/2 for § > 1. If virialization is imposed
as an ad hoc condition, then hsc should fall back to unity discontinuously
— which is clearly unphysical; the form of S(§) must hence be chosen so as
to ensure a smooth transition in hgc(6) from one regime to another. [As an
aside, we remark that S(6) can be reinterpreted to include the lowest order
contributions arising from shell crossing, multi-streaming, etc., besides the
shear and angular momentum terms, ¢.e. it contains all effects leading to
virialization of the system; see S. Engineer, etal, 1998]

We will now derive an approximate functional form for the virialization
function from physically well-motivated arguments. If the virialization term
is retained in equation (145), we have

3hsc

d?R GM HR

dt2 ~ R? 3

S (156)

where H = d/a. Let us first consider the late time behaviour of the system.
When virialization occurs, it seems reasonable to assume that R — constant
and R — 0. This implies that, for large density contrasts,

3GM
" R3H?

Using H = a/a = (2/3t), and equation (144)

S ~ 6> 1) (157)

27G M t? 3 3

S~ Y 2(1+6)~ 26 (6>1) (158)
Thus, the “virialization” term tends to a value of (—36/2) in the non-linear
regime, when stable structures have formed. This asymptotic form for ()
is, however, insufficient to model its behaviour over the larger range of
density contrast (especially the quasi-linear regime) which is of interest
to us. Since S(6) tends to the above asymptotic form at late times, the
residual part, i.e. the part that remains after the asymptotic value has
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been subtracted away, can be expanded in a Taylor series in (1/6) without
any loss of generality. Retaining the first two terms of expansion, we write
the complete virialization term as

S(6)= —S(1+6) - & + 5 +0(57) (159)

Replacing for S(6) in equation (146), we obtain, for § > 1

dhsg hseg 1 A B
hs Met 3 t3T s tE
[It can be easily demonstrated that the first order term in the Taylor series
is alone insufficient to model the turnaround behaviour of the h function.
We will hence include the next higher order term and use the form in
equation (159) for the virialization term. The signs are chosen for future
convenience, since it will turn out that both A and B are greater than
zero.] In fact, for sufficiently large 6, the evolution depends only on the
combination ¢ = (B/A?). Equation (156) can be now written as

(160)

_GM 4R _27G’Mt2 B é+£
RZ2  27t2 4R3 5 82

R= (161)

Using 6§ = 9GM1?/2R3 and B = qA? we may express equation (161) com-
pletely in terms of R and t. We now rescale R and t in the form R = Poiry(T)
and t = Bz, where 7y, is the final virialised radius [i.e. R — 7y for t — o0},
and 6% = (8/3%)(A/GM)rd,., to obtain the following equation for y(z)

vir?

4 27 7

" % - Zq% (162)
We can integrate this equation to find a form for yg(z) (where y,(x) is
the function y(z) for a specific value of ¢) using the physically motivated
boundary conditions ¥y = 1 and ¥y’ = 0 as @ — oo, which is simply an
expression of the fact that the system reaches the virial radius ry;» and
remains at that radius asymptotically. The results of numerical integration
of this equation for a range of g values are shown in figure (2). As expected
on physical grounds, the function has a maximum and gracefully decreases
to unity for large values of z [the behaviour of y(z) near = 0 is irrelevant
since the original equation is valid only for § > 1, at least]. For a given
value of g, it is possible to find the value z. at which the function reaches
its maximum, as well as the ratio Ymaz = Rmaz/Tvir. The time, tmaz, at
which the system will reach the maximum radius is related to . by the
relation tmer = Bz = to(1 + zmam)—s/z, where to = 2/(3H)) is the present
age of the universe and 2zmer is the redshift at which the system turns
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Figure 2. The figure shows the function y,(z) for some values of ¢. The x axis has scaled
time, = and the y axis is the scaled radius y.

around. Figure (3) shows the variation of z. and Ymez = (Rmaz [Tvir) for
different values of g. The entire evolution of the system in the modified
spherical collapse model (MSCM) can be expressed in terms of

R(t) = rvir Yg(t/B) (163)

where 8 = (to/z:)(1 + Zmaz) 2.

In SCM, the conventional value used for (Pyir/Rmaz) is (1/2), which is
obtained by enforcing the virial condition that |U| = 2K, where U is the
gravitational potential energy and K is the kinetic energy. It must be kept
in mind, however, that the ratio (ryir/Rmae) is not really constrained to be
precisely (1/2) since the actual value will depend on the final density profile
and the precise definitions used for these radii. While we expect it to be
around 0.5, some amount of variation, say between 0.25 and 0.75, cannot
be ruled out theoretically.

Figure (3) shows the parameter (Rmaz/Tvir), Plotted as a function of
g = B/A? (dashed line), obtained by numerical integration of equation
(156) with the ansatz (159). The solid line gives the dependence of z. (or
equivalently #mqez) on the value of g. It can be seen that one can obtain a
suitable value for the (ryir/Rmaz) ratio by choosing a suitable value for ¢
and vice versa.



ASPECTS OF GRAVITATIONAL CLUSTERING 39

07 ™ S — ety —— 21
| |
|
1
L
i
[
1 _,-/
! =
=
] /
\ o .
08 |~ \ '/,/ 124
\ :
' 4
' _— 3
\ o N
R \ = 1%
\ - ]
* A . | B
v
-~ :
- N |
05 |- \ 20
\ !
~ |
.
|
N 1
|
04 1 T S— | SIS P VUS| S A ISy Sy — IR Sy R L |
a 0.01 002 003 0.04

Figure 3. The figure shows the parameters (Rmqo/Tvir) (broken line) and z. (solid
line) as a function of ¢ = B/A®. This clearly demonstrates that the single parameter
description of the virialization term is constrained by the value that is chosen for the
ratio 7yir/Rumao-

Using equation (150) and the definition & o« t2/R3, we obtain
hsc(m) =1—-=-—=-— (164)

which gives the form of hgc(z) for a given value of g; this, in turn, deter-
mines the function yg(z). Since § can be expressed in terms of z, y and
z. as 6 = (97%/2z2)z?/y3, this allows us to implicitly obtain a form for
hsc(6), determined only by the value of g.

It is possible to determine the best-fit value for g by comparing these
results with simulations. This is best done by comparing the form of hs(z).
Such an analysis gives ¢ = 0.02. (see S. Engineer, etal., 1998) Figure
(4) shows the plot of scaled radius y,(z) vs z, obtained by integrating
equation(162), with ¢ = 0.02. The figure also shows an accurate fit (dashed
line) to this solution of the form

_ z + az® + bab

%(®) = Ty e + bap

with ¢ = —3.6, b = 53 and ¢ = —12. This fit, along with values for 7y,
and Zmqz, completely specifies our model through equation (163). It can be

(165)
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Pigure 4. 'The figure shows a plot of the scaled radius of the shell y, as a function of
scaled time z (solid line) and the fitting formula y, = (z + az® + bz®)/(1 + cz® + bz®),
with @ = —3.6, b = 53 and ¢ = —12 (dashed line) (See text for discussion)

observed that (ryir/Rmaz) is approximately 0.65. It is interesting to note
that the value obtained for the (7yir/Rmag) ratio is not very widely off the
usual value of 0.5 used in the standard spherical collapse model, in spite of
the fact that no constraint was imposed on this value, ab initio, in arriving
at this result. Finally, figure (5) compares the non-linear density contrast
in the modified SCM (dashed line) with that in the standard SCM (solid
line), by plotting both against the linearly extrapolated density contrast,
8- It can be seen (for a given system with the same zmaz and ryr) that,
at the epoch where the standard SCM model has a singular behaviour
(81, ~ 1.686), our model has a smooth behaviour with § ~ 110 (the value is
not very sensitive to the exact value of ¢). This is not widely off from the
value usually obtained from the ad hoc procedure applied in the standard
spherical collapse model. In a way, this explains the unreasonable effective-
ness of standard SCM in the study of non-linear clustering. Figure (5) also
shows a comparison between the standard SCM and the MSCM in terms
of § values in the MSCM at two important epochs, indicated by vertical
arrows. (i) When R = Rpaz/2 in the SCM, i.e. the epoch at which the
SCM wirializes, 6(MSCM) ~ 83. (ii) When the SCM hits the singularity,
(61, ~ 1.6865), 6(MSCM) ~ 110.
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Figure 5. The figure shows the non-linear density contrast in the SCM (solid line)
and in the modified SCM (dashed line), plotted against the linearly extrapolated density
contrast 6z, (discussion in text).

