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Chapter 1

Linear perturbations

Quick summary

e The evolution of linear matter perturbations can be studied in Newtonian gravity in a simplified case

e They coincide with full GR scalar perturbation theory in the sub-horizon, non-relativistic limit

They can also be derived from the so-called Vlasov-Poisson equation that applies to any collisionless fluid

After Fourier transformation, the equations can be solved analytically in various regimes: sub- and super-
horizon, matter and radiation epoch

Fluctuations grow when they are smaller than the horizon but larger than the Jeans length

1.1 The Newtonian equations

Most of the physics of cosmological perturbations is essentially Newtonian, at least as long as we consider
only linear (i.e., small) pressureless perturbations at sub-horizon scales and we assume that the background
evolution has already been obtained by solving the unperturbed Einstein equations. In this section we follow
in part Peacock, Cosmological Physics. Let us consider a density field p(x), associated to a pressure p(z) and
a velocity field v(z), under the action of a gravitational potential ®(z) generated by the fluid itself (where z
denotes the dependence on space-time coordinates). Then we have three relevant equations: a conservation
equation (the fluid moves but neither disappears nor is created), the Euler equation (the fluid is accelerated
under the action of pressure gradient and of gravity), and the Poisson equation (the gravitational potential
depends on the fluid’s density). The conservation equation in one dimension, for instance, says that the number
of particles with velocity v entering in a small region dz at the border 1, equal to (pdx); = (pvdt)1, minus the
number leaving the region at the border 2, (pvdt)s, must be equal to the change of the number of particle in
the same region, dpdz, so that dpdx = [(pv)1 — (pv)2]dt, or

9p _ 9(pv)

had 1.1.1

ot o0.x ( )
This generalizes to 3D as

% =-V(pv)=—pV-v—v-Vp (1.1.2)

where V = {0,,0,,0,} in Cartesian coordinates. Therefore, the three corresponding equations are (as usual,
G=1)

p+v-Vp=—pV-v continuity (1.1.3)
p(V+v-Vv)=-Vp—pV> Euler (1.1.4)
V20 = dmp Poisson (1.1.5)
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We now need to do three operations: expand the equations to first order, employ the background cosmological
equations, and adopt comoving coordinates.

Let us expand the continuity equation. We put p = pg+dp, v = vy + v, where py depends only on time (so
Vpo = 0), and vo = Hx is the cosmological expansion. The perturbed terms dp, dv are supposed to be much
smaller than the background terms. Then we have from

po+0p+ (Vo +6v)-Vép=—(po +p)V - (vo + V) (1.1.6)
At zero-th order this gives the expected result for a pressureless fluid

po=—poHYV -x=—-3Hpg (1.1.7)
We can use this equation now to simplify the perturbed one,

Sp+vo-Vép=—pyV-0v —3Hdp (1.1.8)

where we also discarded two higher order terms, dv-Vdp and dpV - dv. Next, we introduce the density contrast

)
. (1.1.9)
Po
and we notice that pgd = 6p — dppo/po = 6p + 3Hp. Then
§+vo-Vé=—V-6bv (1.1.10)
We notice that on the lhs we have a total derivative, dé/dt = é + vq - V0.
The same operations can be applied to the Euler and Poisson equations, and we find
dé . V4§
BV vt v Vov = —~2L Vb — (6v - V)vo (1.1.11)
dt Po
V260 = 4mpyd (1.1.12)

The term (0v - V)vg can be written in explicit component form (sum over repeated indexes) as (0v);V,vg; =
(0v);HV,x; = (6v);H. We have now a linearized set of equations, but we still want to put them in comoving
coordinates r,

x(t) = a(t)r(t) (1.1.13)

Then we have V = a~!'V,.. We now use simply v for §v and ¢ for §®. It follows

o
—=-V,- 1.1.14
a V- v ( )
v Viop Ved o (1.1.15)
dt apo a
V2¢ = 4ra’pod (1.1.16)

This set of equations is closed by introducing the sound speed ¢? = 6p/dp. Now, with respect to the comoving
observers, the background velocity vy is zero, and dv is the peculiar velocity, so the total derivative d/dt is
identical to the partial derivative 8/0t. More formally, moving from x to ar, one has (let’s consider only the
x = aX coordinate for simplicity) dx = [0(aX)/0t]dt + [0(aX)/0X]dX = aXdt + adX, so for any function
f(t, )

o= () ar (L) i (%) s (L) xasa a1
T t x t

_[fery | (o O (1) wa (20
_ [(&)z+ (ax)tHx] dt + <&E>tadX— (8t)th+ (8X>th (1.1.18)
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(since aX = Hx) from which we see that

(8),-(2).0 )

so we see that the partial derivative wrt ¢ at fixed X is not the same as the partial derivative at fixed .
Generalizing to 3D and applying it to d,

00 : dd
(at)r:5+V0'v5= (dt)z (1.1.20)

which means that, in comoving coordinates, the total derivative wrt time is actually a partial derivative. Finally,
adopting the conformal time dr = dt/a we obtain (the dot is now 9/97)

b=-V, v (1.1.21)
v =-V,c20 -V, ¢ — Hav (1.1.22)
V2¢ = 4ra’pod (1.1.23)

These equations can also be obtained as the k < aH limit of the full GR treatment. In GR, for a flat space,
we also can replace pg with the Friedmann relation

87
H? = EPO

From now on we discard the subscript r.
We define now the velocity divergence § = Vév; and define the conformal Hubble parameter H = (da/d7)/a =
aH. Then, applying V to the continuity and Euler equation, we get

6 =-V2c26 - V% —Hb (1.1.24)
b=—0 (1.1.25)

The rotational part of the velocity field, w = V x v can be neglected in a first approximation because taking
the curl of Eq. (1.1.22)) one sees that w decays away. This approximation however breaks down when collisional

matter (i.e. baryons) are considered, and in the non-linear regime.
We go now to Fourier space. This means that all perturbation quantities will be Fourier expanded:

¢ = /e“%kd% (1.1.26)
= /ei’“rékd3k, ez/eikrekdi”k (1.1.27)

but the subscript k& will be dropped in the following (the Fourier normalization factors here play no role, since
the equations are all in Fourier space). In other words, we assume that the perturbation variables 4,0, ¢ etc.
are the sum of plane waves §pe’*" (I often use the short notation kr = k - r); since the equations are linear,
each plane wave obeys the same equations with a different k. In practice, each perturbation quantity and its
derivatives can be substituted as follows

dx, 1) — M op(r)
Vo(r,7) — i ke (7)
V2(x,7) = ViVip(z,7) — —e* k2 gy(7) (1.1.28)
Furthermore, the Fourier modes e**” can be simply dropped out, since the equations are linear and therefore

decoupled in the modes.
The perturbation equations in the Newtonian limit become then

b = -0
0 = —HO+ Pk + k2

K¢ = —%HQQWS (1.1.29)



CHAPTER 1. LINEAR PERTURBATIONS 6

i.e. the continuity, the Euler and the Poisson equations, which are as expected the Fourier transform of the
equations (1.1.23)) already seen in Sect. (|1.1)). Deriving the first equation we obtain

6+ HS + (k%g - 2%2(2") 5=0 (1.1.30)

(In the Minkowski limit, H = 0, this equation reduces to the fluid wave equation 6— c2V?2§ = 0, and shows that
¢s 1s indeed the sound velocity.) This shows at once that the perturbation does not grow if

k22 — gHmm >0 (1.1.31)

i.e., if the perturbation scale A = 27a/k is smaller than the Jeans length,

T
AJ=Coyf— 1.1.32
7 ﬁ (1.1-32)

For scales smaller than A; the perturbations undergo damped oscillations. For the CDM particles the velocity
dispersion is always negligible. For the photons is ¢/v/3, so that the physical scale

Ay~ H ! (1.1.33)

and growth is prevented on all scales smaller than the horizon. For the baryons, finally, the sound velocity is
comparable to the photon velocity before decoupling, so that baryon perturbations are damped out, but drops
rapidly to a comoving scale of less than 1Mpc just after decoupling. Then the baryons are free to fall inside the
dark matter potential wells, and their perturbation spectrum catches the dark matter one.

1.2 Vlasov equation

We now recover Egs. from a more general point of view, in order to understand which approxima-
tions have been implicitly made. Here we follow mostly [5], [4]. A general-relativistic derivation of the non-linear
perturbations can be found in [3].

A flow of particles that are neither destroyed nor created (“conserved”) and do not collide against each
other is governed by the collisionless Boltzmann equation. Let the number dN of particles in a space volume
dV = dxdydz and with momenta within the volume dp,dp,dp. be

dN = f(t,x, p)dzdydzdp,dp,dp. (1.2.1)

where f is the distribution function and the space-momentum volume element is called the phase-space volume.
In absence of collisions, trajectories in the phase-space do not intersect, because otherwise the same initial
conditions in terms of positions and momenta would give rise to two different trajectories, breaking classical
determinism.

Let’s first consider a 1-dimensional example. Since the particle number is conserved, the number of particles
with momentum p, entering in a space volume dxdydz in direction x in the time interval dt is pdxdydz =
pugdtdydz (v, is the z-component of the velocity and p is the number density of particles), minus the number
exiting from the other side (see Fig. ; if the particles move only along x, this has to be equal to the change
in the number of particles inside the volume itself, dpdV. Then we have the continuity equation (the incoming
velocity is taken negative)

dpdxdydz = —d(pv,,)dtdydz (1.2.2)
or

dp _ O(pva)

e (1.2.3)

This simple derivation can be extended to all six phase-space coordinates. The demonstration makes use of the
following relations, valid in any number of dimensions and any choice of coordinates w:

5 [ == (tv)maa=— [ V(v (12:4)
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Figure 1.2.1: Flux across a surface A. Particles inside the box (for instance, particles 1,2,3) will cross the surface
in At, particles outside (e.g., 4) will not.

where v = w , V takes derivatives wrt to w, and n is the unit normal to the surface 0V enclosing V. The first
equality applies when f is a conserved quantity (mass, or number of particles, or number of microstates), the
second is the divergence theorem and is always valid. Since the volume V is arbitrary, the integrands of the
first and third member must be equal. For the phase-space coordinates this gives the generalized version of Eq.
, namely the collisionless Boltzmann equation

I fui)
Z o = (1.2.5)

where w = {z,y,2,ps,py,p-} = {q,p} is the phase-space vector of coordinates. Notice that if we allow for
collisions, i.e. instantaneous interactions, f would not be differentiable, and an extra term taking into account
this should be included.

The Boltzmann equation gives the evolution in a phase space q,p (position and momenta) of a set of
collisionless particles whose number density is f(q,p,t). In cosmology, the velocity of a particle at position
X = aq is

_0x  Oa 8q
=2~ a4 q+a n = Hx + dv (1.2.6)

where the first term is the Hubble expansion and dv defines the peculiar velocity.
Now since q = OH/Jp and p = —90H/90q, where H is the Hamiltonian, we have

6 . 6 .

; ow; N ; (fawz i 8wi> (1.2.7)
OPH  H\ N~ 9

=/ (3q8p c‘)pf)q) * ;wl ow; (1.2.8)

- Z“’ S (1.2.9)
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Then the Boltzmann equation says that the phase-space density f is conserved

af _ af Zawn of _0of 04 0f  Opi0f

dt ot dw, Ot Ot 8¢, = Ot Op;

-0 (1.2.10)

where 7 = 1,2,3. We need now to include the gravitational potential in this equation.
In a self-gravitating system with density p(x) the potential ® is given by

_—G/d3 P (1.2.11)

[x! —X\

However, this Newtonian potential includes also the potential induced by the homogeneous distribution, which
instead in GR is shown to just source the expansion, without inducing any motion in comoving coordinates. If
we write the Poisson equation as

AD =4mwp =4dnw(po + dp)

and write the operator A = 2720,220, in radial coordinates, we see that at the background level the potential
is

la2

2
do = — poa® + C(t) = +C(t) (1.2.12)
3 2a
where we used the second Friedmann equation for a pressureless component, 4 = —4mapg/3. The cosmological
potential ¢ should therefore be defined by subtracting from ® the background part:
2
=2 — %pon (1.2.13)
Then it follows that ¢ is indeed sourced by the fluctuations,
A¢p = 4Ampyd (1.2.14)

where § is the density contrast. Here, however, we keep using the full potential ®. Then we can write the
dynamics as

Op;

= - P 1.2.1
ot mv (1.2.15)
0q; Di

== 1.2.1
ot m ( 6)

Therefore we obtain

af of
Z 4 2 — d. L =0 1.2.17
ot + -Vf—-mV ap ( )

This is called the Vlasov-Poisson equation, and is complemented by the Poisson equation in terms of the
cosmological potential

V20 = 47p (1.2.18)

Notice that we are still using physical coordinates, not the comoving ones.
Instead of using the full Vlasov-Poisson equation, we can take moments. We define the particle density

pz,t) = /f(q, p,t)d’p (1.2.19)

(this is of course the same quantity on the rhs on Eq. [1.2.18) and the moments (all quantities on the lhs depend
on x,T)

pUi = / - f(a,p,t) (1.2.20)
ij = /(E - vz)(% —v;)f(a,p, t)d’p (1.2.21)
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where v denotes the peculiar velocity at x averaged over the distribution of momenta, and o;; denotes the stress
tensor. Note that

Pi Dy
T;L L f(a,p,t)d’p = 0ij + pviv; (1.2.22)

We can now use these momenta to integrate out the Vlasov equation. Integrating over d®p gives (since ®
does not depend on p)

Op 0 3
d. — = 1.2.2
ot + V. pv, —mV 5‘p/fdp 0 ( 3)

The last term vanishes because the momenta are integrated out, so we obtain the same continuity equation

(1.1.3) we have seen in the previous section

Ip

= 1.2.24
atJrV pv=20 ( )

The first order moment gives instead

0 pzde /ﬁ@w‘f@ﬁp—mvj@ ﬁifcﬁp: (1.2.25)
ot mm ;
gtpvz + VI / @@fd3p+ v, 3pz de (1.2.26)
gtpvz + Vi (0ij + pvivj) + V; @53 /fdgp = (1.2.27)
ap 0
Evl + oY + Vi (0ij + privj) + pV® = (1.2.28)
. 0
—0; VI pvj + p—w; + V(045 + pvivj) + pVi® =0 (1.2.29)

ot

We used integration by parts in the last term of the second line and replacement with the continuity equation
in the last line. Now we have

—v; VI pvj + VI pvivj = pv; Vi, (1.2.30)
and therefore

0 ; 1_,
&’Ui + UjV]’Ui = 7V1<I> - ;VJCTZ'J' (1231)

The hierarchy of moments if usually truncated at the second order (one can indeed show that for non-relativistic
matter higher orders are suppressed [3]) and, to close the system of equations, some simplified assumption is
taken for o;;. The most common is to assume an isotropized fluid in which the stress tensor is identified with
the pressure

0ij = Poij (1.2.32)

In this case we recover Eq. (1.1.4))

0 - 1
%U,‘ + vjVJvi =-V;®— ;Vip (1.2.33)
At the background level, there are no peculiar velocities, so v = Hx, ® = ¢g =  pox 22, Then, since z; Viz; =

;07 = x;, we have (notice that 3/8t has to be taken at constant ;)

0 4 1.
6tH + H2£L'Z = —%pol’i - ;V]aij (1234)
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For a pressureless perfect fluid o;; = 0, and therefore we recover the second Friedmann equation

0 a 47
~—H+H=—-=—— 1.2.35
It + a 3 Po ( )

As promised, egs. (|1.2.2411.2.33)) coincide then with Eqgs. (1.1.3{1.1.4). More in general, the stress tensor gets

contributions associated to the so-called shear (coefficient n) and bulk (coefficient () viscosity:
2
O35 = p&ij — U(Vﬂ}j + Vjvi—géiij) - (%V% (1236)

In our treatment we however refer to CDM particles, which are supposed to have negligible pressure and self-
interactions, so we put o;; = 0. This approximation is also called single-stream, meaning that particles in
a given infinitesimal region all move with the same velocity. It is clear from the outset, however, that this
approximation has to break down for baryonic tracers (i.e. galaxies) below a certain scale. This breaking is
often called shell-crossing or multi-stream, and occurs when in the same infinitesimal region there are particles
moving with different velocities. We will come back to the neglected part in Sec. [6.2]

1.3 Evolution of linear perturbations

Let’s now go back to Eq. (1.1.30). For kcy < H the perturbations grow freely: this is the phenomenon of
gravitational instability. We can rewrite the Newtonian equation

6+ HO — g”HQQmé =0 (1.3.1)

Adopting now the time variable o = loga we obtain for €2, = 1 (Einstein-deSitter model)

/
&+ (% +1)8 — ga =0 (1.3.2)

Putting (show this as an exercise)

—— = —w (1.3.3)

we obtain for w =0

8"+ %6’ - gé =0 (1.3.4)
which is simply solved by

0= Ae™* = Aa™
with the two solutions

my =1,-3/2 (1.3.5)
Therefore the growth functions are

6, = Aa', 6_ = Ba=%?