9. Mass functions and abundances

The description developed so far can also be used to address an important
question: What fraction of the matter in the universe has formed bound
structures at any given epoch and what is the distribution in mass of these
bound structures? We shall now describe a simple approach which answers
these questions. (Press and Schechter,1974)

Gravitationally bound objects in the universe, like galaxies, span a large
dynamic range in mass. Let f(M)dM be the number density of bound ob-
jects in the mass range (M, M + dM) [usually called the “mass function”]
and let F(M) be the number density of objects with masses greater than
M. Since the formation of gravitationally bound objects is an inherently
nonlinear process, it might seem that the linear theory cannot be used to
determine F(M). This, however, is not entirely true. In any one realization
of the linear density field 8r(x), filtered using a window function of scale
R, there will be regions with high density [i.e. regions with 6r > éc where
8. is some critical value slightly greater than unity, say]. It seems reason-
able to assume that such regions will eventually condense out as bound
objects. Though the dynamics of that region will be nonlinear, the process
of condensation is unlikely to change the mass contained in that region sig-
nificantly. Therefore, if we can estimate the mean number of regions with
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8g > 6. in a Gaussian random field, we will be able to determine F(M).

One way of achieving this is as follows: Let us consider a density field
6r(x) smoothed by a window function Wg of scale radius R. As a first
approximation, we may assume that the region with 8(R,t) > 6: (when
smoothed on the scale R at time t;) will form a gravitationally bound object
with mass M o pR? by the time t. The precise form of the M — R relation
depends on the window function used; for a step function M = (47 /3)
PR3, while for a Gaussian M = (27)%/25R3. Here 6. is a critical value
for the density contrast which has to be supplied by theory. For example,
6. ~ 1.68 in spherical collapse model. Since 6 t2/3 for a = 1 universe,
the probability for the region to form a bound structure at ¢ is the same as
the probability 6 > 6¢(t;/t)*/® at some early epoch t;. This probability can
be easily estimated since at sufficiently early t;, the system is described by
a gaussian random field. Hence fraction of bound objects with mass greater
than M will be

/°° P(6, By t)ds = ————— [ ex 8 Vs
sty V2mo(Ryt) Js, P\ 202(R, 1)

1 5c(t, t,')
§erfc (W) , (166)

where erfc(z) is the complementary error function. The mass function f(M)
is just (OF/8M); the (comoving) number density N (M, 1) can be found by
dividing this expression by (M/p). Carrying out these operations we get

N(M,t)dM = — (%) <21_7r)1/2 <%> (%%) exp <—2§2) dM. (167)

Given the power spectrum |6x|? and a window function Wg one can explic-
itly compute the right hand side of this expression.

There is, however, one fundamental difficulty with the equation (166).
The integral of f(M) over all M should give unity; but it is easy to see
that, for the expression in (166),

F(M)

* fanyam = [ ar =2, (168)
! IAC

This arises because we have not taken into account the underdense regions
correctly. To see the origin of this difficulty more clearly, consider the in-
terpretation of (166). If a point in space has § > 6; when filtered at scale
R, then that point should correspond to a system with mass greater than
M(R); this is taken care of correctly by equation (166). However, consider
those points which have § < 6. under this filtering. There is a non-zero
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probability that such a point will have § > 8. when the density field is
filtered with a radius R; > R. Therefore, to be consistent with the inter-
pretation in (166), such points should also correspond to a region with mass
greater than M. But (166) ignores these points completely and thus under-
estimates F(M) [by a factor (1/2)]. To correct this, we shall ‘renormalise’
the result by multiplying it by a factor 2. Then

2 6, 8o 62

__P (2 1”&(69_0) _8
N(M)dM = M(ﬂ) e (s ) exp —55 M, (170)

or

The quantity o here refers to the linearly extrapolated density or; the
subscript L is omitted to simplify notation. The corresponding result for
F(M) is also larger by factor two:

= erfc b = erfc b(l+2)
P 2) = erf [ﬁaL(M,al : [ﬁaoum} u)

where oo(M) is the linearly extrapolated density contrast today and we
have used the fact o,(M,z) o« (14 z)~1. Note that, by definition, F(M, z)
gives the Q contributed by the collapsed objects with mass larger than M
at redshift z; equation (171) shows that this can be calculated given only
the linearly extrapolated oo(M ). The top panel of figure (6) gives Q(M) as
a function of og(M) for different z, and the observed abundance of different
structures in the universe. The six different curves from top to bottom are
for z =0,1,2,3,4,5. The dashed line on the z = 0 curve gives the observed
abundance of clusters; the trapezoidal region between z = 2 and 2 = 3
is based on abundance of damped lyman alpha systems; the line between
2 =2 and z =4 is a lower bound on quasar abundance.

As an example, let us consider the abundance of Abell clusters. Let
the mass of Abell clusters to be M = 5 x 10*aMg where a quantifies
our uncertainty in the observtion. Similarly, we take the abundance to be
A =4 x10788h®Mpc~2 with 8 quantifying the corresponding uncertainty.
The contribution of the Abell clusters to the density of the universe is

F = Qs = Mg 8af x 1073, (172)

(4

Assuming that o8 varies between 0.1 to 3, say, we get

Qatus ~ (8 x 1074 — 24 x 1072). (173)
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Figure 6. (a) The {2 contributed by collapsed objects with mass greater than M plotted
against (M) at different values of z. The curves are for z = 0,1,2,3,4 and 5, from top
to bottom. The constraint arising from cluster abundance at z = 0, quasar abundance at
z =2 — 4 and the abundance of damped Lyman-o systems at z = 2 — 3 are marked. (b)
The M — o relation in a class of CDM-like models;

[We shall concentrate on the top curve for z = 0, for the purpose of this
example.] The fractional abundance given in (173), at z = 0, requires a
o =~ (0.5 — 0.78) at the cluster scales. All we need to determine now is
whether a particular model has this range of o for cluster scales. Since
this mass corresponds to a scale of about 8h~1 Mpc, we conclude that the
linearly extrapolated density contrast must be in the range o1, = (0.5—0.8)
at R = 8h~! Mpc. This can act as a strong constraint on structure formation
models. [The lower panel of figure (6) translates the bounds to a specific
CDM model, parametrised by a shape parameter. This illustrates how any
specific model can be compared with the bound in (171); for more details,
see Padmanabhan, 1996 and references cited therein.

10. Scaling laws

Before describing more sophisticated analytic approximations to gravita-
tional clustering we shall briefly addres some simple scaling laws which can
be obtained from our knowledge of linear evolution. These scaling laws are
sufficiently powerful to allow reasonable predictions regarding the growth
of structures in the universe and hence are useful for quick diagnostics of
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a given model. We shall confine our attention to the scaling relations for
a power-law spectrum for which |8;]> « k",and o%,(R) o« R~("%) «
M~-(n+3)/3_ Let us begin by asking what restrictions can be put on the
index n.

The integrand defining o2 in (95) behaves as k%|6i|* near k = 0. [Note
that W, ~ 1 for small k in any window function]. Hence the finiteness
of 02 will require the condition n > —3. The behaviour of the integrand
for large values of k depends on the window function Wy. If we take the
window function to be a Gaussian, then the convergence is ensured for all
n. This might suggest that n can be made as large as one wants; that is,
we can keep the power at small k (i.e., large wavelengths) to be as small as
we desire. This result, however, is not quite true for the following reason:
As the system evolves, small scale nonlinearities will develop in the system
which can actually affect the large scales. If the large scales have too little
power intrinsically (i.e. if n is large), then the long wavelength power will
soon be dominated by the “tail” of the short wavelength power arising
from the nonlinear clustering. This occurs because, in equation (36), the
nonlinear terms Ay and By can dominate over 47Gpp0) at long wavelengths
(as k — 0). Thus there will be an effective upper bound on n.