(growing and decaying modes, respectively). The second solution becomes rapidly negligible with respect to the
first one and normally is neglected. With respect to conformal time we have 64 ~ 72. Obviously the constants
A, B must be fixed by the observations.

From ¢, an important consequence follows. From the Poisson equation

k¢ = —%7—[25

we see that during the matter dominated era H20, = a?H?25, = a?a3a = cost. and therefore the gravitational

potential remains constant.
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1.4 Growth rate and growth function in ACDM.

In general, a good approximation for the solution of Eq. (|1.3.1)) is given in terms of the growth rate f, defined
as

dlog ém,
= ~ Q) 1.4.1
f= G~ (2) (141)

with v & 0.55 (called the growth indez) and for ACDM

Pm QmOais
Q. (z) = - 1.4.2
(Z) Pcrit Qmoa_3 +1- Qm ( )

The growth function (normalized to unity today) is given by

om (2) _
m (0)

G(z) = exp /1(1 f(z)dloga =~ exp /j Q) (z)dloga (1.4.3)

In this case is no longer true that H2J is constant and therefore the gravitational potential is not a constant.



Chapter 2

Correlation function and power spectrum

Quick summary

e Here we define several measures of clustering of a distribution of points

e This chapter deal only with the mathematical properties of these statistical descriptors. In the next one
we study the physical properties.

e The correlation function describes the clustering of a distribution of points in space.
e The power spectrum is the Fourier conjugate of the correlation function

e Correlation function and power spectrum are two-point descriptors. One can generalize them to n-point
descriptors.

e Moments are an integral measure of clustering. The second order moment can be estimated by integrating
the correlation function or the power spectrum.

2.1 Why we need correlation functions, power spectra and all that

All the perturbation variables we have studied so far, J, ¥, 6 etc, and their Fourier transforms, are random
variables. That is, we cannot know if in a given point in space-time, ¢ is zero, —0.01 or any other value. All we
have found with GR equations is how this value will evolve in time, e.g. as § ~ a as in MDE. If in a location
d is initially zero, it will remain so. If it is initialy negative (an underdensity) it will become more and more
underdense, until the region is empty. If it is an overdensity, it will grow until it exits the regime of linearity.
The perturbation variables are random fields in space and as such must be studied statistically. In practice,
this means that instead of studying the field d(z,y, z), we study its moments, in particular mean and variance.
In real space, the variance (6(z)d(x + 7)) as a function of separation r is called correlation function. In Fourier
space, the variance (§2) as a function of wavenumber k is called power spectrum. However, the mean is trivial:
(0) = 0, since the density contrast is exactly defined as the fractional difference of the density minus its mean.
Since all other perturbation variables are proportional to 4, the same applies to all of them: (¥) = (&) = () =0
etc.. It is then clear that only the variance contains useful information. In principle, also higher order moments
can be employed, and often they are. However, a fundamental assumption (based on the initial conditions set
up by inflation) is that the initial fluctuations are Gaussian distributed, and for such a distribution only the
variance is needed, since all higher order moments are either zero (the odd ones) or are function of the variance:
for instance (6*) = 3(§2)2. This is why most cosmology needs only to focus on the quadratic statistics, namely
variance, correlation function, and power spectrum. However, when fluctuations grow and start becoming non-
linear, their Gaussian nature will in general be lost. This is obvious if only one realizes that if in a given region
¢ is initially negative and keeps growing, it will at some point become a void, § = —1, and will stop there; but
if it is positive, § can grow without limit (that is, the region collapses into a structure, e.g. a galaxy, a star or
even a black hole), and the final distribution of underdensities and overdensities will obviously be asymmetric

12
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(skewed) and no longer Gaussian. The exact non-linear distribution is very difficult to obtain and generally has
to be found numerically by N-body simulations.

2.2 Average, variance, moments.

Here we recall a few basic facts about random variables and statistics. If z is a random variable (e.g. J at a
point r in our case), and if f(z)dz is the probability of finding z in the interval x, x + dz, then (integral extended
in the entire domain of definition of x)

/f(l‘)dfc =1 (2.2.1)
() = /xf(w)dx (2.2.2)
@) = [ f(a)da (223)

and in general (g(z)) = [ g(z)f(x)dz. It follows that, if a,b are constants

)
(a) =a (2.2.4)
(azx) = a(x) (2.2.5)
(ag(z) + bp(z)) = alg(z)) + b(p(x)) (2.2.6)

We define n-th order moments and n-th order central moments as, respectively,

VI, = /x"f(:ﬂ)dx (2.2.7)
M, = /(x — ()" f(x)dx (2.2.8)
The central moment M5 is called variance. If x; is a vector of several random variables, one defines multivariate
moments, in particular the covariance

2.3 Definition of the correlation function

Other common statistical descriptors are the n—point correlation functions. Let (n) = podV be the average
number of particles in an infinitesimal volume dV, being py the average number density. If dNy, = (ngnp) is
the average number of pairs in the volumes dV, and dV}, (i.e., the product of the number of particles in one
volume with the number in the other volume), separated by .5, then the 2-point correlation function &(rg) is
defined as

dNgp, = <nanb> = pngadVb(l + f(rab)) (231)

If the distribution is uniform, then the average number of pairs is exactly equal to the product of the average
number of particles in the two volumes, and the correlation ¢ vanishes; if there is correlation among the
volumes, on the other hand, then the correlation is different from zero. The correlation function is also defined,
equivalently, as the spatial average of the product of the density contrast §(rq) = ng/(podV) — 1 at two different
points

dNab 1= <nanb>

v~ = v~ L= (Ga DG+ 1) 1= (3(ra)d0) (2.3.2)

g(rab) =

because (0q) = 0.
In practice it is easier to derive the correlation function as the average density of particles at a distance r
from another particle. This is a conditional density, that is the density of particles at distance r given that
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there is a particle at 7 = 0. The number of pairs is then the number of particles in both volumes divided by the
number of particles dINV, = ndV, in the volume dV, at r =0 :

dNy = dNay/dN, = pngadVb(l +&(rap))/dNg = podVi(1 + £(1p)) (2.3.3)
The correlation function can then be defined as

_ANe(r) e (2.3.4)

(r) podV Po

(where ¢ stands for conditional) i.e. as the average number of particles at distance r from any given particle (or
number of neighbors), divided by the expected number of particles at the same distance in a uniform distribution,
minus 1, or conditional density contrast. If the correlation is positive, there are then more particles than in a
uniform distribution: the distribution is then said to be positively clustered. This definition is purely radial,
and does not distinguish between isotropic and anisotropic distributions. One could generalize this definition
by introducing the anisotropic correlation function as the number of pairs in volumes at distance r and a given
longitude and latitude. This is useful whenever there is some reason to suspect that the distribution is indeed
anisotropic, as when there is a significant distortion along the line-of-sight due to the redshift.

If the average density of particles is estimated from the sample itself, i.e. pg = N/V, it is clear that the
integral of dN.(r) must converge to the number of particles in the sample :

/O N = / p(r)dV = N (2.3.5)

In this case the correlation function is a sample quantity, and it is subject to the integral constraint (Peebles
1980)

/R &(r)dV =N/py =V =0 (2.3.6)

Assuming spatial isotropy this is

R
78 7‘7‘27’: 0.
4 /O Ea(r)r?dr =0 (23.7)

If the sample density is different from the true density of the whole distribution, we must expect that the &, (r)
estimated in the sample differs from the true correlation function. From Eq. , we see that g(r) = 1+&(r)
scales as p, ! Only if we can identify the sample density po with the true density the estimate of £(r) is correct.
In general, the density is estimated in a survey centered on ourselves, so that what we obtain is in reality a
conditional density.

The conditional density at distance r from a particle, averaged over the particles in the survey, is often
denoted in the statistical literature as I'(r); we have therefore from Eq.

L'(r) = (pe) = po(1+§) (2.3.8)
The average in spherical cells of radius R and volume V' of this quantity is denoted as

" (R) = (pe)spn = po(1 + g) (2.3.9)
where

E=v [eav (2.3.10)

To evaluate I'*(R) one finds the average of the number of neighbors inside a distance R from any particle
contained in the sample.
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2.4 The n-point correlation function and the scaling hierarchy

The correlation function can be generalized to more than two points. The 3-point function for instance is defined
as

$(TarTb,7¢) = (0(74)d(rp)d(re)) (2.4.1)

In terms of the counts in infinitesimal cells we can write

Ng np Ne
g Ta)r )rc = - 1 - 1 - 1
(ra, 73, 7c) <(PodVa ) (Pod% ) (Poch >>

(ngmpne)

= ==& —Eue — 1 2.4.2
RdVadVydVi Eab — Ebe — & ( )

so that we obtain the useful relation
<nanbnc> = PngadVdec(l + gab + gbc + gac + Cabc) (243)

In some simple and interesting cases, the moments M, of the counts obey the following scaling hierarchy
for any box size in a certain range of scales

Sp = = const (2.4.4)

2.5 The power spectrum

One of the most employed statistical estimator for density fields is the power spectrum. In recent years it
has been used to quantify the clustering properties in many galaxy surveys. The main reason is that almost
all theories of structure formation predict a specific shape of the spectrum, because the plane waves evolve
independently in the linear approximation of the gravitational equations.

Unless otherwise specified, the conventions for the 3D Fourier transforms are

— 14 ikx 33
flz) = (27r)3/fke d’k
fr = %/f(:r)e*””d% (2.5.1)

and it is always understood that ikz = ik - x (we’ll use the bold face for vectors when there is risk of confusion).
With this conventions, f(z) and fi have the same dimensions. Since f(x) is real, fif = f_x. The factor of V
is unnecessary but is convenient to keep f, fr with the same dimensions. In every calculation one can however
take V =1 without any harm.

If we consider the Fourier transform of f(x) =1 we have

1= %/ﬁgei’“d% (2.5.2)
with
1 —ikz ;3
fe= V/e d°x (2.5.3)
This shows that in the limit V' — oo we can take as a representation of the Dirac delta the function
Spk) = ﬁ /e*ik"d% (2.5.4)

(and similarly for k <> z) since indeed the oscillations cancel each other in an infinite volume and therefore
§p(k) = 0 for every k # 0, while dp (k) diverges for k = 0 and, since (V/(27)3) fx = dp(k),

/6D(k)d3k = @y [ fid’k = flz=0)=1 (2.5.5)
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The Dirac delta dp(k) has dimension of a volume. Analogously, the Dirac delta in real space is dp(x) =
(2m)3 [ e**d®k. The two Dirac delta’s are not the Fourier transform of each other.
Let now d(x) be the density contrast of a density field in a survey of volume V and

/5 Ye~keqy (2.5.6)
its Fourier transform. The power spectrum is defined as
P(k) =V {(0r0}) (2.5.7)

Notice that the power spectrum has the dimension of a volume. For a single realization (e.g. a survey or a
single simulation) one has P = V'§;6;. In this case it follows

V/5 y)e k@Y qy,dv, (2.5.8)
Now, putting r = x — y, and taking the volume average
€r) = 60+ N6y = [ 3+ r)sw)av, (2.5.9)
then,
k) = / E(rye” . dy (2.5.10)

Therefore, the power spectrum is the Fourier transform of the correlation function (Wiener-Khintchin theorem).
The converse property is

= (2m) " / P(k)e™*d’k (2.5.11)

(notice that here, following most literature, the Fourier volume factor is not included). Finally, assuming spatial
isotropy, i.e. that the correlation function depends only on the modulus |r|, we obtain

P(k) = 477/5(7‘)%7"2# (2.5.12)

A more general definition of power spectrum can also be given, but this time we have to think in terms of
ensemble averages, rather than volume averages. Consider in fact the ensemble average of V§,d;, :

1 o
V{(0k0r) = V/<5(y+r)5(y)>e’(k‘k Wk V.4V, (2.5.13)

Performing ensemble averages, one has to think of fixing a positions and making the average over the ensemble
of realizations. Then the average can enter the integration, and average only over the random variables 6. Then
we obtain

(2m)°
Vv
The definition ([2.5.14]) states simply that modes at different wavelengths are uncorrelated if the field is sta-
tistically homogeneous (that is, if £ does not depend on the position in which is calculated but only on the

distance r; also called translation invariance). Notice that this property is general and not confined to the
linear approximation. This will often be useful later.

One can go from Eq. (2.5.14) to Eq. (2.5.7)) in this way:
(2m)°

1 ) o
V(i) = < / E(r)et bRtk gy gy, = P(k)op(k — k) (2.5.14)

V{(6r07) = V/d3k’<6k5;,>5,3(k — k)=

(2m)?
Vv

/dSk’P(k)aD(k —Kop(k —K) = (2.5.15)

k) / Bk — K)op(k— k) = P(k) (2.5.16)
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where we used the identity

5 5 3 efix(klfk‘;) 3 5 3 1 3 vV
/ D(kl — k4) D(k1 — k4)d kl = /Wd €T D(kl - k4)d kl = / (27T)3d Tr = (27‘(‘)3 (2517)

These definitions refer to infinite samples and to a continuous field. In reality, we always have a finite sample
and a discrete realization of the field, i.e.. a finite number of particles. Therefore, we have to take into account
the effects of both finiteness and discreteness.

To investigate the discreteness, we assume as field a collection of N particles of dimensionless masses m;
expressed in units of the average mass mg at positions x;, in a volume V . In the following we will make use
of the window function W (z), a function which expresses the way in which the particles are selected. A typical
selection procedure is to take all particles within a given region, and no particles elsewhere. In this case, the
function will be a constant inside the survey, and zero outside. We will always consider such a kind of window
function in the following, and normalize it so that

/W(m)dV =1 (2.5.18)

With this normalization, W () = 1/V inside the survey. The density contrast field we have in a specific sample
is therefore the universal field times the window function (times the sample volume V' because of the way we
normalized W)

05 = 0(x)VIW (x) (2.5.19)
Let us now express the field as a sum of Dirac functions
p(x) 4
— 1 - 05 Y 2.5.2
0s(x) ( p” ) VW (z) N ;mlwzép(x x;) — VW (x) (2.5.20)

where w; = VW (x;). The Fourier transform is

1 V ikx 1 ikx;
O = V/ (N Zmiwiép — VW(m)) e dV = N Zmiwie — Wp (2.5.21)
where we introduced the k—space window function
Wi = / W (z)ekedv (2.5.22)

normalized so that Wy = 1. The most commonly used window function is the so-called top-hat function, which
is the F'T of the simple selection rule

W(x) = 1/V inside a spherical volume V of radius R

W(z) = 0 outside (2.5.23)
We have then

Wy, = / W (z)e"*dV =v ! / e *dv

3 R T
= 4—R_3/ r2dr/ e*reos9d cos Odep

™ —T

3 R ' r2
_ *R_S ikr _ —ikr —d

2 / (7 =) sdr
33 /R rsinkrd _ ,sinkR —kRcoskR

; (kR)?

Notice that Wy = 1, and that the WF declines rapidly as k¥ — n/R. Now, the expected value of the power
spectrum is

P(k) = V{dxdy) (2.5.25)

(2.5.24)
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that is

Vv

P(k) = Nz Zmimjwiwjeik(“_xj) ~ VW (2.5.26)

ij
Usually we do not know the masses of the galaxies, so all we can do is to use the number counts as a proxy for
the density contrast: that is, we put m; = 1. Then we can use the relation

1 - 1 .
<N Zmiwielk“> = Zmi / W(z)e**dV = W, (2.5.27)

Finally, if the positions z; and x; are uncorrelated, we can pick up only the terms with 7 = j, so that, neglecting
the window function, which is important only for k& — 0, we obtain the pure noise spectrum

P, (k) = % > miw? =V/N (2.5.28)

where the last equality holds only if m; = 1 for all particles and w; equals 0 or 1. The noise spectrum is
negligible only for large densities, pg = N/V — oo. Since the galaxy distributions are often sparse, the noise
is not always negligible and has to be subtracted from the estimate. For the power spectrum applies the same
consideration expressed for the moments: the power spectrum does not characterize completely a distribution,
unless we know the distribution has some specific property, e.g. is Gaussian, or Poisson, etc.

2.6 From the power spectrum to the moments

The power spectrum is often the basic outcome of the structure formation theories, and it is convenient to
express all the other quantities in terms of it. Here we find the relation between the power spectrum and the
moments of the counts in random cells.

Consider a finite cell. Divide it into infinitesimal cells with counts n; either zero or unity. We have by
definition of &

(ninj) = padVidV;[1 + &;] (2.6.1)

The count in the cell is N = > n; . The variance is then

(N —=DNo)?,  (N2+NZ—2NNy) (N?)+ NZ—2(N)Ny (N?) — N¢g

My = Nz ) = NZ = NZ = Nz (2.6.2)
where

(N?) = O mid m) =Y (n)+> (niny) =

No + Ng/dVideWin 1+ &;5] (2.6.3)

where Ny = poV' is the count average, and &;; = £(|r; — r;|). Let us simplify the notation by putting

WidV; = dV;*
We define the integral ( by definition [WdV = [dV* =1 for any window function)

e / dVi*dVy'€a (2.6.4)

This is clearly a dimensionless quantity. Inserting the power spectrum we have

O’2 = (271‘)_3/P(k‘)eik(rl_r2)W1W2d3kd37“1d37“2 (265)
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This becomes
o = (27r2)—1/P(k)W§(k)k2dk (2.6.6)

where R is the size of the cells. Then we see that (N?) = Ny + NZ + N@o?. Finally we obtain the relation
between the power spectrum (or the correlation function) and the second-order moment of the counts:

My = Ny 2((N?) — N3) = Ny ' + o2 (2.6.7)

The first term is the so called shot-noise, the second term is the count variance in the continuous limit. Clearly, in
the limit of a high density of particles so we can neglect the noise term, 0? quantifies how strong the fluctuations
are. If 02> ~ M, ~ 1, the numer of particles in cells have a relative variance which is as big as the average
number itself. Therefore we can say that the distribution is very inhomogeneous and the linear approximation
0 < 1 fails.

For the third order moment we proceed in a similar fashion:

(N3 = (Z n; an an) = Z(nf) + 3Z<n3> an + Z{nmjnk> = (2.6.8)

No + 3N§ + Ng/dVi*de*de*[l +&ij + &k + &k + Sijik] (2.6.9)
where in the last equality we used the definition of the three point correlation given in Eq. (2.4.3))
(ningng) = podVidVidVi [l + &ij + ik + &k + Siji] (2.6.10)
The third order moment is then

Ms = Ny 3((AN)?) = Ny 2 + /dm*dvj*dvk*gijk (2.6.11)

where AN = N — Ny. If we can assume the scaling relation ¢;;x = Q[&:;€k +&ij€ik + ik k] then we can express
M3 in terms of P(k) and of the new parameter Q. In the limit of large Ny, a Gaussian field (M3 = 0) has @ = 0.



Chapter 3

The galaxy power spectrum

In Ch. we have seen how to derive the linear matter power spectrum as a function of scale and redshift.
What we observe however is the power spectrum of the linear and non-linear galaxy distribution when distances
are measured with the redshift. Its relation to the theoretical prediction is not a straightforward one, as we will
see in this Chapter.

Quick summary

e The linear galaxy power spectrum expresses the clustering of galaxies in redshift space

e It is related to theoretical prediction of the matter power spectrum in real space through several corrections
(the bias, the redshift distortion) and depends on the growth function

e The baryon oscillations that are prominently visible on the CMB spectrum are also visible as small wiggles
on the galaxy power spectrum

e The comparison to observations can constrain several cosmological parameters, from the primordial slope
ns to O, Qp, to the dark energy equation of state.

e The Euclid satellite (launched in 2023) will measure the power spectrum up to redshift 2 to great precision.

3.1 Large scale structure

Let us see now how to link the primordial inflationary spectrum with the present observations of the galaxy
distribution. Instead of the spectrum evaluated at horizon reenter ¢y, which is different for every scale, we prefer
to evaluate it at a fixed epoch tp, for instance the decoupling epoch z &~ 1000. The difference is that at a fixed
epoch, the perturbations that are already inside the horizon had the time to grow, contrary to those still outside.
Let us consider a perturbation that reenter in MDE when the scale factor was a, and H = (2/3)t~' = a=%/2H,
(as usual we assume the present value ag = 1) ; at that epoch, k = aH = aa~*?Hy = a~*/?H,. Thus a
perturbation with wavenumber k reenters when the scale factor was a = (k/Hy)~2. This perturbation grows
between a and an arbitrary instant, say ar, as 0z ~ (ar/a) = (k/kr)? (since we are in MDE), if k is the scale
that reenters at ap. Therefore smaller scales reenter the horizon earlier than larger ones and have therefore
more time to grow in amplitude. To conclude, the amplitude of a perturbation of size k~! has the time to grow
between its reenter and ar by a factor (k/kz)?. Then the relation between 6 at tx and at ty is

Op/p)(tr) = (k/kr)*(6p/p)i(tw), (3.1.1)

and consequently
Pi(tr) = (k/kp)*Pu(ty) .
Assuming the inflationary spectrum k=3 with n, ~ 1 it follows that for the scales reentering after equivalence

Py(tp) = Ak. Harrison — Zeldovich spectrum (3.1.2)

20
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Figure 3.1.1: Power spectrum of the large scale structure (at small scales) and of the cosmic microwave back-
ground (at large scales). (ESA and the Planck Collaboration).

This scale-invariant spectrum is a remarkable prediction of inflation. During the subsequent evolution, this
initial spectrum will be modified in a way that depends on the detailed components, e.g. the amount of dark
matter and baryons. Note that we obtained assuming exponential inflation. If inflation is a power law,
the resulting spectrum becomes P, = Ak™s, with ng < 1. The Planck data of the cosmic background found
ng = 0.96 £ 0.01, in complete agreement with inflation.

We can now predict the observational quantities: the power spectrum and (in the next section) the peculiar
velocity field. Notice that the average of the density contrast vanishes, < § >= 0, by definition of average
density. The simplest non-trivial average quantity that describe the fluctuation field is therefore the dispersion
8, that is the variance < 62 >. In the Fourier space, the corresponding quantity is the spectrum P(k) = 47.
We have seen that the spectrum at horizon crossing goes like k=3, modified in k' for the perturbations that
reenter in MDE. However, those that are smaller than A., =13 Mpc h~!, reentering in RDE, do not suffer this
correction since as we have seen they do not grow during RDE. In other words, for scales smaller than A.q, the
spectrum at horizon crossing coincides with the one at equivalence. For these scales then the behavior remains
k3. All this means that the inflationary spectrum at a fixed ¢, P(k) = Ak™ (with n, close to 1) is modified
during RDE and MDE by a function 72(k) such that T ~ 1 at large scales and T' ~ k=% at small ones. For the
final spectrum we have then

P(k) = A" T?(k) (3.1.3)

where T'(k) is called transfer function. This spectrum remains unvaried in slope from equivalence to now: during
this epoch, in fact, perturbations grow independently of k. A simple form of T2 that produces the requested
behavior is T2 = 1/[1 + (k/keq)*]. The exact transfer function can be evaluated only numerically, integrating
for every k the perturbation equations. A popular approximation is (Efstathiou, Bond White 1992)

P(k) = Ak"T(k)? (3.1.4)
15 211

T(k) = [1+ [ak+OR)" + (ch)*] ] (3.1.5)

(a,b,¢) = (6.4,3.0,1.7)T " Mpc/h,v =1.13 (3.1.6)

I = Quh (3.1.7)

where T?(k) has the correct limit k=% . The scale at which this limit is approached is ky = ' = Q,,.h. In a flat
model with 4 = 0.5 this is roughly 27/0.5 Mpc/h = 12.6 Mpc/h, close to the horizon scale at equivalence, as it
should be.
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The whole linear treatment fails naturally at very small scales, those that are non-linear and collapsed into
galaxies and clusters. A rough approximation to the linearity scale is 50 Mpch™!.

3.2 The bias factor

The power spectrum we observe is obtained by mapping the position of the galaxies and then performing
a Fourier transform of the density contrast. However the power spectrum that is predicted by the linear
perturbation theory is the mass power spectrum, not the galaxy one. The density contrast of the galaxies
can be well different from the matter density contrast: for instance, galaxies could form only when the matter
density is above a certain threshold. The simplest possibility is to assume that the two density contrast are
proportional to each other

0g = b0, (3.2.1)
where b is called linear bias factor. In this case obviously
P, =b*P, (3.2.2)

Of course the real bias could be a non-linear function of é,,, or an average of J,, at various locations. In general,
the bias factor might depend on space (i.e. on k after Fourier transformation) and time, and also on galaxy
type and luminosity. In fact it is often reported that brighter galaxies have a larger bias, perhaps because they
form only on density peaks. The values of b that have been reported so far are always around unity. In a later
chapter we will considerably generalize the bias prescription.

3.3 Normalization of the power spectrum

Several ways to normalize the mass power spectrum have been employed so far: the cosmic microwave fluctua-
tions, the cluster abundance, weak lensing.

As we have seen the CMB measures at large scales the Sachs-Wolfe effect, i.e. temperature anisotropies
proportional to the gravitational potential. The amount of anisotropies is then a direct measurement of the
power spectrum at large scales. If we know the shape of the transfer function, measuring the spectrum at large
scales fixes its amplitude at all scales and we can estimate the normalization (see Sect.

of = (27r2)*1/P(k)ngpc/h(k)k2dk (3.3.1)
Planck (2015) result assuming ACDM is

o5 = 0.83440.03 (3.3.2)

Cluster abundance, along with X-ray mass-temperature relation, is another tool for estimating og. In this case
og is strongly degenerate with {2, but using also the cluster correlation function one can reduce the level of
degeneracy and measure separately the two parameters. Clusters detected with the SZ effect by Planck can also
give an estimate of og (see Fig. |3.3.1]).

The variance og increases with smaller scales R. The fact that og ~ 1 implies that fluctuations averaged
over scales of 8 Mpc/h are already in the non-linear regime. As we will see later, linear approximations are valid
on scales larger than roughly Ry = 60Mpc/h, or kyy = 27/Rnr =~ 0.1h/Mpc.

3.4 The peculiar velocity field

The mass power spectrum can be studied also by analyzing the peculiar motion of the galaxies. It is intuitive,
in fact, that a more clustered distribution of matter will induce stronger peculiar velocities. The importance of
this is that the velocity field depends on the total mass distribution, including any unseen component. Let us
start from the first of Eq. (1.1.29). In terms of the time ¢ it becomes

dd

oz = —ik"v; (3.4.1)
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Figure 3.3.1: Planck (2015) constraints on €,,, g from SZ clusters and from CMB (Ade et al. A&A 594, A13,
2016; ESA and the Planck Collaboration).

Consider now the Euler Eq. (1.1.29) for ¢s = 0:

Ot = —Hv' — a?ik'y (3.4.2)
Expressing the velocity vector by a component parallel and a component orthogonal to the potential gradient
(the peculiar acceleration), we see that the orthogonal component (subscript ¢) obeys the equation

v = —Hvj (3.4.3)

so that it will decay as a~'. Neglecting therefore this purely rotational component, we can look for solutions of
(3.4.1) in the form v* = F(k)k*. This gives immediately from (3.4.1)) the relation between the peculiar velocity
field and the density fluctuations in linear perturbation theory, in the Newtonian regime:

) ki
vt = iHaéfﬁ (3.4.4)
where
add
_ aao 4.
=50 (3.4.5)

is a function that expresses the growth rate of the fluctuations; for a flat universe in MDE we have seen that
d ~aand f=1. A good approximation for a model with matter parameter €,,(t), as we have seen in Sec.
, 18

=, (3.4.6)
with v = 0.55 and, for ACDM,
Qmo(1 + 2)3

Qn(2) = QoL+ 2) + 1= g (3.4.7)
The peculiar velocity at location z is
v(z)=iHf—7 /5 K ik gy, (3.4.8)
(2m)” k2
and the average in a volume of radius R is
VR = VlR /vd3r = sz(V/é e eFTW (r)dPkdr = mf /5k 7 W(kR)d*k (3.4.9)
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where W (kR) is the Fourier transform of the window function, defined as
W(kR) = 1 /W(x)eikzd?’x
Vr

Therefore, the average of the square of the velocity is

(Whp = H2f2(2‘;2)6 / <5k6k/>%%W(k’R)W(kR)d‘gdek’ (3.4.10)
= erj;/P(k)(SD(k—k’):z:/;W(k’R)W(kR)d?’kd?’k’ (3.4.11)
— 7’2[1’;2 / P(k)W?(kR)dk (3.4.12)

where in the last integral we integrated over the solid angle 47 and we used the definitions (see [2.5|)

Vi) = Ol pkap(c 1)

/6D(k7k’)d3k =1 (3.4.13)

The square root of (v?) g is called bulk flow, that is the magnitude of the peculiar flow on the scale R.

3.5 The redshift distortion

The galaxy distances we measure are mostly obtained through their redshift. The redshift however includes
the peculiar velocity of the galaxies themselves, so that there is an error in the distances we assign to galaxies.
On very small scales the peculiar velocity of a galaxy is more or less randomly oriented, so that the error in
the distance is statistical, and can be taken into account along the experimental errors. On redshift maps, the
small scale peculiar velocities cause the finger-of-god effect: galaxies in a cluster acquire an additional random
redshift that distorts the cluster distribution, making it appear elongated along the line of sight.

On large scales, however, the galaxies tend to fall toward concentrations, so that the velocity field is coupled
to the density field. This correction is systematic, and can be accounted for in the following way.

A source at distance r with peculiar velocity along the line of sight u

r
Vp=Voo (3.5.1)

will be assigned a distance s = r+u(r) —u(0) where u = v,,/H has units of distance. Consider then a coordinate
transformation from real space (subscript 7) to redshift space (subscript s):

s=r {1 + ”(’")ru(o)} (3.5.2)

Then, if dVs and dV,. are the volume elements in the two coordinates, we can write
n(r)dV, = n(s)dV; (3.5.3)
where the volume element dV; can be written in terms of the r coordinates as

Au(r)

2 2
A
dV, = s?dsd cos 0dgp = r* (1 + r) |J|drd cos 8dp = (1 + 1;(1“)) |J|dV, (3.5.4)

where the Jacobian is

Js du
= |—| = 1 _ J.
=1 =1+ 2 (35.5)



CHAPTER 3. THE GALAXY POWER SPECTRUM 25

Then we have that the density contrast in s-space is
n(s)dVs n(r)dV,

v, T 2
nodVs nodV, (1+2500) 7))

where ng is the average density. To first order, this is

_ () AU() du
65* (1 7d)7

2 1
- [ epg
g g Dul) du

- dr (3.5.7)

5, =

1 (3.5.6)

where in the last line we used the fact that to first order we can approximate n(r) with ng. Therefore, we see
that the density contrast will be different in the two spaces. As a consequence, the correlation function and the
power spectrum measured in redshift space will have to be corrected to be expressed in real space. To do so,
we have to take the velocity field from the linear perturbation theory.