The actual value of this upper-bound depends, to some extent, on the
details of the small scale physics. It is, however, possible to argue that the
natural value for this bound is n = 4. The argument runs as follows: Let us
suppose that a large number of particles, each of mass m, are distributed
carefully in space in such a way that there is very little power at large
wavelengths. [That is, |6]? o< k™ with n > 4 for small k. As time goes on,
the particles influence each other gravitationally and will start clustering.
The density p(x,t) due to the particles in some region will be

p(x,8) = Y- mblx - xi(t), (174)

where x;(t) is the position of the i-th particle at time ¢ and the summation
is over all the particles in some specified region. The density contrast in the
Fourier space will be

5y (8) = %/,- S (explikxi(t)] - 1) (175)

where N is the total number of particles in the region. For small enough
|k|, we can expand the right hand side in a Taylor series obtaining

§i(2) = ik. {%/_—Zx,-(t)} - -k; {%—wa(t)} b (176)
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If the motion of the particles is such that the centre-of-mass of each of the
subregions under consideration do not change, then ¥ x; will vanish; under
this (reasonable) condition, 6k(t) o« k? for small k. Note that this result
follows, essentially, from the three assumptions: small-scale graininess of the
system, conservation of mass and conservation of momentum. This will lead
to a long wavelength tail with |6x|* o< k* which corresponds to n = 4, The
corresponding power spectrum for gravitational potential P,(k) k4|65 )2
is a constant. Thus, for all practical purposes, —3 < n < 4. The value n = 4
corresponds to o2,(R) o« R~7 o« M~"/3. For comparison, note that purely
Poisson fluctuations will correspond to (6M/M)? x (1/M); i.e. ayy(R) x
M~ « R~? with an index of n = 0.

A more formal way of obtaining the k* tail is to solve equation (113)
for long wavelengths; i.e. near k = 0 (Padmanabhan, 1998). Writing ¢y =

¢§3) + ¢§(2} + .... where qu} = (/JscL) is the time independent gravitational
potential in the linear theory and r;‘)f) is the next order correction, we get
from (113), the equation

(2) 0~ 1 dp
¢§(2) = _37‘1_2 / (_271-_)3-¢§k+p¢1£k—pg(k’p) (177)

52 4 48
¢ +4-
Writing ¢§(2 ) = aC) one can determine Cy from the above equation. Plug-
ging it back, we find the lowest order correction to be,

(2) ~ 2a d3p L L
%= (21H§) / (277)3¢%k+p¢%k_pg(k7p) (178)
Near k ~ 0, we have
(2) o __21_/‘131’ L |72, 82 5k -p)?
¢k:0 - 21H§ (27r)3|¢p| 8k +2p )
@ L
| d 4 ,(L)2
126m2 HZ O/ pp” |¢p”|

(179)

which is independent of k to the lowest order. Correspondingly the power
spectrum for density Ps(k) oc k*P,(k) oc k* in this order.

The generation of long wavelength k* tail is easily seen in simulations
if one starts with a power spectrum that is sharply peaked in |k|. Figure 7
shows the results of such a simulation (see Bagla and Padmanabhan, 1997)
in which the y-axis is [A(k)/a(t)]. In linear theory A o a and this quantity
should not change. The curves labelled by a = 0.12 to a = 20.0 shows the
effects of nonlinear evolution, especially the development of k* tail.
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Figure 7. The transfer of power to long wavelengths forming a k* tail is illustrated
using simulation results. Power is injected in the form of a narrow peak at L = 8 and
the growth of power over and above the linear growth is shown in the figure. Note that
the y — azis is (A/a) so that there will be no change of shape under linear evolution
with A o a. As time goes on a k* tail is generated which itself evolves according to a
nonlinear scaling relation discussed later on.

Some more properties of the power spectra with different values of » can
be obtained if the nonlinear effects are taken into account. We know that,
in the matter-dominated phase, linear perturbations grow as 6i(t) x a(t) o
t2/3, Hence o%,(R) « t*/3R~(3*"), We may assume that the perturbations
at some scale R becomes nonlinear when oa(R) ~ 1. It follows that the
time tg at which a scale R becomes nonlinear, satisfies the relation

tp R3(‘n+3)/4 o M("+3)/4. (180)

For n > —3, the timescale tg is an increasing function of M; small scales
become nonlinear at earlier times. The proper size L of the region which
becomes nonlinear is

L « Ra(tg) o Rt2{® o RE™/2 o p(5+m)/6, (181)

Further, the objects which are formed at t = tg will have density p of the
order of the background density 7 of the universe at tg. Since p  t~2, we
get

p o tg2 o« RT3/ o pg=(+n)/2, (182)
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Combining (181) and (182) we get p oc L= with
3(3+mn)
(5+mn)’
In the nonlinear case, one may interpret the correlation function £ as
£(L) « p(L); this would imply £(z) o< z7P. ( We shall see later that such

a behaviour is to be expected on more general grounds.) The gravitational
potential due to these bodies is

¢ ~ Gp(L)L? o« LO—™/(5+1) o pg(1-m)/8, (184)

p= (183)

The same scaling, of course, can be obtained from ¢ o< (M/L). This re-
sult shows that the binding energy of the structures increases with M for
n < 1. In that case, the substructures will be rapidly erased as larger and
larger structures become nonlinear. For n = 1, the gravitational potential
is independent of the scale, and p &< L2,

11. Nonlinear scaling relations

Given an initial density contrast, one can trivially obtain the density con-
trast at any later epoch in the linear theory. If there is a procedure for
relating the nonlinear density contrast and linear density contrast (even
approximately) then one can make considerable progress in understanding
nonlinear clustering. It is actually possible to make one such ansatz along
the following lines.

Let vrei(a, z) denote the relative pair velocities of particles separated by
a distance z, at an epoch a, averaged over the entire universe. This relative
velocity is a measure of gravitational clustering at the scale z at the epoch
a. Let h(a,z) = —[vrel(a, z)/az] denote the ratio between the relative pair
velocity and the Hubble velocity at the same scale. In the extreme nonlin-
ear limit (E > 1), bound structures do not expand with Hubble flow. To
maintain a stable structure, the relative pair velocity v (a,) of parti-
cles separated by z should balance the Hubble velocity Hr = az; hence,
Vel = —az or h(a,z) = 1.

The behaviour of h(a,z) for £ < 1 is more complicated and can be
derived as follows: Let the peculiar velocity field be v (x) [we shall suppress
the a dependence since we will be working at constant a]. The mean relative
velocity at a separation r = (x — y) is given by

([v(®) - vIL+6)][1+6H))
([v(x) = v (x) + ([v(x) —v(¥)]6(y)) (185)

to lowest order, since 62 term is higher order and (v (x)—v(y)) = 0.
Denoting (v (x) — v (y)) by Vzy and writing x = y+r, the radial component

Vrel(r)

R
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of relative velocity is

3
Vay T = / v (k). [e0FH) _ gk ] (‘21 1)‘3 (186)
T

where v (k) is the Fourier transform of v (x). This quantity is related to &y
by

v(k) =iHa <22> k. (187)

(This equation is same as u = —V4, used in (105), expressed in Fourier
space). Using this in (186) and writing 6 (x),6 (y) in Fourier space, we find
that

Voyr[6(x) +6(y)] =
iHa / Bk / d®p 3 (%) 5k6;e¢(k_p).y [ea'k.r _ 1] [e—ip.r + 1] '
(188)
We average this expression using (665) = (27)2 6p (k — p) P (k) , to obtain

Viel'T = (Vgy-T[6 (x)+6 62))
_ iHa / d k3 szk) (k.r) [eik.r _ e—ik.r]

d3k P (k)
. —2Ha/(21r)3 k?

(k.r)sin (k.r).
(189)

From the symmetries in the problem, it is clear that vy (r) is in the direc-
tion of r. So Vyel * T = 7. The angular integrations are straightforward
and give

alm

Pvrel = (Vxy.r[6(x)+ 6 (y / %P ) [kr coskr — sinkr]. (190)
0

Using the expression (98) for £ (r) this can be written as

e (= -§ (Har") £. (191)

Dividing by » and noting that Hrprop = Har, we get

_ _'Urel (7') - 'Urel(r) . E—
i Hrop  aHr SE' (192)
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We get the important result that h(a,z) depends on (a,z) only through
£(a, z) in the linear limit, while h 2 —1 is the nonlinear limit. This suggests
the ansatz that h depends on a and z only through some measure of the
density contrast at the epoch a at the scale 2. As a measure of the density
contrast we shall use £(a,z) itself since the result in (192) clearly singles
it out. In other words, we assume that h(a,z) = h[f(a,z)]. We shall now
obtain an equation connecting h and £. By solving this equation, one can
relate £ and £1,. (Nityananda and Padmanabhan, 1994). The mean number
of neighbours within a distance z of any given particle is

N(z,t) = (na?) [ amPdyl1 + €(y,) (193)

when n is the comoving number density. Hence the conservation law for
pairs implies

O a1 4+£0] =0 (194)

where v(t,z) denotes the mean relative velocity of pairs at separation z
and epoch ¢t (We have dropped the subscript ‘rel’ for simplicity). Using

1 0

(1+6) = 5y arle(1 + )] (195)
n (194), we get
1 0,50 - 1 8 [vo -
575 it T o (30 HO) (196)
Integrating, we find:
0
#2118 =220 +8) (197)

[The integration would allow the addition of an arbitrary function of ¢ on
the right hand side. We have set this function to zero so as to reproduce
the correct limiting behaviour]. It is now convenient to change the variables
from t to a, thereby getting an equation for &:

oo+ 8o = () SoEta+Eae)] (99

ar

or, defining h(a,z) = —(v/az)

(351a_h31?1w) (1+§)=3r(1+8). (199)
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This equation shows that the behaviour of £(a, ) is essentially decided by
h, the dimensionless ratio between the mean relative velocity v and the
Hubble velocity az = (d/a)@prop, both evaluated at scale z. We shall now
assume that

h(z,a) = h[€(z,a)). (200)

This assumption, of course, is consistent with the extreme linear limit » =
(2/3)¢ and the extreme nonlinear limit h = 1. When h(z,a) = h[é(z, a)], it

is possible to find a solution to (200) which reduces to the form £ o a? for
£ € 1 as follows: Let A =1na, X =Inz and D(X,A) = (1+&). We define

curves (“characteristics”) in the X, A, D space which satisfy

dX

74| = ~hDIX, Al (201)

c

i.e., the tangent to the curve at any point (X, A, D) is constrained by the
value of h at that point. Along this curve, the left hand side of (199) is a
total derivative allowing us to write it as

<3_D_h(D)3_D) _<3_D+3_Dﬂ) _db
0A 0x). " \8A T 8xdA),” dA

This determines the variation of D along the curve. Integrating

=3nD.  (202)

c

exp (% / %) =exp(A+c) x a. (203)

Squaring and determining the constant from the initial conditions at ap, in
the linear regime

2 (8= df ) _d® _ flad)
P (3 Joony FECT E)) =2 Elao) (209

We now need to relate the scales z and l. Equation (201) can be written,
using equation (202) as

dX 1 dD
W= ""pu (205)
giving
3X 4+ 1nD = In[z3(1 + £)] = constant. (206)

Using the initial condition in the linear regime,

z3(1+ &) =15 (207)
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This shows that &7, should be evaluated at | = z(1+£)*/3. It can be checked
directly that (207 and (204) satisfy (199). The final result can, therefore be
summarized by the equation (equivalent to (204) and (207))

_ é(asz) _
sL(a,z>=exp(§ / W) = a1+ Ea,).  (208)

Given the function h(£), this relates £1, and £ or — equivalently — gives the
mapping £(a,z) = U[€1(a,!)] between the nonlinear and linear correlation
functions evaluated at different scales z and . The lower limit of the integral
is chosen to give In€ for small values of £ on the linear regime. It may be
mentioned that the equation (205) and its integral (207) are independent
of the ansatz h(a,z) = h[f(a,z)].

The following points need to be stressed regarding this result: (i) Among
all statistical indicators, it is only £ which obeys a nonlinear scaling relation
(NSR) of the form éyr(a,z) = U [€r(a,!)]. Attempts to write similar rela-
tions for £ or P(k) have no fundamental justification. (ii) The nonlocality of
the relation represents the transfer of power in gravitational clustering and
cannot be ignored — or approximated by a local relation between £yr,(a,z)
and £L(a, z).

Given the form of h(£), equation (208) determines the relation £ =
U[€L). It is, however, easier to determine the form of U, directly along the
following lines (Padmanabhan, 1996a): In the linear regime (£ < 1,€f, < 1))
we clearly have U (£1,) ~ £L,. To determine its form in the quasilinear regime,
consider a region surrounding a density peak in the linear stage, around
which we expect the clustering to take place. From the definition of £ it
follows that the density profile around this peak can be described by

p(@) ~ prg[1 + £(2))] (209)

Hence the initial mean density contrast scales with the initial shell ra-
dius I as 6;(I) < £L(l) in the initial epoch, when linear theory is valid.
This shell will expand to a maximum radius of Zmas o 1/6; o 1/€L(]). In
scale-invariant, radial collapse, models each shell may be approximated as
contributing with a effective scale which is propotional to Zmqz. Taking the
final effective radius = as proportional to Zmqz, the final mean correlation
function will be
I8 =

B M ]
for(z) ox p x =k @0 x €r(1) (210)

That is, the final correlation function in the quasilinear regime, &g L, at T
is the cube of initial correlation function at I where I* o« 233 « z3£gL(2).
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Note that we did not assume that the initial power spectrum is a power
law to get this result. In case the initial power spectrum is a power law,
with &7 o« ~("+3), then we immediately find that

EQL x $_3(n+3)/(n+4) (211)

[If the correlation function in linear theory has the power law form fL x &%

then the process described above changes the index from o to 3a/(1 + ).
We shall comment more about this aspect later]. For the power law case,
the same result can be obtained by more explicit means. For example, in
PR law models the energy of spherical shell with mean densﬂ:y 6(:1:,) x

&; W1ll scale with its radius as E o G6M (z;)/z; < Géa? « z3°. Since
M  z2, it follows that the maximum radius reached by the shell scales as
Tmaz x (M/E) a:l‘H’ Taking the effective radius as = Zeff :1:1+b the
final density scales as

M 3
p o< —3 & % o 273 oc z73/(140) (212)
Zi

In this quasilinear regime, £ will scale like the density and we get foL
z~3%/(1+b) The index b can be related to n by assuming the the evolution
starts at a moment when linear theory is valid. Since the gravitational
potential energy [or the kinetic energy| scales as E o ; ~("+1) in the linear
theory, it follows that b = n + 3. This leads to the correlatlon function in
the quasilinear regime, given by (211) .

If @ = 1 and the initial spectrum is a power law, then there is no
intrinsic scale in the problem. It follows that the evolution has to be self
similar and € can only depend on the combination ¢ = za~2/(n+3), This
allows to determine the a dependence of gy, by substituting ¢ for @ in
(211). We find

EQL(a (B) o a6/(n+4)$—3(n+3)/(n+4) (213)

We know that, in the linear regime, E = {1 « a®. Equation (213) shows
that, in the quasﬂmear regime, £ = €1, x a®/ (nt4), Spectra with n < —1

grow faster than a?, spectra with n > —1 grow slower than a? and n = —1
spectrum grows as a2. Direct algebra shows that
€or(a,2) o [€x(a, )P (214)

reconfirming the local dependence in a and nonlocal dependence in spatial
coordinate. This result has no trace of original assumptions [spherical evo-
lution, scale-invariant spectrum ....] left in it and hence once would strongly
suspect that it will have far general validity.
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Let us now proceed to the fully nonlinear regime. If we ignore the ef-
fect of mergers, then it seems reasonable that virialised systems should
maintain their densities and sizes in proper coordinates, i.e. the clustering
should be “stable”. This would require the correlation function to have the
form €y (a,z) = a®F(az). [The factor a3 arising from the decrease in back-
ground density]. From our previous analysis we expect this to be a function
of £1(a,l) where I = 23€nr(a,z). Let us write this relation as

évi(a,z) = a®F(az) = Ulér(a,l)] (215)

where U[z] is an unknown function of its argument which needs to be deter-
mined. Since linear correlation function evolves as a? we know that we can
write £1(a,l) = a2Q[I*] where @ is some known function of its argument.
[We are using ° rather than [ in defining this function just for future con-
venience of notation]. In our case I* = 2*éyr(a,2) = (az)®F(az) = r3F(r)
where we have changed variables from (a, z) to (a,r) with r = az. Equation
(215) now reads

F(r) = Uléw(a, )] = Ul*QI°)) = U[a*Q[r°F(r)] (216)

Consider this relation as a function of a at constant 7. Clearly we need to
satisfy U [claz] = cpa® where ¢; and cp are constants. Hence we must have

Ulz] x 232, (217)
Thus in the extreme nonlinear end we should have
Evp(a,z) o« [Ep(a, DI*? (218)

[Another way deriving this result is to note that if £ = a®F(ax), then
h = 1. Integrating (208) with appropriate boundary condition leads to
(218). ] Once again we did not need to invoke the assumption that the
spectrum is a power law. If it is a power law, then we get,

_ n+3

Evp(a,z) o PNy = %1{5—)) (219)
This result is based on the assumption of “stable clustering” and was orig-
inally derived by Peebles (Peebles, 1980). It can be directly verified that
the right hand side of this equation can be expressed in terms of ¢q alone,
as we would have expected.