Eq. (3.4.8)) is clearly in real space:

e K
v ="fi / 5ke“"rﬁd3k* (3.5.8)

where, to simplify notation, the Fourier factor V/ (27r)3 is included in the differential d3k*. Its line-of-sight
component, is

u(r) =H 1= vfzf/éke —d?’k* (3.5.9)

while its derivative is (notice that k - r/(kr) = p does not depend on r)

du _ —f/ék <kr> L (3.5.10)

where we used the relation

d k-
efker 47%“ (3.5.11)

Finally, we have

2
8y =0, — ‘ZT“ =6, + f/ake““‘ (Zr> k" =6, + f/ékeik"/fd?’k* (3.5.12)
r T

where p = kr/(kr) and we neglected the second term in because it is negligible for large r. It is useful
now to notice that the density fluctuation in the second term r.h.s. is the mass density fluctuation, responsible
for the velocity field, while the other fluctuation terms can refer to the number density of any class of sources,
e.g. galaxies. If the mass fluctuations are b times smaller that the galaxy fluctuations, we could write inside the
integral at r.h.s. dg/b instead of dx. Then, the relation holds for any class of objects provided we use 8 = f/b
in place of f in the final result. The Fourier transform of this relation is

bk = Gt B / Sy I (kK )PH (3.5.13)
Ik k) = (2m)7° / =K 2 By (3.5.14)

The redshift distortion then introduces a mode-mode coupling. This coupling can be broken if we can assume
that the cosine

kr

- 5.1
= (3.5.15)

/J,:
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varies much slower with 7 than the fast oscillating e!(*=*)" term, i.e. if the survey covers a small angular size
and the direction of line-of-sight r/r is almost constant. In this case the p? term goes out of the integral and

we have then I = u25p(k — k'), so finally

Sk = Or(1+ Bp®) (3.5.16)
Notice that these are the three-dimensional Fourier coefficients. The power spectrum now is

Py(k) = V2 (14 Bp?)* = Po(k)(1 + fp?)? (3.5.17)
If we average it over angles we get

Pu(k) = Po(k)(1 +2802) + B2(u™) (3.5.18)
where

1 /1
(u?) = 3 /71 cos?0'dcosd' =1/3
(uhy = %/cos4 0'dcos® =1/5 (3.5.19)

Finally we obtain for the p-averaged spectrum
Py(k) = P(k)(1 +25/3 + 3% /5) (3.5.20)

The power spectrum is then boosted in redshift space, because the velocity field is directed toward mass con-
centrations: as a result, galaxies seem more concentrated when seen in redshift space.

At very small scales, on the other hand, the velocity orientation can be assumed to be random. The variance
of s will be larger than the variance of r along the line of sight and unchanged across it: the sphere will appear
pointing towards us. This is the non-linear redshift distortion, also called “fingers-of-God”. The power spectrum
is therefore decreased. Empirical studies have shown that a sufficiently good approximation is given by an
exponential damping factor,

Pk,p) = Po(k)(L+ Bp2)%eKntel (3.5.21)

where o, is the cloud velocity dispersion along the line of sight in units of Hy; one has typically o, ~
(300km/sec)/Hy ~ 3Mpc/h. The exponential damping can be obtained also by considering a convolution
of the correlation function with a Gaussian distribution for the redshift displacement with variance o2. An
example of this procedure for a similar (but distinct) effect will be discussed in Sec.

The final result taking into account redshift distortion (RSD), bias, growth G(z) (see Eq. and velocity
dispersion is then rather simple:

Py(k, 1, 2) = (14 Bu2)*b2G2 P, (k)e * 1w o0 (3.5.22)

where f, the growth rate and b, G all depend on z and perhaps on k, and P.(k) is today’s matter power spectrum.
By measuring the anisotropy combination

Ps(k’:u/:l?Z) f
—1== 5.2
Ps(k,pp=0,2) b (8:5.23)

we can then obtain information on the combination 8 = f/b . By measuring instead

Py(k,1,2) — Ps(k,0, 2) _ F(2)G(2) (3.5.24)
Py(k,1,2") — Py(k,0,2)  f(2))G(#') o
we obtain information on the combination
5/
= 5.2
iG 5(0) (3.5.25)

Often the combination fog(z) = fosG is said to be directly measurable via the redshift distortion, but this
assumes one has a specific model for P, (k), e.g. ACDM.
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Hawkins et al. (2002), astro—ph/0212375
2dFGRS: g = 0.49 + 0.09
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Figure 3.5.1: Correlation function versus radial (line of sight) and longitudinal (orthogonal to line of sight)
coordinates 7, o, respectively. Notice the elongated “finger-of-God” feature along the radial coordinate and the

squashed form along the longitudinal one (linear redshift distortion). (Hawkins et al. 2003MNRAS.346...78H).
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3.6 Baryon acoustic oscillations

The spectrum of fluctuations at linear scales we observe today is a combination of the fluctuations in the dark
matter and in the baryonic content. As we have seen in the CMB chapter, the baryonic component was tightly
coupled to radiation before recombination and underwent Jeans oscillations on scales below the sound horizon,
roughly 100 Mpc/h in comoving distance (i.e. the size they will have been expanded to by today). When the
baryons finally decouple from radiation, the oscillations remain imprinted on their distribution and, in the linear
regime, show up as an additional feature on the smooth power spectrum proportional to the amount of baryons,
called baryon acoustic oscillations (BAO). Since the amount of baryons and radiation are well known, the BAO
scale is essentially fixed: it constitutes then a standard rod.
In the correlation function, we expect therefore a local peak at roughly the same comoving scale

S

d° = 45, ~ 144Mpc (3.6.1)
C

(as measured by Planck in 2015).

The correlation function is on average a isotropic function of distance. When plotted as a function of the
distance along and across the line of sight the baryonic peak should then appear as a circular ring around the
origin with radius d$. The correlation function for galaxies in a shell around redshift z; is measured in redshift
and angular space and the peak will therefore appear as a peak in the z, 8 plane. The radius in the 8 direction
gives the comoving angular diameter distance d$ = (1 4 z)d4 of that shell

dS(z) = 6dS (3.6.2)
By estimating the redshift difference Az between the two opposite points in the ring one measures instead the
difference of comoving distances along the line of sight:
z1+Az d z1 d A
ady=ar= [T [T S
0 H(z) Jo H(z) H(z)

In practice of course the entire ring is fitted by varying the cosmological parameters. Since there are two
directions orthogonal to the line of sight and one along it, one can define a combined distance

(3.6.3)

Dy(z) = [(;llf(‘gj AzY/3 (3.6.4)

and express the results in terms of Dy . Current measurements are however good enough to measure separately
d5(z) and 1/H(z).

The peak in the correlation function manifests itself also in the power spectrum as the Fourier transform of a
peak, namely oscillations at a wavenumber kg0 ~ 2m/d$ and multiples, appropriately called baryon acoustic
oscillations (BAO), overimposed to the smooth spectrum, with an amplitude proportional to €.

The baryonic oscillations have been detected for the first time in 2005 with SDSS and 2dFGRS data, obtaining

T's

—f _~0.1£0. 6.
Dule—035) = 01+ 0.008 (3.6.5)

Subsequent analyses measured the BAO scale to a precision of 2-4%, with results always consistent with con-
cordance cosmology.

To go below this precision one needs to take into account small effects that tend to “distort the ring”
and smear out the oscillations: the redshift measurement error, the peculiar velocity redshift, the non-linear
correction to the spectrum. Of course when estimating the cosmological parameters from the power spectrum
the entire shape of the spectrum has to be taken into account, not just the BAO wiggles.

3.7 Alcock-Paczynski effectf

When we observe galaxies, we measures angles and redshifts, not real space distances. If we observe an angle
6 subtending a transverse comoving scale A; at z, then the angular diameter distance is D;i(z) = A1 /(1 + 2)0

2Adapted from Amendola & Tsujikawa, Dark Energy. Theory and Observations, CUP 2010.
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where the subscript 1 indicates a given cosmology, i.e. some values of (252), QE?) etc. In a different cosmology
(subscript 2), the relation will be d2(z) = A2/(1 + 2)0, i.e. the scale has to change in order to keep the same
subtending angle at the same redshift. It follows that for any cosmology the combination d/A for each given
angle is a constant. In Fourier space, the scale X\ is converted into a mode k, so also the combination k; D,
where k| is the transverse wavenumber corresponding to that transverse scale, remains constant regardless of
cosmology. Therefore, if we take a reference cosmology r, we have that for any other cosmology the transverse
wavenumber is given by

ki =k, D,/D. (3.7.1)

A similar argument can be applied to the comoving scale extending along the line of sight from z; to z5. The
scale is then A = dz/H(z) and in order for this scale to be seen at the same dz = zo — 21 the product AH has
to remain constant when changing cosmology. Therefore, along with (3.7.1]), we have for radial modes

ky = k. H/H, . (3.7.2)

Clearly, any wave vector k can be decomposed into k| and k. The relations above apply therefore to any
perturbation mode. Every mode k in the power spectrum can be written in terms of the reference mode k, with
an explicit dependence on the cosmological parameters inside d and H. We know then how the wavenumber
changes with cosmology. This implies that if a power spectrum is isotropic for the reference cosmology, it
will become anisotropic for any other cosmology, because k| and k) change differently: this is called Alcock-
Paczyniski (AP) effect ([T} 2, 17]).

From the relations (3.7.1) and (3.7.2]) we derive the relation between the wavenumber modulus &k and the
direction cosine p = k - 7/k (here r is the unit vector parallel to the line of sight) in the reference cosmology
and in the generic cosmology

k= (kj+kD)Y? = ak,, (3.7.3)
] Hpyy
= = 5 3-7.4
"SGR Ha e
where, putting h = H/H, and d = D/D,.

VR R )

7 . (3.7.5)
Therefore the general expression for the theoretical power spectrum becomes
h2
Pyy = Plakn)(1+ fi2 )2 (3.7.6)

Comparing with real data, the reference model should be the one provided by the observers. The factors «, h
contains therefore additional dependence on cosmological parameters. Notice that the change in the angle u
only depends on the combination hd. If we do not know the shape of P(k), at the linear level there is no way
we can measure ak,, but only the combination h/a which, as mentioned, depends only on hd. Often it is only
this combination that is regarded as an AP effect.

Since the power spectrum is proportional to the volume V' in which we measure the perturbations, we need
to evaluate also how V depends on cosmology. If we measure the spectrum in a solid angle v rad? and a shell
of thickness dz, then the comoving volume is

D? D?  ~dz
V=92r2dr =7 ———r (2)dz = =—— ——— 3.7.7
yoroar Y (1+Z)2T’ (Z) Z H (1+Z)2 ) ( )
where 7, = dr/dz = 1/H(z). It follows that V H/D? is independent of cosmology and therefore
H,D? d?
V= VrTm = Vrﬁ . (3.7.8)

The relations (3.7.3)13.7.4}f3.7.8) above allow us to relate this reference power spectrum to a general power
spectrum for any d, H, i.e. for any given cosmology. The theoretical power spectrum P(k) = V(S,% can then be
compared to the real data spectrum by multiplying it by V;./V :

h h2
Pk, 2) = =5 P(ak,)(1 + fuiy)g. (3.7.9)
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Figure 3.7.1: Baryon acoustic peak in a correlation function obtained from MICE, a very large N-body simu-
lation. From Fosalba et al. MNRAS 448 (2015), 2987-3000 arXiv:1312.1707.

—
SDSS—II LRGs

0.05
1

I

0

10310 P(k) / P(k)smooth
0.05-0.05

—-0.05

0.1 0.2 0.3
k / h Mpe!

Figure 3.7.2: Baryon acoustic peak observed in the power spectrum of SDSS and BOSS galaxies. The smooth
part of the spectrum has been subtracted. From Anderson et al. 2012, arXiv:1203.6594, Mon. Not. R. Astron.
Soc. 427, 3435-3467 (2012).
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Figure 3.7.3: Matter power spectrum in linear ACDM (black dotted line) and including a simplified halo non-
linear correction (¢ = r,/R and n = d®, green lines), compared with a numerical non-linear spectrum (thick
blue dashed line).

3.8 The BAO damping

The BAO peak is an importat probe of cosmology, and its precise estimation is therefore a crucial aspect of
both theory and data analysis. In the previous section we estimated the BAO scale. That estimate, and every
estimate based on numerically solving the pertrubation equations, was however an idealized one, because it
assumed the galaxies did not move from their initial position so that the imprint from the baryon acoustic
waves remained unchanged up to today. In reality, the initial scale imprinted on the matter distribution by the
baryon-photon waves is in time slightly blurred by the random peculiar velocity of galaxies. Intuitively, one
should expect therefore a damping of the BAO peaks, as we discuss below. I follow here the analysis of Ref.
[10].

In order to estimate this effect, we begin by writing down the relative velocity between two galaxies (sub-
scripts 1,2 respectively) at initial position ry,rs. The real-space peculiar velocity field is

1 A3k -k . Ak
_ ikr o ikr
v(r) —/Vk-e @n)? —1/51@@6 (2n) (3.8.1)
The displacement accumulated up to time ¢ since decoupling is therefore
T T e &R K e &

where G is the growth function and J; the present value. Then we see that the relative displacement between
the galaxies 1 and 2 is

. k ikr ikr ddk
d12 = IG\/(;kﬁ[e L—e Z]W (383)
and
_ rig . kris . deray APk
dy=dip-— =1iG | § L et 3.8.4
I 2 ! / "k2r1s le ‘ ](277)3 ( )

its component along the separation ri5. We take as separation the scale of the BAO peak, roughly 100 Mpc/h.
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The mean of the displacement vector is of course zero. The variance of the parallel displacement is

kris \ 2|, 2 d3k
N\ _ 2 12 ikrio
(dydi) =G /p(k)(kzm) |etkriz 1| L (3.8.5)
= 472, G2 / P(k)W(kra)k2dk = s2G? (3.8.6)

(there is a typo in the original expression in [I0]) where we implicitly defined the total displacement today as
so and

2 (1 sinz cosx sinx
W ==|=-- -2 2 3.8.7
1@ =— (3 " o 23 > (3.8.7)
Similarly, the displacement along the direction transverse to ris is the same but with
2 (1 sinx cosz
W =—|z- 3.8.8
L) = 5 (- 0+ 25T (355)

Let us consider now the displacement of the field d parallel and transverse to the line of sight. The displacement
d ) plays a minor role since the BAO scale is affected mostly by the change in the distance of the galaxies along
their separation vector. Taking into account the RSD factor (1 + fu?) in the power spectrum for p = 0 and
1 =1, we can write therefore the r.m.s. of the displacement at any given epoch as

o1 = soG (3.8.10)

where s is defined above, or can be calibrated in N-body simulations; it turns out to be around 12 Mpc/h for
an initial separation of 100 Mpc/h similar to the BAO scale. Therefore, the original imperturbed separation r
between the galaxies is now moved to a new separation vector y = r+s. Comparison with numerical simulation
show that we can approximate the displacement distribution as a Gaussian II(s) with zero mean and standard
deviation given by the o’s:

II(s) = Nexp(—=— — 7—22) (3.8.11)

An imperturbed correlation function £(r) will then be distorted by the convolution with the s field

&0 = [ €ty - r)dy (3812)

A convolution in real space means a product of the Fourier transformed &,II in Fourier space. Therefore the
unperturbed linear power spectrum Py becomes

1 1 kg
Py(k) = Py(k) exp(—§kﬁaﬁ - Qkiai) = Py(k)e ® (3.8.13)
(there is a typo in the original expression in [I0]) where, putting k; = ku and k2 = k2 — kﬁ, and s = s0G/V/2,

o’ =1+ f*2+ f)] s (3.8.14)

This damping is similar to the FoG damping of Eq. . However, we are not discussing here a change in
redshift space due to the peculiar velocity, but a real change in location in real space. This change in location
affects only the BAO peaks, and not the smooth part of the spectrum. Therefore one should decompose the
spectrum into a smooth no-wiggle component P,,,, and a purely wiggly part P,, and apply the BAO damping
only to the latter part. In summary, the theoretical spectrum including the damping should be evaluated as

Py = Py + Ppe %7’ (3.8.15)
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The smooth spectrum for a given cosmology is usually estimated by either running a code with the same
parameters as the full spectrum (without BAO damping) P but no baryons, or by using some approximate
fitting function, while P, is obtained by P, = P — Py,.

A more refined model for the BAO damping has been derived in Ref. [I3] by a full consideration of the
small-scale non-linear displacement on the BAO scale (a technique called IR resummation). The result is

P = Py + Py F lorlike) (3.8.16)
where
She = (L4 fu* 2+ )8 + f2u?(0® — 1)0s° (3.8.17)
A [ Lk ok
st = g/ Prw(R)[L = jo(3—) + 2j2(—)]dk (3.8.18)
0 0SC 0SsC
ks k
5s? = dr / P (R)ja (- dk (3.8.19)
0 osc

with j;(z) the spherical Bessel functions, k,s. = 1/110 h/Mpc the scale of the BAO oscillation, and k; a scale of
separation of long and short modes that needs to be calibrated in N-body simulations. A value ks = 0.2h/Mpc
has been suggested. The expression for s coincides with s = soG/ V2 when sq is given in Eq. , except
that here the integral extends only up to kg, rather than infinity. The difference is however small in ACDM
because the integral converges to a constant value for & > 0.2h/Mpc. The correction proportional to ds? is
negative and quite subdominant.



Chapter 4

Non-linear perturbations: simplified
approaches

Quick summary

e Strongly non-linear fluctuations are difficult to handle and normally one has to employ powerful numerical
simulations

e We first introduce a simple correction which gives a qualitative idea of the non-linear effects

e We then introduce the Zel’dovich approximation, which allows to follow in an almost analytical way the
initial stages of structure formation beyond linearity

e Some more analytical results can be obtained assuming a spherical collapse. On scales of galaxies and
clusters, Newtonian physics is sufficient

e Spherical collapse gives a simple but surprisingly accurate expression for the density of collapse and of
virialization

e Using the so-called Press-Schechter formalism, one can approximately predict the number density of
collapsed object as a function of their mass, to be compared to real data or simulations

e In this entire chapter we can safey use Newtonian gravity since we deal with scales well smaller than the
horizon.

4.1 A first glimpse of non-linear corrections

All we have seen so far is only valid at linear scales where §,, < 1, i.e. at scales larger than 10 Mpc or so (so in
fact the k=3 slope is never exactly reached). To measure smaller scales one has two ways: either estimate the
spectrum at high redshift or find the non-linear correction.

At redshift zero the ACDM spectrum normalization o equals 0.8 when averaged over spherical cells of radius
R ~ 8 Mpc/h. At higher redshifts the value of og decreases proportionally to the growth function G. Since
f =dlogG/dloga, and putting f =~ Q,,(a) one has og(z) = G(z)og(0) where

a !/ a I

G(z) = exp/ f(a')ci% = exp/ an,(a')dc% (4.1.1)
1 1

For instance, assuming €,,,0 = 0.3, one has og(1) ~ 0.6 and 0g(3) ~ 0.3, and therefore the scale of non-linearity

moves to smaller and smaller scales. Intergalactic lumps of neutral hydrogen called Lyman—a« clouds along the

line of sight of distant quasars absorb part of the quasar radiation and due to different redshifts appear as a

“forest” of Lyman—a lines on the quasar’s spectrum. Their power spectrum can be calculated up to redshifts of

34
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order 4 or even more and provide a window on the linear high—k tail that is otherwise hidden in non-linearities
for nearby galaxies.

On smaller scales one should consider non-linear corrections that generally push the power up by even one
order of magnitude. One rough way of estimating the non-linear correction is to imagine that at small scales the
universe can be seen as a random collection of identical spherical halos with, for instance, the Navarro-Frenk-
White (NFW) profile

Po

S e — 4.1.2
—(145)? ( )

PNFW =

where r, is a free scale parameter that has to be fit to each halo. This functional form has been found to be a
very good fit to the profiles in N-body simulations. Then one should evaluate the Fourier transform of a single
halo density contrast in a radius R and volume V = 47 R3/3,

ar (B[ onEw )sin(kr)
5 = —/ ( —— -1 r2dr 4.1.3
! Vi Jo p (kr) ( )
1 4w /R sin(kr) , 47 /R sin(kr) ,
= —=|— PNFW redr — — rodr (414)
v Sy Y ol G
1
= V(WNFW_WTH) (4.1.5)
where p is the average density
4 R
p= hulll pNFWrzdr (416)
VJo

and then obtain the halo power spectrum as the sum of many random (uncorrelated) halos
Pu(n,R,rs) = NV = n(Wypw — Wrp)? (4.1.7)
where n is the halo number density. This can be considered a correction to be added to the linear spectrum
Pyp = Prin + P (4.1.8)

Some results for Py are in Fig. (3.7.3). This particular halo correction is very naive and depends on three
free parameters r, R,n. It can be however considerably improved by taking realistic distributions of the three
parameters (see e.g. [I6, [19]) and shown to be a very simple and relatively accurate description for standard
cosmologies up to k &~ 1h/Mpc, requiring however extensive calibration with N-body simulations of many free
parameters. In fact, it is still often employed to get a quick approximation under the name of Halofit (see App.
C of [19] for a detailed implementation).

Better and more general non-linear schemes are based on fitting N-body simulations or on higher-order
perturbation theory. We discuss them in the next sections.

4.2 The Zel’dovich approximation

So far we have only investigated linear perturbations, except for a brief comment on Sect. ?7?7. Stars, galaxies
and clusters, however, are certainly not linear objects. For instance, the density contrast of a typical cluster
of galaxies can be § > 200. Going from the linear treatment to the non-linear one is however generally very
difficult. Even if some important step forward can be achieved by going to higher order in perturbation theory,
ultimately one needs large N-body simulations.

A popular way to make progress in non-linear evolution before ressorting to numerical methods is to adopt
the Zel’dovich approximation. The idea is to follow the movement of particles under the action of gravity until
they hit each other and create a (fomally) infinite density. This should approximate the behavior of particles in
a N-body simulation at least at some early time. Consider two sets of comoving coordinates. One, xg, represents
the coordinates of particles in an unperturbed Universe. Since they are comoving, they do not depend on time.
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The other, x(t), is a perturbed one. Initially, we perturb the position of each particle by a vector field s, called
displacement. Then we assume that at some later time ¢ the position of the particles is given by

x(t) = xo + g(t)s(xo) (4.2.1)

This means we assume the position at time ¢ only depends on the initial displacement through a time (and not
space) dependent function, still to be defined. The density of the particle at any given time is p(z,t) in the
perturbed Universe and po(t) in the unperturbed one (which just follow the cosmic expansion, py ~ a~3). Since
the particle number density dn = pdV must be conserved, we have

plx, t)d>z = po(t)d3z (4.2.2)

which implies

ox |t

e (4.2.3)

pla;t) = po(t)

Let us assume now, without loss of generality, that the coordinates have been chosen along the direction of the
eigenvectors of the deformation tensor

332-
dii = — 4.2.4
J 8m07j ( )

In this case d;; is diagonal and therefore

ox
8x0

0s(x0)
8x0

= [0;5 — g()dij| = (1 = gA1)(1 — gA2)(1 — gAs) (4.2.5)

= ‘I+g(t)

where I and ¢;; represent the identity matrix and A; are the three eigenvalues of d;; (we show below that the
eigenvalues are real). This means

_ po(t)
Pt = a0 - )0 — gh) (4.26)

Before we comment on this important expression, let us understand the meaning of g and s. Expanding (4.2.6))
for small g\;, we find

pl,t) = po(H)(L + g(t)(A1 +As + As) = po(D)(1 + g(6)Tx(d;y) (4.2.7)

and therefore

5(t) = ’W — —g(t)

This expression, being a linearized one, must coincide with the growth law, 6(¢t) = G(t)dy, where G(t) is the
growth function we have evaluated for various cases in Chap. (1)). Then we see that we should identify g(t)
with G(t) and

881‘
8m0’i

= —9(t)Va,s(o) (4.2.8)

—Vms(xo) == 50 (429)

Now, from the Poisson equation and the Friedmann equation we have
3
V2 = d7p,,0 = §a2HQQmG(t)§O (4.2.10)

where the factor a? arises because we are adopting comoving, rather than physical, coordinates. Then we see
that

2

o= — =
07 342H2Q),,G

V2w (4.2.11)
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a=0.5 o=1.

Figure 4.2.1: Formation of pancakes in a simulation based on the Zel’dovich approximation (from S. Shandarin,
arXiv:0912.4520).

and therefore

2

- vV 4.2.12
3a2H2QmGv ( )

s(zo) =
With this identification of s, the deformation tensor d;; is symmetric and therefore its three eigenvalues are
real. Therefore, we have completely specified the prescription (4.2.1): g(¢) is the growth factor, and the initial
displacement field s is essentially the gradient of the gravitational potential, i.e. the force acting on the particles.
In this way, one can run a very cheap N-body simulation: first, take the linear power spectrum at some early
epoch for the model you want to simulate; second, convert the power spectrum for § into a power spectrum for ¥
using Poisson equation in Fourier space; third, create a real space realization of this spectrum by overimposing
sinusoidal oscillations with amplitude given by the spectrum and random phases; fourth, put particles on a
regular grid; fifth, evaluate the displacement field by evaluating at every grid point ; finally, move the
particles out of their initial grid point by using .

To appreciate strenghts and limits of this technique, let us now come back to Eq. . Since g(t) is a
growing function (we discard the decaying mode, if any), p(z,t) will develop a singularity as soon as one the
largest A; is positive. This means that the particle will move primarily along the eigenvector associate to max \;
and form regions of high density on the plane orthogonal to this direction: in other words, particle will tend to
form planar structures, called pancakes (or blinis in the original Russian) by Zel’dovich, clearly visible in Fig.
. After this singularity, the approximation will no longer be valid. In reality, is already quite surprising
that the prescription holds quite well beyond the linear regime!

Once the pancakes have been reached, one might assume that the particles “stick” onto, or oscillate around,
the planar regions by friction or some hydrodynamic mechanism, and then continue flowing along the planes
reaching the edges (called filaments) and finally slide along the filaments towards halos where, in turn, galaxies
and clusters will form. This is indeed qualitatively what is seen in full N-body simulations. Most of the current
codes actually exploit the Zel’dovich approximation to speed up the calculations during the earliest stages at
z> 1.

Much more on this topic in [12].

4.3 Spherical collapsé

After the formation of pancakes, the Zel’dovich approximation is no longer viable, although it can be extended
through second-order schemes or ad hoc prescriptions. There is however a way to get, on a first approximation
which however turns out to be surprisingly accurate, an estimate of an important observable, namely how many
objects form (i.e., collapse into a virialized structure) for a given mass. This approximation relies on sphericality
and Gaussianity. The idea is first to find the value of the density contrast in the linear approximation at which
a spherical perturbation collapse and virializes and then, find the fraction of the Gaussian distribution of

2Adapted from Amendola & Tsujikawa, Dark Energy. Theory and Observations, CUP 2010.
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perturbations that are above this d collapse value. This fraction corresponds to the fraction of perturbations
that form structures for a given mass.
For scales at which Newtonian thery applies, a shell of matter at distance R from the center of a spherical
overdensity with uniform density p moves according to the Newtonian force law
d’R GM(R)

4
— 4.3.1
o 2 37erR, (4.3.1)

where M(R) = 4mpR3/3 is the constant mass inside the shell. Since for pressureless matter the background
density scales as pg = (3M(Ry)/47)(Roa(t))~3, where Ry is the initial size of the perturbation, we can define
the density contrast as

5= (“(t)R°>3 1, (4.3.2)

R

inside the shell and § = 0 outside. The crucial assumption here is that ¢ is a step, or top-hat, function, which
allows in fact to cancel all spatial derivatives. Replacing R with ¢, the equation for § in our time variable N is
then:

H 3 4 62 3
1 e r_ 2 _ = e 2
1 +(1+ )6 29m6 31+5+29m6 . (4.3.3)

Multyiplying Eq. (4.3.1)) on both sides by 2dR/dt the equation can be integrated once as

dR\?> 2GM
(dt> S e (4.3.4)

where C' is an integration constant. This is the cycloid equation, whose solution for C' > 0 can be given
parametrically as R = GM (1 — cos7)/C and t = GM (7 — sin7)/C?/? where 7 € (0,27). Substituting in § and
putting a(t) = ao(t/tg)*/* we obtain in the Einstein-de Sitter case:

9 (1 —sinT)?

- 2 -1 4.3.
o 2 (1 —cosT)3 ’ (435)
2/3
o, = g [2(7’ — sin 7)] , (4.3.6)

where 07, (> 0) is the solution of the linearized equation, i.e. the left-hand-side of Eq. . Note that
d(r =0) = 0. It is convenient to use d;, as a bookkeeping device: we express the behavior of § as a function of
01, instead of the parameter 7. A similar solution exists for an underdensity d;, < 0. We have assumed a constant
mass M (R): this implies that our analysis is valid only until shell-crossing occurs. As one expects, the radius R
first increases (a small perturbation expands with the cosmological expansion), reaches a turnaround point and
then decreases to zero (the perturbation collapses under its own gravity). The final singular phase is of course
unphysical because the dust assumption will fail at some high density, non-radial fluctuations will develop and
even the dark matter collisionless component will undergo the so-called “violent relaxation” mechanism and will
set into virial equilibrium.

The main result we get from this model is the critical or collapse value d¢op of the linear fluctuation o7, that
is reached at the time of collapse. This quantity is of cosmological relevance because it is used in the Press-
Schechter theory as a first approximation to the epoch of galaxy formation and to calculate the abundance of
collapsed objects, as we will discuss below. It can be seen from Eq. that when 7 = 0 the perturbations
are zero, then § reaches a turnaround at 7 = 7 (for which d7 = (7)) = (37/4)? — 1 =~ 4.6 and 61, ~ 1.063) and
finally for 7 = 27 the overdensity ¢ (but of course not ;) becomes singular. This singularity occurs when

8L = beon = (3/5)(31/2)%/3 ~ 1.686, (4.3.7)

and it takes exactly twice as much time as for the turnaround. Notice that this value is independent of time: a
spherical perturbation in the Einstein-de Sitter universe collapses to a singularity whenever the linear density
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contrast equals 1.686. For other models, however, ., depends on time. An approximation for dark energy
with constant wpg in flat space is (Weinberg and Kamionkowski, MNRAS 341, 2003, 251)

(53011(2) = 1.686 [1 + oz(wDE) loglo Qo (Z)] s (438)
a(wpg) = 0.353whp + 1.044wpp + 1.128wd g + 0.555wpE + 0.131. (4.3.9)

One can define other phenomenologically interesting epochs that are sometimes used: the epoch of non-
linearity (6 = 1, corresponding to d;, ~ 0.57) and the epoch of ezpected virialization. The latter is defined to

correspond to the instant in which the kinetic energy K is related to the gravitational potential energy U by
the condition

ROU

_RU 4.3.10

2 OR ( )
However, it is by no means obvious that this condition is enough to realize virialization, especially when dark
energy is present. For an inverse-power potential (U « —1/R), the virialization implies K = —U/2. The radius

and the density of the perturbation at virialization can be calculated by assuming conservation of energy at
turnaround (when the kinetic energy vanishes; subscript T) and at a virialization epoch ¢y when the kinetic
energy satisfies Ky = —Uy /2, i.e.

Ur=Uy + Ky :Uv/Q. (4311)

Since for a uniform sphere U = —3GM/5R (and remembering once again we are assuming M = constant),
we obtain the relation Ry = Ry /2. Hence the virialized radius is half the turnaround radius. The density inside
this radius turns out to be dy ~ 178 and the epoch of this occurrence is very close to the final collapse time. A
numerical fit for wpg = constant models in flat space gives (Weinberg and Kamionkowski, MNRAS 341, 2003,
251)

Sy~ 178[1 + b10%2(2)], (4.3.12)
1—Qn(2)
= — = 4.3.1
0 00 (4.3.13)
by = 0.399 — 1.309(Jwpg|***° - 1), (4.3.14)
by = 0.941 —0.205(jwpg|®?*® - 1), (4.3.15)

if z is the collapse redshift.

It is difficult to go much beyond this kind of phenomenological parametrization. A full understanding of
non-linear physics in dark energy would require extensive N-body simulations coupled to lattice simulations of
scalar fields, a technical feat which is still largely to be explored.

4.4 The mass function of collapsed objects

The main reason why it is worthwhile to discuss the abstract phenomenon as a “spherical collapse” is that
the critical value dqon and the virial radius Ry (or rather the mass contained within that radius) enter the
Press-Schecther (PS) formula for the abundance of virialized objects. The main idea behind the PS formula is
that we can estimate the number of collapsed objects formed in a random Gaussian field by simply counting at
any given time how many regions have an overdensity above the collapse threshold given by dco.