Putting all our results together, we find that the nonlinear mean cor-

relation function can be expressed in terms of the linear mean correlation
function by the relation:

£r(a,?) (for £, < 1,€ < 1)
E(a,z) = Er(a,1)° (for 1 < €1, < 5.85, 1 < £ <200)  (220)
14.1485 (a, 1)*/*  (for 5.85 < €L, 200 < €)
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The numerical coefficients have been determined by continuity arguments.
We have assumed the linear result to be valid upto £ = 1 and the virialisa-
tion to occur at £ ~ 200 which is result arising from the spherical model.
The ezact values of the numerical coefficients can be obtained only from
simulations.

The true test of such a model, of course, is N-body simulations and
remarkably enough, simulations are very well represented by relations of
the above form. The simulation data for CDM, for example, is well fitted
by (Padmanabhan etal., 1996):

£r(a,l) (for £, < 1.2, £ < 1.2)
E(a,z) = { £1(a,0)® (for 1 < &, < 5,1 < & < 125) (221)
11780 (a,)*?  (for 5 < &1,125 < £)

which is fairly close to the theoretical prediction. [The fact that numerical
simulations show a correlation between £(a,) and £L(a,l) was originally
pointed out by Hamilton et al., (1991) who, however, tried to give a mul-
tiparameter fit to the data. This fit has somewhat obscured the simple
physical interpretation of the result though has the virtue of being accu-
rate for numerical work.]

A comparison of (220) and (221) shows that the physical processes which
operate at different scales are well represented by our model. In other words,
the processes descibed in the quasilinear and nonlinear regimes for an indi-
viduallump still models the average behaviour of the universe in a statistical
sense. It must be emphasized that the key point is the “flow of informa-
tion” from [ to = which is an exact result. Only when the results of the
specific model are recast in terms of suitably chosen variables, we get a
relation which is of general validity. It would have been, for example, incor-
rect to use spherical model to obtain relation between linear and nonlinear
densities at the same location or to model the function h.

It may be noted that to obtain the result in the nonlinear regime, we
needed to invoke the assumption of stable clustering which has not been de-
duced from any fundamental considerations. In case mergers of structures
are important, one would consider this assumption to be suspect (see Pad-
manabhan et al., 1996). We can, however, generalise the above argument
in the following manner: If the virialised systems have reached stationarity
in the statistical sense, the function A — which is the ratio between two
velocities — should reach some constant value. In that case, one can inte-
grate (208) and obatin the result £z = a3 F(akz) where h now denotes
the asymptotic value. A similar argument will now show that

Enp(a, ) o [€r(a,1)]M/? (222)
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in the general case. For the power law spectra, one would get

3h(n + 3)

3 (3-mh . — =Y
€(a,z) x a z~7; o 2+ h(n 1 3)

(223)

Simulations are not accurate enough to fix the value of h; in particular,
the asymptotic value of h could depend on n within the accuracy of the
simulations. It may be possible to determine this dependence by modelling
mergers in some simplified form.

If h =1 asymptotically, the correlation function in the extreme nonlin-
ear end depends on the linear index n. One may feel that physics at highly
nonlinear end should be independent of the linear spectral index n. This
will be the case if the asymptotic value of h satisfies the scaling

3c

— 224
=g (224)

in the nonlinear end with some constant ¢. Only high resolution numerical
simulations can test this conjecture that h(n + 3) = constant.

It is possible to obtain similar relations between £(a,z) and £r(a,l) in
two dimensions as well by repeating the above analysis (see Padmanabhan,
1997). In 2-D the scaling relations turn out to be

FACH) (Linear)
€(a,z) x {Ep(a,l)z (Quasi-linear) (225)
£1(a,1)?  (Nonlinear)

where A again denotes the asymptotic value. For power law spectrum the
nonlinear correction function will énr(a,z) = a?™ Yz~ with v = 2(n +
2)/(n +4).

If we generalize the concept of stable clustering to mean constancy
of h in the nonlinear epoch, then the correlation function will behave as
Eni(a,z) = a®»F(akz). In this case, if the spectrum is a power law then
the nonlinear and linear indices are related to

2h(n + 2)

TE T hn+2) (226)

All the features discussed in the case of 3 dimensions are present here as
well. For example, if the asymptotic value of A scales with n such that h(n+
2) = constant then the nonlinear index will be independent of the linear
index. Figure (8) shows the results of numerical simulation in 2D, which
suggests that h = 3/2 asymptotically (Bagla etal., 1998) We shall now
consider some applications and further generalisations of these nonlinear
scaling relations.
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Figure 8. The comparison between theory and simulations in 2D.

The ideas presented here can be generalised in two obvious directions
(see Munshi and Padmanabhan, 1997): (i) By considering peaks of different
heights, drawn from an initial gaussian random field, and averaging over the
probability distribution one can obtain a more precise NSR. (ii) By using a
generalised ansatz for higher order correlation functions, one can attempt
to compute the Sy parameters in the quasilinear and nonlinear regimes.
We shall briefly comment on the results of these two generalisations.

(i) The basic idea behind the model used to obtain the NSR can be de-
scribed as follows: Consider the evolution of density perturbations starting
from an initial configuration, which is taken to be a realisation of a Gaus-
sian random field with variance o. A region with initial density contrast 6;
will expand to a maximum radius ¢y = @;/6; and will contribute to the two-
point correlation function an amount proportional to (2;/z5)® = 62. The
initial density contrast within a randomly placed sphere of radius ; will be
vo(x;) with a probability proportional to exp(—v?%/2). On the other hand,
the initial density contrast within a sphere of radius @, centered around a
peak in the density field will be proportional to the two-point correlation
function and will be v2£(z;) with a probability proportional to exp(—v2%/2).
Tt follows that the contribution from a typical region will scale as £ E? /2
while that from higher peaks will scale as £ o £3. In the quasilinear phase,
most dominant contribution arises from high peaks and we find the scaling
to be £qrL o £3. The non-linear, virialized, regime is dominated by contri-
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bution from several typical initial regions and has the scaling EnL o E—f’ /2,
This was essentially the result obtained above, except that we took v = 1.
To take into account the statistical fluctuations of the initial Gaussian field
we can average over different v with a Gaussian probability distribution.

Such an analysis leads to the following result. The relationship between
£(a,z) and £z(a,l) becomes

i ) - Qzﬁ I (et 3h/a
§(a,2) = A Gl ™54 = (3) {—27)] (227)
where oh

and ) = 0.5 is the ratio betweeén the final virialized radius and the radius at
turn-around. In our model, b = 2 in the quasi-linear regime, and h=1in
the non-linear regime. However, the above result holds for any other value
of k. Equation (227) shows that the scaling relations (220) acquire coeffi-
cients which depend on the spectral index n when we average over peaks
of different heights. (Mo etal., 1995; Munshi and Padmanabhan, 1997).

ii) In attempting to generalize our results to higher order correlation
functions, it is important to keep the following aspect in mind. The Nth or-
der correlation function will involve N — 1 different length scales. To make
progress, one needs to assume that, although there are different length
scales present in reduced n-point correlation function, all of them have to
be roughly of the same order to give a significant contribution. If the corre-
lation functions are described by a single scale, then a natural generalisation
will be

En o (23 Y) [a3 ) (229)

Given such an ansatz for the N point correlation function, one can compute
the Sy coefficients defined by the relation Sy = {n / Eév ~1 in a straightfor-
ward manner. We find that

T (agN—1)+1)

ek

where « is defined in equation (228). Given the function h(€), this equation
allows one to compute (approximately) the value of Sy parameters in the
quasi-linear and non-linear regimes. In our model h = 2 in the quasi-linear
regime and h = 1 in the non-linear regime. The numerical values of Sy
computed for different power spectra agrees reasonably well with simulation
results. (For more details, see Munshi and Padmanabhan, 1997.)

Sy = (4r)N-2/2 (230)
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12. NSR and halo profiles

Now that we have a NSR giving £(a, ) in terms of £r(a,l) we can ask the
question: How does the gravitational clustering proceed at highly nonlinear
scales or, equivalently, at any given scale at large a ?

To begin with, it is easy to see that we must have v = —az or h =1
for sufficiently large £(a,z) if we assume that the evolution gets frozen in
proper coordinates at highly nonlinear scales. Integrating equation (208)
with h = 1, we get £(a,z) = a®F(az); this is the phenomenon we called
“stable clustering”. There are two points which need to be emphasised
about stable clustering:

(1) At present, there exists some evidence from simulations (see Pad-
manabhan etal., 1996) that stable clustering does not occur inafl=1
model. In a formal sense, numerical simulations cannot disprove [or even
prove, strictly speaking] the occurrence of stable clustering, because of the
finite dynamic range of any simulation.

(2). Theoretically speaking, the “naturalness” of stable clustering is of-
ten overstated. The usual argument is based on the assumption that at very
small scales — corresponding to high nonlinearities — the structures are
“expected to be” frozen at the proper coordinates. However, this argument
does not take into account the fact that mergers are not negligible at any
scale in an © = 1 universe. In fact, stable clustering is more likely to be
valid in models with < 1 — a claim which seems to be again supported
by simulations (see Padmanabhan etal., 1996).

If stable clustering s valid, then the late time behaviour of £(a, ) can-
not be independent of initial conditions. In other words the two require-
ments: (i) validity of stable clustering at highly nonlinear scales and (ii)
the independence of late time behaviour from initial conditions, are mutu-
ally exclusive. This is most easily seen for initial power spectra which are
scale-free. If Pin(k) o k™ so that £r(a,z) o a2z~ ("13) | then it is easy to
show that £(a,z) at nonlinear scales will vary as

E(a,0) x amma w5 (€ 200) (231)
if stable clustering is true. Clearly, the power law index in the nonlinear
regime “remembers” the initial index. The same result holds for more gen-
eral initial conditions.

What does this result imply for the profiles of individual halos? To an-
swer this question, let us start with the simple assumption that the density
field p(a,x) at late stages can be expressed as a superposition of several
halos, each with some density profile; that is, we take

pla,x) = Z f(x —x4,a) (232)
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where the i-th halo is centered at x; and contributes an amount f(x—x;,a)
at the location x; [We can easily generalise this equation to the situation
in which there are halos with different properties, like core radius, mass etc
by summing over the number density of objects with particular properties;
we shall not bother to do this. At the other extreme, the exact description
merely corresponds to taking the f's to be Dirac delta functions. Hence
there is no loss of generality in (232)]. The power spectrum for the density
contrast, 6(a,x) = (p/ps — 1), corresponding to the pla,x) in (232) can be
expressed as

(233)

P,a) « (a®|f(ka)])’

Z exp —ik - x;(a)

x (a*17(0,)])’ Peem(,0) (234)

where Peeni(k,a) denotes the power spectrum of the distribution of centers
of the halos.

If stable clustering is valid, then the density profiles of halos are frozen
in proper coordinates and we will have f(x — x;,a) = f(a (x — x;)); hence
the fourier transform will have the form f(k,a) = a™* f(k/a). On the
other hand, the power spectrum at scales which participate in stable clus-
tering must satisfy P(k,a) = P(k/a) [This is merely the requirement
£(a,z) = a®F(ax) re-expressed in fourier space]. From equation (234) it
follows that we must have Peens(k,a) = Prent(k/a). We can however take
Prent = constant at sufficiently small scales.This is because we must neces-
sarily have Peent & constant, (by definition) for length scales smaller than
typical halo size, when we are essentially probing the interior of a single
halo at sufficiently small scales. We can relate the halo profile to the corre-
lation function using (234). In particular, if the halo profile is a power law
with f oc 77¢, it follows that the £(a, ) scales as 7 [see also McClelland
and Silk, 1977] where

v=2¢—-3 (235)

Now if the correlation function scales as 2l-3(n+3)/(n+5)] then we see that
the halo density profiles should be related to the initial power law index
through the relation
_3(n+4)
T n+5b
So clearly, the halos of highly virialised systems still “remember” the initial
power spectrum.
Alternatively, without taking the help of the stable clustering hypoth-
esis, one can try to “reason out” the profiles of the individual halos and
use it to obtain the scaling relation for correlation functions. One of the

(236)
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favourite arguments used by cosmologists to obtain such a “reasonable”
halo profile is based on spherical, scale invariant, collapse. It turns out that
one can provide a series of arguments, based on spherical collapse, to show
that — under certain circumstances — the density profiles at the nonlinear
end scale as z[~3(n+3)/(n+5)] The simplest variant of this argument runs as
follows: If we start with an initial density profile which is »~%, then scale
invariant spherical collapse will lead to a profile which goes as r~# with
B = 3a/(1 + ) [see eg., Padmanabhan, 1996a]. Taking the intial slope as
a = (n+3)/2 will immediately give 8 = 3(n+3)/(n+5). [Our definition of
the stable clustering in the last section is based on the scaling of the corre-
lation function and gave the slope of [-3(n +3)/(n +5)] for the correlation
function. The spherical collapse gives the same slope for halo profiles.] In
this case, when the halos have the slope of ¢ = 3(n + 3)/(n + 5), then the
correlation function should have slope

_ 3(n+1)

= (237)

Once again, the final state “remembers” the initial index n.

Is this conclusion true ? Unfortunately, simulations do not have suffi-
cient dynamic range to provide a clear answer but there are some claims
that the halo profiles are “universal” and independent of initial conditions.
The theoretical arguments given above are also far from rigourous (in spite
of the popularity they seem to enjoy!). The argument for correlation func-
tion to scale as [—3(n + 3)/(n + 5)] is based on the assumption of h =1
asymptotically, which may not be true. The argument, leading to density
profiles scaling as z[=3("+3)/(n+5)] s based on scale invariant spherical col-
lapse which does not do justice to nonradial motions. Just to illustrate the
situations in which one may obtain final configurations which are indepen-
dent of initial index n, we shall discuss two possibilities:

(i) As a first example we will try to see when the slope of the correlation
function is universal and obtain the slope of halos in the nonlinear limit
using our relation (235). Such a situation can develop if we assume that h
reaches a constant value asymptotically which is not necessarily unity. In
that case, we get £(a,z) = a3*F[ahz] where h now denotes the constant
asymptotic value of of the function. For an initial spectrum which is scale-
free power law with index n, this result translates to

— 2y

£(a,z) x ant3z™? (238)

where 7 is given by
3h(n + 3)

s T+ h(n13) (239)
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We now notice that one can obtain a 4 which is independent of initial power
law index provided A satisfies the condition h(n 4+ 3) = ¢, a constant. In
this case, the nonlinear correlation function will be given by

e———3<c+1) (240)

c+2

Note that we are now demanding the asymptotic value of h to explicitly
depend on the initial conditions though the spatial dependence of £(a, )
does not. In other words, the velocity distribution — which is related to
h — still “remembers” the initial conditions. This is indirectly reflected in
the fact that the growth of £(a,z) — represented by a®e/((2+e)(n+3)) _ does
depend on the index n.

We emphasize the fact that the velocity distribution remembers the
initial condition because it is usual (in published literature) to ignore the
memory in velocity and concentrate entirely on the correlation function. It
is not clear to us [or we suppose to anyone else] whether it is possible to
come up with a clustering scenario in which no physical feature remembers
the initial conditions. This could probably occur when virialisation has run
its full course but even then it is not clear whether the particles which
evaporate from a given potential well (and form a uniform hot component)
will forget all the initial conditions.

As an example of the power of such a — seemingly simple — analysis
note the following: Since ¢ > 0, it follows that € > (3/2); invariant profiles
with shallower indices (for e.g with ¢ = 1) are not consistent with the
evolution described above.

(ii) For our second example, we shall make an ansatz for the halo profile
and use it to determine the correlation function. We assume, based on small
scale dynamics, that the density profiles of individual halos should resemble
that of isothermal spheres, with ¢ = 2, irrespective of initial conditions.
Converting this halo profile to correlation function in the nonlinear regime
is straightforward and is based on equation (235): If € = 2, we must have
v = 2¢—3 =1 at small scales; that is £(a,z) o 71 at the nonlinear regime.
Note that this corresponds to the index at the nonlinear end, for which the
growth rate is a> — same as in linear theory. We shall say more about
such ‘critical’ indices later. [This a? growth however, is possible for initial
power law spectra, only if € = 2, i.e h(n + 3) = 1 at very nonlinear scales.
Testing the conjecture that h(n + 3) is a constant is probably a little easier
than looking for invariant profiles in the simulations but the results are still
uncertain).

The corresponding analysis for the intermediate regime, with 1 < £(a,z) < 200,
is more involved. This is clearly seen in equation (234) which shows that
the power spectrum [and hence the correlation function] depends both on
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the fourier transform of the halo profiles as well as the power spectrum
of the distribution of halo centres. In general, both quantities will evolve
with time and we cannot ignore the effect of Peent(k,a) and relate P(k,a)
to f(k,a). The density profile around a local mazima will scale approxi-
mately as p o« £ while the density profile around a randomly chosen point
will scale as p o £'/2. [The relation ¥ = 2¢ — 3 expresses the latter scal-
ing of £ o« p?]. There is, however, reason to believe that the intermediate
regime (with 1 £ € < 200) is dominated by the collapse of high peaks
(see Padmanabhan, 1996a) . In that case, we expect the correlation func-
tion and the density profile to have the same slope in the intermediate
regime with £(a,z) o (1/2?). Remarkably enough, this corresponds to the
‘critical’ index n. = —1 for the intermediate regime for which the growth
is proportional to a2.