Suppose at some redshift z we smooth a random Gaussian field of density fluctuations over cells of radius
R, each containing on average the mass M = 47 R3p/3 with p(z) the background density. Since the smoothing
is a linear operation, if the field is Gaussian then also the density contrast § in the cells will be distributed
as a Gaussian probability distribution function with variance o3;(z). Suppose that all the cells with § > con
undergo collapse and virialization. The fraction of collapsed regions (i.e. the fraction of space containing objects
of mass larger than M) will be then

0ot = e [ o (i) av = e (5205 4D

b Adapted from Amendola & Tsujikawa, Dark Energy. Theory and Observations, CUP 2010.
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where erfc(x) is the error function. The fraction containing objects of mass within the range [M, M + dM] is
given by

ap(M, Z)|5>5c011

M. 4.4.2
M d (4.4.2)

dp(M, z) = ‘

Remember that in general the threshold .o depends on z. Although the boxes with § > .o are certainly
not in the linear regime, the idea is to use the linear regime to estimate the fraction of collapsed regions. We
are then implicitly assuming that the variance ops(z) is in the linear regime (o); < 1) and therefore that it can
be calculated from Eq. with the linear spectrum at any redshift. By using the growth function D(z) we
have op(2) = D(2)opm(0).

Now, suppose in a volume V we find N collapsed objects, each occupying a volume Vi; = M/p. Then by
definition the volume occupied collectively by the IV objects is the fraction dp of V, i.e.

NVis = Vidp, (4.4.3)

and therefore the number density dn of collapsed halos with mass in the dM range (the mass function) will be

2 p dcoll
dM =/ ——
™ M2 o

N _ dl _ Ip(M, 2)[5>5eon

_ v ﬁ danIM
Vo Vy M oM

=621/ (20%)) M. 4.4.4
d M | © d (4.44)

dn

The extra factor of two that we have inserted in the last step is required because we want all the masses to end
up in some object, so that we impose the condition

v/ooc (i@) AM = 1. (4.4.5)

This factor-of-2 adjustment can be justified with a random walk analysis of fluctuations. In any case, one finds
it necessary to fit N-body simulations. Sometimes the number density n(M, z) is taken to be the comoving
number density (i.e. is multiplied by a3): in this case also p should be identified with the comoving background
density.

Equivalently, Eq. is sometimes written as

% ‘ an = f(UJV[a Z) ’ (446)

d 1110' M

where all the cosmological information is contained in the function

2 5()0 —
Flou, 2) = \/7“6 Seon/(203s) (4.4.7)

T OM

The number density dn(M, z) can then be “directly” confronted with the observed densities of objects (clusters,
galaxies, quasars) at any redshift. The mass M is often taken to be the virial mass of that class of objects.
Because of the exponential dependence on d¢o11 /0, the PS formula is quite sensitive to the cosmological model.
The simplicity of the PS approach must not hide the fact that it relies on a dangerous extrapolation of
the linear theory, on the critical assumption of spherical collapse with top-hat filter, on a dubious definition of
virialization, and on the absence of processes like merging, dissipation, shell crossing. Surprisingly, this shaky
foundation did not prevent the PS formula to prove itself a valuable first approximation to the abundances
obtained through numerical simulations. Not surprisingly, many works have been dedicated to improving the
original PS formula by including corrections due to departure from sphericity or merging or by directly fitting
to large N-body simulations. A remarkably successful fit is given by (Jenkins et al. MNRAS 321 (2001) 372)

f(oar, 2) = 0.315exp(—]0.61 — Inops(2)]>8). (4.4.8)

This fit has been found to hold for a large range of masses, redshifts, and cosmological parameters, including
dark energy with constant or varying wpg .



Chapter 5

Standard non-linear perturbation theory

In this chapter we introduce a systematic way to estimate the effect of non-linearities on the power spectrum.
We work entirely in Newtonian gravity since we refer to scales much smaller than the horizon, and neglect
radiation since we refer to the late-time universe. A useful review for this section is Bernardeau et al. 2002 [4].
For redshift distortions and biased tracers, I followed [I8] [7] [11].

Quick summary

1. The Newtonian fluidodynamics equation are non-linear; this non-linearity is expected to be important at
small scales (large k’s)

2. In Fourier space, the non-linear terms becomes convolutions of the perturbation variables 6, 6, with some
kernels

3. Finding the correct kernels is the main problem of non-linear perturbation theory

4. We derive here the standard perturbation theory (Eulerian SPT) kernels; they are analytical in the
Einstein-deSitter (EdS) limit ,, = 1, which however is a decent approximation also for ACDM and
similar cosmologies

5. What we observe however are galaxies in redshift space, so the kernels must be improved to take this into
account

5.1 Second-order perturbations

We now go back to the general non-linear Newtonian fluidodynamical equations

p+v-Vp=—pV-v continuity (5.1.1)
p(V+v-Vv)=-Vp—pVo Euler (5.1.2)
V2® =47p  Poisson (5.1.3)

where the dot is here a derivative wrt cosmic time, v = v, + Hx is the total velocity, including the Hubble
expansion vy = Hx, and v, the peculiar velocity. We now perform the same steps as in Chap. [1| but keep the
second-order terms. By introducing the density contrast § = (p(z,t) — po(t))/po(t) the first one can be written

as (p = (pod) + po = po(1+ 6) + pod)
po(1 4 8) 4 pod + po(vp+Hx) - V3 = —po(1+6)(V - vp + 3H) (5.1.4)
Since at the background level pg + 3Hpg = 0, this becomes (we suppress the subscript p from now on)

d .
d—f:6+Hx~V6=—V~(1+5)v (5.1.5)

41
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On the rhs a nabla operator wrt physical coordinates x = ar, which becomes ¢!V, converting to comoving
coordinates. On the lhs, as already demonstrated,

ds : 96
(dt>m =b6+vp-Vi= ((%) (5.1.6)

Finally, therefore, the continuity equation is (dot is from now on the derivative wrt conformal time, so the a~!
factors cancel out)

b=—-V(140)v (5.1.7)

where the nabla is now wrt comoving coordinates and we suppressed the subscript 7.
The same steps as above lead to the following form of the Euler equation

V+Hv=-V(v-Vv)—-Vo (5.1.8)

whereH = aH, ¢ is the cosmological potential defined in Eq. (1.2.13]), and now v is the peculiar velocity. Taking
the gradient and employing the Poisson equation we obtain

. 3
0+ HO+ 53'-126: ~V(v-Vv) (5.1.9)

where # = Vv, and we employed the Friedmann equation 3H? = 87p.

The two equations (5.1.7),(5.1.9) are the basic starting point for the non-linear perturbation theory. They
can be combined into a single non-linear second order equation if we assume that v is irrotational also at second
order, i.e. v = Vw, where w is a velocity potential and of course § = V2w. Let us first rewrite the equations
using log a as independent variable and redefining 6,,¢, = 0p1a/H:

a
a0 _ —_— 1.1
N ' +vVi (1+0)0 (5.1.10)
li
9 = 7(1+%)97 ;gfvi(vjvjvi) (5.1.11)

The last term is

Vi(v; V') = V; [(V;w)VIViw)] = (V,Vw)(VIViw) + [(V,w)V; VI Vi) (5.1.12)
= (V;V,0)(VIViw) + [(V;w)VIViw)] = (V;V,w)? + v, V0 (5.1.13)
SO
9 _ o ig _ Hig 3 o)

5.2 Spherical collapse, again

We now solve the equations in a special case, the spherical collapse. That is, we study how the density contrast
evolve when the dominant component of the velocity is purely radial, i.e. the non-linear collapse is approximately
spherical. This gives an estimate of the growth in the non-linear regime.

Here and in the next section we will often refer to the Einstein-de Sitter (EdS) model due to its simplicity that
allows for analytical solutions. This is a cosmological model with zero spatial curvature and only pressureless
matter, so that €,, = 1. Therefore, the Hubble expansion function as a function of redshift is simply H =
Hy(1+ 2)3/2. Moreover, the linear growth of perturbations if § ~ a and therefore the rate is f = 1. Although
today’s best-fit model is considerably different, the EdS is a good approximation for the past history at redshifts
higher that a few, and overall not a terrible approximation even today.

If the fluid moves spherically, one can write v = v{1,1,1}/4/3 and

(Viij)Q = (Vivj)(vivj) = é@Z (5.2.1)
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so finally
ae in H 3 1.4

Now, differentiating (5.1.10) and inserting ([5.2.2)), and neglecting the gradient terms V4, VO because near the
center of a spherical perturbations they must indeed vanish, we obtain the same spherical collapse equation
already encountered in Eq. (4.3.3)):

H' 3 4 62 3
" —_— / —_ — = — - 2
1 +(1+ )6 29m6 31+5+29m5 . (5.2.3)

where now § depends only on time. In a Einstein-de Sitter (EdS) Universe in which ©,, = 1, one has % = —%

and, as we know already, one finds at first order G = G’ = G = ¢ and the growth function f = 1. At
second order, we can neglect the denominator 1 + ¢ at rhs, and write

4 6% 3 4 3 17
- 0.2~ =2+ 20 2= 42 2.4
31406 12 m? (3f T3 ’”)5 66 (5.24)

We now expand § = GM§M) + G2 (§(1)2 1 . Therefore at second order we get in EAS

c@r  Laey _3oe _ 17
2

(1)2
5 S G (5.2.5)

Under the Ansatz G = aGM? we find
17

G2 —
21

a2 (5.2.6)
One sees therefore that the second-order perturbations grow as G()? in a EdS model. Although this result has
been derived in the spherical collapse case, in the following we will assume that the second order perturbations
grow as G()? even outside this assumption. Later on we will write down the general equations for the second-
order growth, and show that G(1)? is a good approximation.

5.3 Fourier space

We now consider in detail the space dependence of the second-order perturbations, in order to derive a correction
to the power spectrum. This approach is called Eulerian perturbation theory (because the observer is supposed
to stay at fixed coordinates), or simply standard perturbation theory (SPT). There are other approaches in
literature, for instance Lagrangian Perturbation Theory, in which the main concept is to follow the particle’s
trajectories through the evolution of a displacement field, and Kinetic Field Theory [I5], a non-perturbative
approach in which the main idea is to build a partition function for the ensemble of particles. We will not
discuss them here.

In the linear regime, Eq. gives 6= —Vv, which can be immediately Fourier-transformed as 6=
—ikv = —0. Now we put § = #6' = Hf4, and notice that at the linear level the velocity vector v is sourced by
the gravitational gradient, and therefore v o< k (provided the rotational part has decayed away). Then putting
v = Ak we find

. k
where ¢, is the total matter field. This can also be written as
k
v = —z&E (5.3.2)

so we can convert v, J, 8 at linear level one onto another. It is also to be noticed that the linear equation (|1.3.2))
can be written in general

f+P+Ff-5=0 (5.3.3)
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\ =

introducing a “friction” coefficient F =1+ H'/H
Expanding in Fourier modes, we have d(x) = (27r

position gives for Eq. (5.1.7)

3 3
/5k d k :_v(1+/5keikx(2

d3k : ikx 73 . i(k+k')x dgk d3]€/
/5k = —z/vkke d k—z/&kvk/(k+k’)e( @nF @n P (5.3.5)

(1 = 3wprQpE) and a “source” term S = 3Q,,, /2.
=3 [ 5,e™™*d3k, and the analog for v. The Fourier decom-

, 3 1./
) / _—— éwk)?)) (5.3.4)

\_/l\')

Integrating over (277)_3e_ik//xd3ac one gets on the lhs

Sk i(k—k’") d k / " Sk”
i x 6 K" = 3.
| @ “ony )= Gy (5:3.6)

and on the rhs

2?2’“7’;1‘” / Sevir (k + K)op(k + K — k") (;li’)“g (‘;:;k;g (5.3.7)
So we have (switching some k labeling)
by +ivik = —i / Oy Vs (K1 4 k2)(27)%0p (Ky + ko — k) Pl Ak (5.3.8)
(2m)* (27)?
We now expand the perturbation variables as
6 =e6W 4253 ¢ (5.3.9)

and similarly for # and v , where the small parameter ¢ is temporarily inserted to keep track of the order.
Inserting these expansions, one immediately see that at order e the 6(1), () cancel out since they obey the

first order equation §M = —9M At order 2, the lhs remains formally the same (but now the quanities
are second order), while at rhs we get products of first order terms, so we can use first order equations as
e.g. O0p = —ikyvi/(Hf) = —0/(Hf) . In the following calculations we simplify the notation by defining

d®k/(2m)® — d3k, i.e. the factor of (27)3 will be understood, and put back at the very end. Then, using Eq.

(5.3.2)), at order £? one has
. k
26 1+ 20 = 22U / PISEI k; (k1 + ko) (27)36p (k1 + ko — K)d k1 dPhy (5.3.10)

(Clearly, here and often below, we could immediately do one of the 3D integrals on the rhs thanks to the Dirac
delta, but it is convenient to keep the expression in this more symmetric form.) The terms on the rhs couple
different k modes, whereas they are uncoupled at the linear level. From now on, we delete the ¢ and also
suppress the superscripts (1), (2) when not needed, since it is clear that wherever there is a single perturbation
variable, it has to be second order, and wherever there is a product of two perturbation variables, they have to
be first order. Also, the perturbation variables at the lhs of the equations are understood to be functions of k
and we suppress the subscript k, so that §; = 6V (k;) .

As already seen, we define the linear growth factor G (dropping the superscript (1)) such that G(z =0) =1
and

§ = G(2)do

and the growth rate f = G'/G (we assume G, f are k-independent). It is again useful to define a new divergence:

Oo1d
enew = 5.3.11
2 (53.11)
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Then Eq. (5.3.10) can be written as

kok; + koko

2 (27‘(’)35D(k1 + ko — k)dgkldgk‘g (5312)
2

HO + HO = HGQf/5152
where the prime is d/dloga and where ¢; are evaluated at the present time (so they are independent of time).
All 6, 0 inside the integrals from now on are the present values. We rewrite this as

0+ = G2f/6152a(k1,k2)(27r)35D(k1 + ko —K)dPk1dPky = C (5.3.13)

In this and the following equations, we observe that the homogenous part of the equation (i.e., the lh.s)
is identical to the first order equations, and therefore the homogenous solution coincides with the first order
solution, which we already included in the expansion . Therefore, in the following we only need to identify
particular solutions of the inhomogeneous equations.

Since we can switch the labels 1,2 inside the integral, the kernel a(kj,ks) can be symmetrized

1 ko (ki +ko)  ki-(ki+k
a(k17k2)2[ 2 (k12+ 2)  Ja (k12+ 2)] (5.3.14)
2 1
1 (ks ki
= (2405 +k 3.1
s (1545 ) ot (5.3.15)

This symmetrization is always possible and sometimes used explicitly, sometimes understood. Similarly, the
general Euler equation (5.1.9) in real space can be written as

0+ FO+S5=-V {( / vie®d3k) - v / vk/eik’Xd%’} (5.3.16)
= —iV [ / (Vi - k/)vk/eikxeik/dekd‘gk’} (5.3.17)
= /(vk K (Vi - (k4 k)t HOx B g, (5.3.18)

From now on we put ourselves in an Einstein-de Sitter model (i.e. Q,,, =1). In this case, G = G' = G" = a.
Moreover, F' = 1/2,5 = 3/2. Although in EdS f = 1, we keep explicitly f in some expressions. Notice that we
always assume that G and f only depend on time and not on k. Then we see that

k K’ .y

0+ FO+ 85 = —G? / Ok (15 - K') (55 - (k+ K'))e! (K HOx g3 L g3 (5.3.19)
2 k k' N ik +k)x 137,/ 13

= -G ekek,(kzk,Qk (k4 K)e &K Pk (5.3.20)

The kernel can be symmetrized:

1, k-K 1 k- K (K +k)?

Bk, ko) = 2[(k2k’2k (k+K)+ (k< K))= SYET R} k-kK'(k+k) (k+k')]= STEITE (5.3.21)
Integrating again over (27r)_3e_ik”xd3ac one gets
0 + FO+ S5 = —G? /Qlﬁgﬂ(kl, ko) (27)30p (k1 + ko — k)d®k1d3 ks (5.3.22)
= 7G2f2/6152ﬁ(k1, ko)(27)30p (k1 + ko — K)d3k1d®ko = E (5.3.23)
where now all perturbation variables are in Fourier space, where (after symmetrization)
W(; + l;;) =1+ 1<1k2(kl2 kl%) (5.3.24)
p = G+ ko) llaks) (5.3.25)

2k2K2
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We can now differentiate the 6 equation ([5.3.13)) and obtain
1 .
0 + 6" =2G*(f* + if/)/5152a(k1,k2)(27r)35,3(k1 +ky — K)d3k1dPky = C' (5.3.26)

Then we insert the 6’ equation, replace again # = C' — ¢’ and obtain an equation for the second order § alone
on the lhs

3+ (-F(C—-¢§)-8Ss+E)=C"
or
'+ F§ -Si=C"-FE+FC (5.3.27)
Putting 62 = G(Q)él(f) , where 5,9 depends only on k, and, as shown in Eq. 7 G®) = AG?, we see that
G? = 24G%f; G®" = 4AG?f? + 2AG>f' (5.3.28)

and thus

8"+ F§ —86 = [(GP)" + FGP' —SGP)§ = (4(f2+ = f)+2Ff S)AG?6?) = ((f2+%f’)+2Ff—S)6(2)

(5.3.29)
In EdS, putting f = 1, the last expression equals 76(?) /2 and then one has from (5.3.27))
2 '-E+F
63 = ?(5" + F§' — 86) = 20774’0 (5.3.30)
2G? 1 3 3, 13
= 7 5162[20& + 6+ 50[](27‘(’) (SD(kl + ko — k)d k1d’ ko (5331)
Notice that we do not need the value of A, but just that G®) o« G2. So we obtain
G? . .
0@ == / 618550 + 28] (27)30p (k1 + ko — K)d®kyd3ks (5.3.32)
2 2 k k k ki + ko)? (k1 k
G /5152 (2 i) oo kea) (ika)s o553, (s + Ky — K)dP Pk (5.3.33)
4 k3 2k7 k3
=G? / 5162 F5 (k1 ko) (27)36p (k1 + ko — k)dPk1d3ks (5.3.34)
where
da + 26 2 k k1 kg (kl + kg)z(klkg)
[ _ 25k ke ke 5.3.35
? 7 7 [54(k% k§> 22 k2 ( )
2[5 11 (k% + k2 + 2k ko) (k1 ko)
= - 2+ kk — 5.3.36
2[5 7 1 1 (k1ko)?
=—- |-+ -kik 5.3.37
5 1 1 1 2 (k1k3)?
==-4= = 5.3.38
7T 2k1k2(k2 * k2)) 7 k2K2 ( )

Similarly, one can write an equation for (2) alone

0@ 6" =92 L 2G2 5D = G2 f / 61020(ky, ko) (2m)30p (ki + ko — K)d®k1d®ky (5.3.39)
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from which, since GG’ = G? in EdS,
9(2) = —2G2f/51(52F2(k1,k2)(271’)36D(k1 + ko — k)d3k1d3]€2

+ Ggf / (51520&(1(1, k2>(277)3(5D(k1 + ko — k)d3k1d31{32

or
0% = —G*f / 6162Go(2m)30p (k1 + ko — k) d3kyd ks
with
= 1—70 + klkz(ki% + k%) + é (12;;?2 -1- ;(killf kg?)
= % + 1k2(ki% + klg) z (1221;22) - % le(ki% + k:i%)
-3 i+

In general, it happens that G ~ AG? even for non EdS models.

Whatever the cosmology, therefore, one always has, to a good approximation, the forms

Bhi ks
(27m)? (2m)?
Pky ks
(27)? (2m)?

00 = _c2f / 5182G (k1 ko) (26 (ks + ks — k)

5@ — 2 / 6162 Fy (k1 k) (2m)25p (k1 + kz — k)

(we inserted back the (27)3 factors) where G is the linear growth function and

kiko k1 ko, 2 kiko o,

Jo kay 2
7 kerky ke | K1l T kiks
-3, kike ki kyy 4 k1k2)2
277 T Okike ke | K1 T kiks

(Notice that although is a good approximation to take f =1 in (5.3.29)), the factor f is 6

that

Fy(ky,—k1) =0
Ga(ky,—ky) =0

This property is a consequence of the fact that at any order we have dx—o = V! [ §(z)d?

conservation, and the same for all perturbation variables.

47

(5.3.40)

(5.3.41)
(5.3.42)
(5.3.43)

(5.3.44)

(5.3.45)

(5.3.46)

(5.3.47)

(5.3.48)

is necessary). Note

(5.3.49)
(5.3.50)

x = 0, i.e. mass

The procedure can be extended to all orders by a recursive process for n > 2, see e.g. [4:

— (ky, ...
n kla .- Z M [(271 + 1)04((117 q2)F7L—m(km+17 kn) + 2/8((117 q2)Gn—m(km+17 kn)]
(5.3.51)
n—1
k 9 m
G kla mz::l 2n—|—?in—1)) [304((11, q2)Fn—m(km+1a kn) + 2nﬁ(q1a q2)Gn—m(km+1a kn)]

(5.3.52)
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where q1 = k; + ... + kpn, d2 = ki1 + ... + k, and F; = G; = 1. So one gets for instance (see Appendix for a
detailed calculation of F3)

(3) 3 3 d3k-1 d3k2 d3k3
09 = G [ 01020Gs ks, e, o) (2m) O b e s =) (5 o (5.3.53)
A3k, d3ky d3k
- G3 / 610203G3(k1, ko, ks)(2m)%0p (K + ko + ks — k) (27T)13 (%)23 (%)33 (5.3.54)
A3k, dPky d3k:
5(3) = G3/5152(53F3(k1,k2, k3)(27T)35D (kl + k2 + k3 - k) (271_)13 (271')23 (27_(_)53 (5355)

where

1
F3 = Tg[7a(k17 ko + k3)Fa(ka, k3) + 28(k1, kz + k3)Ga(ke, ks) + Ga(ky, ko) (Ta(ky + ka2, ks) + 28(k1 + k2, k3))]
(5.3.56)

1
Gs = T8[3Oé(/€1, ko + k‘g)FQ(kQ, kg) + Gﬁ(k'l, ko + kg)Gg(kQ, k‘3) + Gz(kl, kz)(30¢(k1 + ko, k‘3) + 6,3(]€1 + ko, ]{13))}
(5.3.57)

(to be symmetrized). As will be shown shortly, we need also the third order for § to derive the corrected power

spectrum.
The approximation G(?) o< G? can be easily lifted. Let us restart with Eq. (5.3.27)

1 A3k d°k
_ _ o2/ 2 3 1 2
"+ F§ —-85=C"—-E+FC =2G (f + 5f')/6162a(k1,k2)(27r) 6D(k1 + ko — k) (277)3 (271‘)3
(5.3.58)
- G2f2/51526(k1, ko) (27)30p (k1 + ko — K)d2k1d3ks (5.3.59)
3k, >k
2 3 1 2
+ FG f/51§2a(k1, kg)(Qﬂ') 6D(k1 + kg - k) (27‘(‘)3 (27‘[‘)3 (5360)
26 £2 ’ 3 Pk dPko
=G (2f + f + Ff) 51(520{(1{1, kg)(27‘(’) 6D(k1 + k2 — k) (27(_)3 (27‘()3 (5361)
3k, d°k
2 2 3 1 2
+ G f /51(525(1{1,1(2)(271') (5D(k1 + ko — k) (27‘_)3 (27‘(‘)3 (5362)
Then we write the general solution as a linear combination of separable terms
0% = G?[ga(a)AK) + g5 (a) BK)] (5.3.63)
with
A(k) = [ &6 35 Phy dhs
(k) = 1020k, ko) (27m)°dp (k1 + ko — k) (2m) (27)7° (5.3.64)
A3k, d3ky
B(k) = /51526(k1,k2)(2ﬁ)35p(k1 + ko — k) (27T)3 (27T)3 (5365)

By identifying separately on both sides of (5.3.62) the terms with « and those with 8, we obtain two equations,
one for g4 and one for gg

ga+ @+ F)gy+9a (27 +5) =2 +5
g5+ 4f + F)gp +9p (2f*+5) = f* (5.3.66)

(we used Eq. [5.3.3). Now one can see that the combination D = g4 + gg obeys the equation

D'+ 4f+F)D'+D (2f*+S) =2f*+ 5 (5.3.67)
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which has particular solution D = 1. Therefore gg =1 — ga. Then the new time-dependent kernel is

Fy(ki, ks, a) = ga(a)a(ks, ko) + (1 — ga(a))B(ki, ke) = gala)(a(ks, ko) — B(ky, ko)) + B(ky, ko) (5.3.68)

)
The initial conditions can be taken to be standard pure EdS (i.e. dominated by CD ), so that g4 = 1 and
g’y = 0. A similar set of equations gives the third order growth. In EdS, with F' = = %, f =1, the equations

become
9 7 5
Jat+59at 594 =5 (5.3.69)
" 9 / 7 o
93+§93+§93 -1 (5.3.70)

solved by g4 = 5/7 and gp = 2/7 (we consider only the growing solution as usual), recovering the EdS solutions.
For 6®) we can proceed as above, starting from Eq. (5.3.39), that we rewrite as

03 4+ 6@ =0 4 (G2g4) AK) + (G?g5) B(k) = fG?A(K) (5.3.71)
from which
0@ = G*{[—gl — 2fga + [JA(K) — (g + fg5)B(k)} (5.3.72)

In EdS, f =1 and g4 = 5/7, 95 = 2/7, so we get ) = —~G?[2A(k) + 2B(k)] which agrees with Eq. (5.3.45).

The solution of m can in general only be obtained numerlcally, an accurate fit for wCDM is provided
in [20]. As already mentioned, however, the approximation G®  G? is usually good to within a few percent
at most.

Since f ~ Q9> and therefore Q,, ~ f2, one has S ~ 3f2/2, and then the rhs of both equations (5.3.66)
is 7G?f?/2. This means that as long as Q,, ~ f2, as in this more general case, §(?) is separable in a function
that depends only on time and one that depends only on k. This occurs at all orders. This is the fundamental
reason why G?) o G? is a good approximation.

5.4 Bias and RSD
To see the effect of the redshift distortion on the kernels, we go back to the real space-redshift space mappingf?|

mr[ir ] o4

(we assume that the velocity u(0) of the observer has been subtracted out) in Eq. (3.5.6)
n(s)dVs n(r)dV,

5, = —1= —1 (5.4.2)
2
nodVs nodV; (1+2202)7 ]
where |J| =14 9% and
T
u=H "v- - (5.4.3)

This relation is exact at all orders. The term Awu/r can be neglected because we assume the galaxies are very
distant. So we have
n(r)dv, 1+4(r) s(r) — o

s = —1= —1= 5.4.4
nodV,|J| 1+ 4 1+ d (5.4.4)

In Fourier space, this equation becomes

—du 3 . .
0s(k) = /d3s[6(r)d"]elks :/ d’s [6(r) — %]emr“k?“ = /d?’r[é(r) - %]e““””k?“ (5.4.5)

du du
14 du 144

aFor this section, we follow in part Refs. [I8) [11].
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(since d3s = |J|dr). The term inside the square brackets is usually called redshift space distortion, RSD; the
additional term in the exponent instead is responsible for the excess of clustering along the line of sight, and is
called fingers-of-God (FOQG) effect.
Now we write v - = = vy and define 6 = ikgv/H, so that
oikEU _ oikEZ e _ gikugrne _ o 0tie (5.4.6)
The term Oug/kg is a field in real space. We can write it as a Fourier integral and expand the exponential in a
series of Fourier integrals

L Z (k:')n [Z—Zﬁ(r)]" =1+ (5.4.7)
n=0 :
so that
0= [ driom - G + 3 B [t ) [ 2 qa). [ G0 (g, et ey

(5.4.10)

We assumed that the angle p is a constant. This is called flat-field approximation: the galaxies are so far, and
the field of view is so small in angular extension and in depth, that the angles between the vectors k and the
line of sight r, is constant.

Before proceding further, we need now to consider the bias between galaxies J, and dark matter . A
reasonable model, called local deterministic bias, for the non-linear bias is the expansion

5,(r) = bys(r) + %bg&(r)Q +. (5.4.11)

where the parameters b; are supposed to depend only on time and not on space. A constant by is absent because
we require (64) = 0. It is generally assumed that there is no velocity bias, so 8, = . The reason is that, if
the equivalence principle is satisfied, baryons and dark matter respond to the same gravitational potential and
therefore acquire the same velocity if the initial conditions are the same. Here we refer explicitly to galaxies but
a similar treatment can be applied to any tracer of the underlying mass distribution: Lyman-« clouds, standard
candles, 21cm, etc. At the end, each tracer field will be characterized by a set of bias functions, of which by, bs, ..
are just a first simplified example.
In Fourier space this J, expansion becomes at second order

1 Bq d3q
— b s z 4 a7g
8q(k) = b16W (k) + 2b2/ o

Let us consider now the first terms of the expansion (5.4.10]). The first term reproduces the linear theory:

du. . . - du
3 ikr 3 ikr 3 ikr
551)(1() = /d r[b1d(r) — —dr]e = /d rb1o(r)e"™" — /d T—dre (5.4.13)

=M (K)(by + f1i2) (5.4.14)

(2m)%6p(k — q1 — q2)0M (@1)6M (q2) + ... (5.4.12)

(the subscript g stands now for galaxies in redshift space) where we used the linear theory relation (Eq. [5.3.1))

v(k) = iHo; f% (5.4.15)

from which

3 1./
_Zf/ d ’f ik (5.4.16)

r
u(r) = o k’2

i\<
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while its derivative is (notice that k - r/(kr) = p is assumed constant)

d e (Kr\2 B I
i‘ - —f/5 K)o~ k" (k ) G = —f/é(k Je~ikr )2 oy (5.4.17)
so that
[t~ [ar f o sune s wrmt - [ S 50105007 = a0 = 09
(5.4.18)

This is the usual linear Kaiser effect, and no FOG effect is present.
The second term gives

du, Baqr
Sg(k) = [ d®r[o(r) — —Je'marg =0 5.4.19
1) = [ @riote) = ek ) (5.419)
s [ &g ik—aqo—ayry., 4

_ / B / (%)()3 (5(cto) — 0(q 2] k0= ku<2ﬂ_)13%9(q1) (5.4.20)

Pgo P 2 1
= =[0(qo) — 0 21)%6p(k — qo — a1)kp—10 5.4.21
| (s 8(a0) = Bl 2m) 5 — ap = o) (5.421)
Relabeling 0,1, ... into 1,2,..., it is then not difficult to see that the entire series can be recast in the more

symmetric form

n

3 3 3
Z/ B / d q23 / (‘12:)"3 [6(a1) — 0(ax)p3](2m)%0p (k Z

=1

’I’L

(5.4.22)

(with the understanding that for n = 1 the product of y;q; 19; factors reduces to unity). Notice that, in several
references, 0 is defined with the opposite sign.

This expansion is valid at all orders. Now we can use for §, 0 the expansion and the results
of the previous section, plus the bias expansion , systematically collecting terms that contribute
with the same power of €. At second order the terms that contribute are as follows

& a &* el b
+/ T A [b16™ (1) — 0D (an)uf)(27)*6p (k — a1 — Q2)ku 9(1)((12) (5.4.24)
(2m)? (2m)? !
d3q d&? b
= / (273)13 (2:)2 8D (a1)8W (a2) (b1 Fo + Ga fu® + — +fkub1— + Wk” 1(27)%60 (K — q1 — qo)
(5.4.25)
d3Q1 d? 2 (1) (1) 3
= ) (@3 (2n)3 8 ()0 (a2)[b1 Fa + Go f 12 + + fk’M[ (bl + fu))(27)%6p(k — q1 — q2)
(5.4.26)
= [ s @) @b+ Gaf® + %+ T by )+ 2 0+ gm0 e
(2m)3 (27)3 2 2 'q % '
(5.4.27)
d3(]1 dSQ2 1 3
= / (271_)3 (277)36( )(ql)a(l) (q2)Z2(q17q2)(27T) 5D(k —q1 — Cl2) (5428)
where in the fifth line we symmetrized the new kernel, which now can be read as
k b
Zalatr ) = P+ Gafiid + LB by 5 fud) + 2+ i)+ (5.4.20)

M3 Hn
e 9(01 )— s 9(Q3)~~?9(Qn)

n
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A similar calculations leads to the third order kernel. Before we do that, however, we need to observe that
the bias scheme above is incomplete. Various tentative schemes have been introduced in the literature, since we
know very little about the exact mechanism of bias. In general one can expect ¢, to depend not only on the
matter § but also on other variables that influence the assembly of galaxies from the underlying distribution.
In particular, one should expect a dependence on the gravitational force. The density contrast is proportional
to A® due to the Poisson equation, so we expect that a generic expansion for ¢, will include second derivatives
of the potential, i.e. the tensor 0;0;®. Notice that there could not be a dependence on ® and on 0;® without
further derivatives, because the Equivalence Principle tells us that one can always find a local frame in which
there is no gravitational potential nor force. Similarly, one should also expect a dependence on the second
derivatives of the peculiar velocity field (tidal field).