We thus see that if: (i) the individual halos are isothermal spheres with
(1/2?) profile and (i) if £ « p in the intermediate regime and & o p? in
the nonlinear regime, we end up with a correlation function which grows as
a? at all scales. Such an evolution, of course, preserves the shape and is a
good candidate for the late stage evolution of the clustering.

While the above arguments are suggestive, they are far from conclusive.
It is, however, clear from the above analysis and it is not easy to provide
unique theoretical reasoning regarding the shapes of the halos. The situation
gets more complicated if we include the fact that all halos will not all
have the same mass, core radius etc and we have to modify our equations
by integrating over the abundance of halos with a given value of mass,
core radius etc. This brings in more ambiguities and depending on the
assumptions we make for each of these components [e.g, abundance for
halos of a particular mass could be based on Press-Schecter formalism],
and the final results have no real significance. It is, therefore, better [and
probably easier] to attack the question based on the evolution equation for
the correlation function rather than from “physical” arguments for density
profiles.

13. Power transfer and critical indices

Given a model for the evolution of the power spectra in the quasilinear and
nonlinear regimes, one could generalise the questions raised in the last sec-
tion and explore whether evolution of gravitational clustering possesses any
universal charecteristics. For example one could ask whether a complicated
initial power spectrum will be driven to any particular form of power spec-
trum in the late stages of the evolution. This is a somewhat more general
issue than, say, the invariance of halo profile.

One suspects that such a possibility might arise because of the following
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reason: We saw in the section 11 that [in the quasilinear regime] spectra with
n < —1 grow faster than a? while spectra with n > —1 grow slower than a?.
This feature could drive the spectral index to n = n. & —1 in the quasilinear
regime irrespective of the initial index. Similarly, the index in the nonlinear
regime could be driven to n & —2 during the late time evolution. So the
spectral indices —1 and —2 are some kind of “fixed points” in the quasilinear
and nonlinear regimes. Speculating along these lines, we would expect the
gravitational clustering to lead to a “universal” profile which scales as z~*
at the nonlinear end changing over to =2 in the quasilinear regime.

This effect can be understood better by studying the “effective” index
for the power spectra at different stages of the evolution (see Bagla and
Padmanabhan, 19977). To do this most effectively, let us define a local
index for rate of clustering by

01né(a,z)

Olna (241)

ne(a, )

which measures how fast £(a, z) is growing. When £(a,z) < 1, then ng = 2
irrespective of the spatial variation of £(a,z) and the evolution preserves
the shape of £(a, ). However, as clustering develops, the growth rate will
depend on the spatial variation of £(a,z). Defining the effective spatial
slope by

_ 0lnf(a,z)
one can rewrite the equation (199) as
e = [l — o) (243)
a f(a’ w) T

At any given scale of nonlinearity, decided by £(a,z), there exists a critical
spatial slope n. such that n, > 2 for ny < n. [implying rate of growth is
faster than predicted by linear theory] and n, < 2 for ny > n. [with the
rate of growth being slower than predicted by linear theory]. The critical
index n. is fixed by setting n, = 2 in equation (243) at any instant. This
requirement is established from the physically motivated desire to have a
form of the two point correlation function that remains invariant under
time evolution. Since the linear end of the two point correlation function
scales as a?, the required invariance of form constrains the index n, to be 2
at all scales . The fact that ng > 2 for n, < n. and ng < 2 for ng > n, will
tend to “straighten out” correlation functions towards the critical slope.
[We are assuming that £(a,z) has a slope that is decreasing with scale,
which is true for any physically interesting case]. From the NSR it is easy
to see that in the range 1 < £ < 200, the critical index is n. ~ —1 and



ASPECTS OF GRAVITATIONAL CLUSTERING 65

for 200 < €, the critical index is n. ~ —2. This clearly suggests that the
local effect of evolution is to drive the correlation function to have a shape
with (1/z) behaviour at nonlinear regime and (1/2?) in the intermediate
regime. Such a correlation function will have n, =~ 2 and hence will grow
at a rate close to a2.

The three panels of figure (9) illustrate features related to the existence
of fixed points in a clearer manner. In the top panel we have plotted index
of growth ng = (8Iné(a,z)/81na), as a function of £ in the quasilinear
regime obtained from the best fit for NSR based on simulations. Curves
correspond to an input spectrum with index n = —2,—1,1. The dashed
horizontal line at n, = 2 represents the linear growth rate. An index above
this dashed horizontal line will represent a rate of growth faster than linear
growth rate and the one below will represent a rate which is slower than
the linear rate. It is clear that — in the quasilinear regime — the curve for
n = —1 closely follows the linear growth while n = —2 grows faster and
n = 1 grows slower; so the critical index is n. ~ —1.

The second panel of figure 9 shows the effective index nq as a function of
the index n of the original linear spectrum at different levels of nonlinearity
labelled by € = 1,5,10,50,100. We see that in the quasilinear regime, n, >
2forn < —1and nga < 2 forn > —1.

The lower panel of figure 9 shows the slope ny = —3 — (81n£/81lnz),
of £ for different power law spectra. It is clear that n, crowds around
ne & —1 in the quasilinear regime. If perturbations grow by gravitaional
instability, starting from an epoch at which it < 1 at all scales, then
equation (243) with n, > 0 requires, that ng, at any epoch, must satisfy
the inequality

ne < (3/0). (244)

This bounding curve is shown by a dotted line in the figure. This powerful
inequality shows that regions of strong nonlinearity [with £ > 1) should
have effective index which is close to or less than zero. The index n, = —1
corresponds to the isothermal profile with £(a,z) = a?z~2 and has two
interesting features to recommend it as a candidate for fixed point:

(i) For n = —1 spectra each logarithmic scale contributes the same
amount of correlation potential energy. If the regime is modelled by scale
invariant radial flows, then the kinetic energy will scale in the same way. It
is conceivable that flow of power leads to such an equipartition state as a
fixed point though it is difficult prove such a result in any generality.

(ii) It was shown earlier that scale invariant spherical collapse will
change the density profile % with an index b to another profile with index
3b/(1 + b). Such a mapping has a nontrivial fixed point for b = 2 corre-
sponding to the isothermal profile and an index of power specrum n = —1
(see Padmanabhan, 1996a).
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n=-2

-

Figure 9. The top panel shows exponent of rate of growth of density fluctuations as a
function of amplitude. We have plotted the rate of growth for three scale invariant spectra
n = —2, —1,1. The dashed horizontal line indicates the exponent for linear growth. For
the range 1 < § < 100, the n = —1 spectrum grows as in linear theory; n < —1 grows
faster and n > —1 grows slower. The second panel shows exponent of rate of growth as a
function of linear index of the power spectrum for different values of £ (1,5,10,50,100).
These are represented by thick, dashed, dot-dashed, dotted and the dot-dot-dashed lines
respectively. It is clear that spectra with ni;, < —1 grow faster than the rate of growth
in linear regime and nin > —1 grow slower. The lower panel shows the evolution of index
ne =—3—(8In§/81nz), with {. Indices vary from n = —2.5 to n = 4.0 in steps of 0.5.
The tendency for n, to crowd around n. = —1 is apparent in the quasilinear regime.
The dashed curve is a bounding curve for the index (no < 3/) if perturbations grow via
gravitational instability.
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These considerations also allow us to predict the nature of power trans-
fer in gravitational clustering. Suppose that, initially, the power spectrum
was sharply peaked at some scale kg = 27/Lo and has a small width Ak.
When the peak amplitude of the spectrum is far less than unity, the evolu-
tion will be described by linear theory and there will be no flow of power
to other scales. But once the peak approaches a value close to unity, power
will be generated at other scales due to nonlinear couplings even though
the amplitude of perturbations in these scales are less than unity. Mathe-
matically, this can be understood from the evolution equation (36) for the
density contrast — written in fourier space — as :

By + 2%& — 4G by + Qy (245)

where 8y (t) is the fourier transform of the density contrast, p is the back-
ground density and @y = Ay — By is a nonlocal, nonlinear function which
couples the mode k to all other modes k' . Coupling between different
modes is significant in two cases. The obvious case is one with § > 1. A
more interesting possibility arises for modes with no initial power [or ex-
ponentially small power]. In this case nonlinear coupling provides the only
driving terms, represented by Qy in equation (245). These generate power
at the scale k through mode-coupling, provided power exists at some other
scale. Note that the growth of power at the scale k will now be governed
purely by nonlinear effects even though 6 < 1.

Physically, this arises along the following lines: If the initial spectrum is
sharply peaked at some scale Lo, first structures to form are voids with a
typical diameter Lo. Formation and fragmentation of sheets bounding the
voids lead to generation of power at scales L < Lg. First bound structures
will then form at the mass scale corresponding to Lg. In such a model, Elin
at L < Lo is nearly constant with an effective index of n &~ —3. Assuming
we can use equation (220) with the local index in this case, we expect
the power to grow very rapidly as compared to the linear rate of a?. [The
rate of growth is a® for n = —3 and a* for n = —2.5.] Different rate of
growth for regions with different local index will lead to steepening of the
power spectrum and an eventual slowing down of the rate of growth. In
this process, which is the dominant one, the power transfer is mostly from
large scales to small scales. [There is also a generation of the k* tail at large
scales which we have discussed earlier.]

From our previous discussion, we would have expected such an evolution
to lead to a “universal” power spectrum with some critical index n, ~ —1
for which the rate of growth is that of linear theory - viz., a. In fact, the
same results should hold even when there exists small scale power; recent
numerical simulations dramatically confirm this prediction and show that
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Pigure 10. The transfer of power in gravitational clustering
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The growth of gravitational clustering towards a universal power spectrum
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- in the quasilinear regime, with 1 < § < 100 - power spectrum indeed
has a universal slope (see figures 10, 11; for more details, see Bagla and
Padmanabhan, 1997).

The initial power spectrum for figure 10 was a Gaussian peaked at
the scale ko = 2w/Lo; Lo = 24 and having a spread Ak = 27/128. The
amplitude of the peak was chosen so that Ay,(ko = 27/Lo,a = 0.25) =1,
where A%(k) = k*P(k)/(27?) and P(k) is the power spectrum. Needless to
say, the simulation starts while the peak of the Gaussian is in the linear
regime (A(ko) < 1). The y-axis is A(k)/a, the power per logarithmic scale
divided by the linear growth factor. This is plotted as a function of scale
L = 2m/k for different values of scale factor a(t) and the curves are labeled
by the value of a. As we have divided the power spectrum by its linear rate
of growth, the change of shape of the spectrum occurs strictly because of
non-linear mode coupling. It is clear from this figure that power at small
scales grows rapidly and saturates to growth rate close to the linear rate
[shown by crowding of curves] at later epochs. The effective index for the
power spectrum approaches n = —1 within the accuracy of the simulations.
Thus this figure clearly demonstrates the general features we expected from
our understanding of scaling relations.

Figure 11 compares power spectra of three different models at a late
epoch. Model I was described in the last para; Model IT had initial power
concentrated in two narrow windows in k-space. In addition to power
around Lo = 24 as in model I, we added power at ky = 2r/L1; L1 = 8 using
a Gaussian with same width as that used in model I. Amplitude at L; was
chosen five times higher than that at Lo = 24, thus Appn(k1,a = 0.05) = 1.
Model III was similar to model II, with the small scale peak shifted to
ki = 2m/Lq; Ly = 12. The amplitude of the small scale peak was the same
as in Model II. At this epoch Ayn(ko) = 4.5 and it is clear from this figure
that the power spectra of these models are very similar to one another.

There is another way of looking at this feature which is probably more
useful. We recall that, in the study of finite gravitating systems made of
point particles and interacting via newtonian gravity, isothermal spheres
play an important role. They can be shown to be the local maxima of en-
tropy [see Padmanabhan, 1990] and hence dynamical evolution drives the
system towards an (1/z%) profile. Since one expects similar considerations
to hold at small scales, during the late stages of evolution of the universe,
we may hope that isothermal spheres with (1/z%) profile may still play a
role in the late stages of evolution of clustering in an expanding background.
However, while converting the profile to correlation, we have to take note of
the issues discussed earlier. In the intermediate regime, dominated by scale
invariant radial collapse, the density will scale as the correlation function
and we will have £ o (1/z%). On the other hand, in the nonlinear end, we
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have the relation ¥ = 2¢ — 3 which gives £ « (1/z) for ¢ = 2. Thus, if
isothermal spheres are the generic contributors, then we expect the corre-
lation function to vary as (1/z) and nonlinear scales, steepening to (1/z?)
at intermediate scales. Further, since isothermal spheres are local maxima
of entropy, a configuration like this should remain undistorted for a long
duration. This argument suggests that a £ which goes as (1/z) at small
scales and (1/x2) at intermediate scales is likely to be a candidate for a
pseudo-linear profile— that is configuration which grows approximately as
a? at all scales.

To go from the scalings in two limits to an actual profile, we can use some
fitting function. By making the fitting function sufficiently complicated, we
can make the pseudo-linear profile more exact. The simplest interpolation
between the two limits is given by (Padmanabhan and Engineer, 1998)

£(a,z) = (% (-\/1+§—1)) (246)

with L, B being constants. This approximate profile works reasonably well
for the optimum value is B = 38.6. If we evolve this pseudo linear profile
form a? = 1 to a? =~ 1000 using the NSR, and plot [£(a,z)/a®] against z
then the curves virtually fall on top of each other within about 10 per cent
(see Padmanabhan and Engineer, 1998) This overlap of the curves show
that the profile does grow approximately as a?.

Finally, we will discuss a different way of thinking about pseudolinear
profiles which may be useful. In studying the evolution of the density con-
trast 6(a,x), it is conventional to expand in in term of the plane wave

modes as
6(a,x) = _ 6(a,k) exp(ik - x) (247)
k

In that case, the ezact equation governing the evolution of §(a, k) is given
by \

d?6 3 dbyx 3

Ja? + % da 27‘—261c =A (248)
where A denotes the terms responsible for the nonlinear coupling between
different modes. The expansion in equation (247) is, of course, motivated
by the fact that in the linear regime we can ignore A and each of the modes
evolve independently. For the same reason, this expansion is not of much
value in the highly nonlinear regime.

This prompts one to ask the question: Is it possible to choose some other

set of basis functions Q(a,x), instead of exp ik - x, and expand §(a,x) in

the form
6(a,x) =Y _ ba(a) Q(a,x) (249)
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so that the nonlinear effects are minimised ? Here o stands for a set of pa-
rameters describing the basis functions. This question is extremely difficult
to answer, partly because it is ill-posed. To make any progress, we have to
first give meaning to the concept of “minimising the effects of nonlinear-
ity”. One possible approach we would like to suggest is the following: We
know that when &(a,x) < 1,then §(a,x) o« a F(x) for any arbitrary F(x);
that is all power spectra grow as a® in the linear regime. In the interme-
diate and nonlinear regimes, no such general statement can be made. But
it is conceivable that there exists certain special power spectra for which
P(k,a) grows (at least approximately) as a® even in the nonlinear regime.
For such a spectrum, the left hand side of (248) vanishes (approximately);
hence the right hand side should also vanish. Clearly, such power spectra
are affected least by nonlinear effects. Instead of looking for such a spe-
cial P(k,a) we can, equivalently look for a particular form of £(a,z) which
evolves as closely to the linear theory as possible. Such correlation func-
tions and corresponding power spectra [which are the pseudo-linear profiles]
must be capable of capturing most of the essence of nonlinear dynamics. In
this sense, we can think of our pseudo-linear profiles as the basic building
blocks of the nonlinear universe. The fact that the correlation function is
closely related to isothermal spheres, indicates a connection between local
gravitational dynamics and large scale gravitational clustering.

14. Conclusion

I tried to highlight in these lectures several aspects of gravitational cluster-
ing which — I think — are important for understanding the basic physics.
Some of the discussion points to obvious interrelationships with other branches
of theoretical physics. For example, we saw that the power injected at any
given scale cascades to other scales leading to a (nearly) universal power
spectrum. This is remniscent of the fluid turbulence in which Kolmogorov
spectrum arises as a (nearly) universal choice. Similarly, the existence of cer-
tain configurations, which are least disturbed by the evolution [the “psuedo-
linear profiles”, discussed in section 13] suggests similarities with the study
of eddies in fluid mechanics, which possess a life of their own. Finally, the
integral equation coupling the modes (113) promises to be an effective tool
for analysing this problem. We are still far from having understood the dy-
namics of this system from first principles and I hope these lectures serve
the purpose of stimulating interest in this fascinating problem.
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