A traceless stress tensor (or tidal tensor) of gravitational forces can be defined as

1

The tensor K;; is defined to be traceless because the trace part of (0;0;®) would correspond to A®, which by
Poisson equation is simply proportional to ¢ and therefore degenerate with the other terms. With the tidal
tensor, one can form the scalar

y 1 y 2 y
G = Kij; KV = (81-8](1))2 + §5ij(5”(A(I>)2 — g(aiajcb)(s” (AD) (5.4.31)
1
= (0,0;,0)* — §(A<I>)2 (5.4.32)
In Fourier space K;; becomes

kik; 15@5(1@ (5.4.33)

The scalar Gy is then of the same order as §(2). We need however to go to third order. A very general form of
the bias to third order can then be taken as [9, [7]

b b.
5fwﬁ+§ﬁ+@%+§ﬁ+mm+mwﬁ+%%+m (5.4.34)

2nd 3rd

where all the parameters are functions of time only, and now we added yet another contribution from a similarly
defined velocity stress tensor

I3 = Ga(Py) — Go(Py) (5.4.35)

where ®, is the gravitational potential and @, the velocity potential, and finally
Gs = K;; K"K}, (5.4.36)

Additional stochastic, i.e. non-deterministic, terms can also be considered, that are generally to be expected
since the initial conditions are themselves random variables. In the simplest formulation in which the stochastic
term is Poissonian noise, this adds to a term £ whose power spectrum is just a constant, and therefore
can be absorbed into the shot noise we already considered.

It turns out that the b3, bsg, bg, terms are degenerate with other terms after taking into account the UV
correction (see next chapter). Also a higher-derivative term R,.02?¢ should be added to , but again it
can be absorbed into the UV correction. There are then overall four free bias parameters, b = by, b, b, br that
are only time-dependent. Adopting S = f/b1, the generalized kernels Zs, Z5 can be written as

Z5(da, @) = b1{Fo(Qa, av) + B> Ga(qa, b)

bpk | paz . b
| Buk g (1 + Bui.) + l;’; (14 Buz.) |} + 52 + 6651 (das ab) (5.4.37)

2 | qa
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(already symmetrized) and
Zs(a1, 42, 93) = bi{F3(d1,d2,q3) + S Ga(dr, a2, q3) + Bpkb[Fa (a1, d2) + Buts. Ga(au, qg)]%

z k 2 z z
Has G2(q2,493) + (Buk) b%(l“‘ﬁ/ﬁz)m fs }
o3 2 q2 g3

+2bgS1(q1,92 + q3)F2(q2,q3) + bil/Bﬂk%Sl (92,93)

+ 2brS1(d1, 91 + q3)(Fa2(d2,93) — G2(q2,93)) (5.4.38)

+ Bukb(1 + Bui.,)

(to be symmetrized), where in Z5 terms in bo have been discarded because degenerate with other terms, and

(a1 'Q2)2

-1 5.4.39
4 a3 ( )

Si(a1,q2) =

Double subscripts, e.g. 12, refer to k; + ko. All p’s are the angles wrt the line of sight 2, except uy , which is
the angle between k and k;. All angles can be expressed in terms of u, p1, ¢1 by the relations

ligy = q2z _ (k —qi1)z = —kp 4+ quppn + g (1 — Nz)l/Q(l - H%)lp oS ¢ (5.4.40)
T ke |k — qu] (7 + k2 = 2kqipu1)1/2 h
Z
fi: = % = ppr + (1= )2 (1 = )2 cos (5.4.41)

and pq2., o3, denote the angles between kj + ko and Z etc. The ¢ integration is always analytical and can be
included in the definition of the kernels.

Appendix: Third order kernels

At order e3we have (here I absorb the factors of G inside the perturbation variables and take the EAS value
f = 1; moreover, for shortness, every term d°k etc. is mean to include (27)3at denominator)

5 40 = / (6062 + 620 )k, ko) (2m)20p (K + ko — K)dP k1 dPk (5.4.42)
= / 01109204, G2(q2, q3)(2m)°0p (k1 + q2 + q3 — K)a(ky, qas)d*k1d’ g2d’ g (5.4.43)
+ /5k25q1 g5 Fo(d1,a3)(27)%6p (a1 + a3 + ko — k)a(qus, ke )d®q1dPkad® g5 (5.4.44)
= / Oy Oy Ok G2 (Ko, k3) (27)30p (ky + ko + k3 — k)au(ky, koz)d>ky d®kad® ks (5.4.45)
+ / Oty Oy Oks Fa (K1, k3) (27)%6p (k1 + ko + kg — k)a(kys, ko )dP ki dkod® k3 (5.4.46)
= /5k15k25k3 [Ga(ka, ks)a(ki, koz) + Fo(ki, ks)a(kis, k1)](27)%6p (k1 + ko + ks — kK)d*k1d®kad’ks
(5.4.47)
= / Oy Oty O 3 (K1, ko, k3) (27)20p (k1 + ko + k3 — K)dPky dPkod®ks (5.4.48)

where we defined k;; = k; + k; and

as(ky, ko, k3) = Ga(ka, ks)a(ks, koz) + Fa(ki, ks)a(kis, ki) (5.4.49)
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For the Euler equation at 3rd order we get

0+ FO+S5=— / 08963 + 02018k, ko) (27)35p (K + ko — K)d3k1d ks (5.4.50)
= _/6k16q26q3G2(q25 a3)0p (a2 + a3 — k2)B(k1, ko) (27m)?0p (k1 + ko — k)d* k1 d*kad?q2d” g3
(5.4.51)
- /5q15q35k2G2(Q1,Q3)5D(Q1 + a3 — k1)B(k1, k2)(27)%6p (k1 + ko — kK)d*k1d*kod®q1d’ g3
(5.4.52)
= — / 6110420, G2 (a2, a3)B(k1, q23) (2m)*0p (k1 + a2 + g3 — k)d k1 d® qad’ g3 (5.4.53)
- /5q15q35k202(ch, a3)B(d13, ko) (27)*0p (a1 + az + ko — k)d>q1dPkad’ g5 (5.4.54)
=- / Oy Oy Ok G2 (Ko, k3) B(k1, ko) (27)30p (ke + ko + k3 — k)d® k1 dPkod® k3 (5.4.55)
- / Oy Ors Ok, G2 (k1, k3) B(ky3, ko) (27)30p (k1 + k3 + ko — k)d>kyd®kad®ks (5.4.56)
=— / Oy Oy Ons B3 (K1, ko, k3)(27)36 p (ky + ko + k3 — K)dPkyd®kod® ks (5.4.57)
where
Bs(k1, ko, k3) = Ga(ka, ks)B(ki, kos) + Ga(ki, ki) B(kis, ko) (5.4.58)
We can then repeat the same steps as for the second order. We only have to change
G® =34G% G®" =9AG? (5.4.59)
so that now
8" + F6' — 85 = [(GP) + FG®' — SG®15 = (9 4 3F — §)AG?6Y) = 95 (5.4.60)
and obtain
[ Taz + 263 7[Ga(ko, k3)a(ky, ko) + Fo(ky, ks)a(kis, ki)] 4 2[Ga(ko, k3) B(ky, kos) + Ga(ki, k3)B(kis, ko)
3 18 18
(5.4.61)
_ TFy(ky, ks)a(kis, ki) + 2Ga(ki, k3)B(kis, ko) + Ga(ka, k3)[Ta(k, kos) + 26 (k1 kos)] (5.4.62)

18
which coincides with Eq. (5.3.56) up to a reshuffling of indexes. A similar calculation produces Gs.



Chapter 6

Spectrum and bispectrum

Quick summary
1. We can now combine the results of the previous section into the correlators: spectra and bispectra
2. Suitable “counterterms” should be added to take into account shear and viscosity of tracers

We show that the rules for building higher order terms can be described using “Feynman” diagrams

- W

We also generalize further the kernels beyond EdS and ACDM by invoking general symmetry principles

5. Finally, we see how to compare the theoretical spectra to observational data

6.1 Spectrum at one loop

Let’s collect the first three terms of the §, expansion obtained so far: (check factors of 27 in this section!)

59 (k) = 61 (k) Z1 (k) (6.1.1)
5,7 (k) = / éf)lg (27323 6D (@1)3 (a2) Za(ar, 2) (27)*0p (k — a1 — ) (6.1.2)

5O (k) = / Par Paz P 51) (41500 (62060 (as) Zo (a1, a2, a5)(2m)20p(k — a1 — o — ) (6.1.3)
g @n)? (2n)° (2n)° e

where
Z1(k) = by + fu? (6.1.4)

In the rest of this section the internal momenta q; will be denoted as k;.

In this and the next section we need to make use of Wick’s theorem. This applies to correlation of Gaussian
fields, i.e. to the linear density contrast ¢(*) (notice that 52 and all higher order terms are of course non-
Gaussian, being formed out of product of Gaussial variables). The theorem says that all odd moments vanish
and all even moments can be written in terms of a sum of products of second-order ones. Schematically

(61...09p11) = 0 (6.1.5)
(1020 = > [ (0:65) (6.1.6)

all pairs p pairs
where §; = 6(V)(k;). For instance

<(5152(5354> = <(51(52><(53(54> + <(51(53><(52(54> + <5154><(52(53> (617)

95
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As we have already mentioned, the linear power spectrum including bias and redshift distortion is
Pyg,L = <§g(]1)6g(;1)*> = (14 pp?)* Py (6.1.8)

where Py, is the matter power spectrum at any z, so the factors of G are now included in its definition (the
factor of V' appearing in (2.5.7) can be conveniently put to unity; they would anyway cancel out in the final
result). Analogously, the power spectrum up to fourth order in the linear ¢ (the third cancels out because the
linear ¢ are Gaussian and all odd moments of Gaussian variables vanish) is then
ng(k) = <5g(k)5g(k)> = <(5(1) + 5@ + 5(3))9(5(1)* + 5 + 5(3)*)g>
1 1)* 2) ¢(2)* 1) 5(3)* 3 1)* 2\2

= (6§1050*) + (8P 6(2*) + (5 5E) 4+ (6360*) = (b+ fu?)?PL (6.1.9)

d3ky d3ky dPks d3ky

*(1) 5*(1) 5(1) 5(1) 3 3
+ /<5k1 6k2 6k:3 6k4 >Z2(k1,k2)Z2(k37k4)(27T) 5D(k1 +k2 - k)(?ﬂ') 5D(k3 +k4 - k) (271’)3 (277)3 (27(_)3 (27‘()3

Bky dPky dPhs
(2m)? (2m)? (2m)?
(6.1.10)

+o(b+ f1?) / (620605060 74k Ko, Kes)(27)%6 (k1 + ko + ks — K)

Now since the linear 6(1)’s are supposed to be Gaussian variables, one has due to Wick’s theorem that (the
superscript (1) is understood)

(0%, Oy Oks Okis) = (O, Oy ) (O Okea) + (Ok, Ok ) (O, Oka) + (O, Onea ) (O, Ok ) (6.1.11)
where

{0k, 07,) = {01y 0—,) = (27)° Pp(k1)dp (k1 — ko) (6.1.12)
So we have, e.g. for the first term, (5; 05 ) = (2m)*Pr(k1)dp (k1 + k2) and therefore

5 o Bk Py ks dBky
/<5k15k2><6k35k4>z2(k1v ko) Z5(ks, kq)(2m)*6p (ki + ko — k) (27)6p (ks + ks — k) (2n)® (2r)® (27)° (2708

/PL(kl)(SD(kl + ko) P (k3)dp (ks + kq) Zo(ky, ko) Za(ks, ka)op (ki + ko — k)6p (ks + ky — K)d*kyd®kod®ksd®ky =

I
o

/PL(k;l)PL(kg)Zg(kl, —k1)Zs(ks, —k3)dp(—k)op(—k)d*ki1d°ks
(6.1.13)

since dp(—k) vanish for all k except k = 0. The other two terms instead do not vanish and give two identical
contributions of this form (considering the last one):

/PL(kl)ép(kl —ky)Pr(k2)dp (ko — k3) Zo(k1, ko) Zo(ks, ke )dp (ki + ko — k)op (ks + kg — kK)d>kyd®kod®ksd®ky =
/PL(k1)5D(k1 —k4)Pr(Jk — kyi|)dp(k — ki — k3) Zo(ky, k — ki) Zo(ks, kq)dp (ks + ky — K)d®kyd>ksd®ky =
/PL(krl)(SD(kl —ky)Pr(k — ki|)dp(k — ki — k +ky) Zo(ki, k — k1) Zo(k — ky, ky)d®kyd3ky =

/PL(kl)ép(kl —ky)Pr(|k — k1|)0p(—ki + k4)Zo(ki, k — k1) Zo(—k + ki, k1 )d® k1 d®ky

Here we estimated the product of Dirac deltas as follows (already introduced in Eq. (2.5.17))):

e—ix(kl—k4) 1 vV
/5D(k1 —ky)dp(k; — ky)d®ky = /Wd?’xé,g(kl —ky)dky = / (QW)Sd% = PP (6.1.14)

Then we get (putting again V = 1)

43k
L = Py, (6.1.15)

/PL<k1>PL<|k a2y ke — k) s =
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Similarly, for the last term in Eq. (6.1.10)
<5]:5k16k26k3> = <626k1><6k25ik3> + (1 ~ 2) + (2 ~ 3) (6116)
and each of the three term equals

Py ks Pk
* * 3 —
[ 160) (60,871 2B o) 28 B+ -1y =10 o o

(QW)G/PL(k‘)éD(k — k1) Pp(k2)dp(ka + k3) Z3(ky, ko, ks)(27T)35D(k1 kot ks —K) :;SlS (623;74/‘)23 (623;11333 _

(6.1.17)

(2’ / Pr(k)op(k — k1) Pr(k2)dp(k — ki) Zs(ki, ko, k — ki — ko) (23;5)13 28;1]323 —

(6.1.18)
ks
(2m)3

6.1.19)

43k,
= P
(2m)3 — 1

—~

/PL(k)PL(k‘Q)Zg(kl,kz,—kg)

—~

Py (k) /PL(kI)ZS(k,kh —k1)

(renaming ko into k; in the last step). So finally the one-loop spectrum for galaxies in redshift space is
Pyy(k,2) = (b+ fu®)?Pr(k, 2) + 2Pas(k, 2) + 6(b + fu?)Pi3(k, 2) (6.1.20)

The shot noise spectrum Eq. should also be added when comparing to obervations. It is convenient to
discard from P,, a constant term that arises in the limit k£ — 0, since it can be absorbed into the constant shot
noise.

Notice that an additive constant in Zs would produce a term const x Pr, [ Pr(k1)d%ky/(27)2 ~ const x P,
which can be absorbed into the power spectrum normalization. This is the reason why the b3 term in the bias

expansion Eq. ((5.4.34]) can be neglected.

The integrations in Pag, P13 can be best performed by taking the z-axis in the k-direction, and then using
spherical coordinates

k1:k1{y/l—p%cosqﬁl,\/l—,u%sinm,,ul} (6.1.21)

k = k{0,0,1} (6.1.22)

The ¢; integral is analytical, so we are left with at most double integrals. For instance we have in EdS

/ZQQ(kla k —k;)d¢, = (6.1.23)

9872 (1% — 2pqr + 1) 2] ' {r (u3 (201 (TF + 5) — 1dbg + f(7f +6)) — Tbi f — 3by — Tbo + 14bg + f)
(6.1.24)
—T(f + V) (by + f) — Thor® + 14bopyr?}° (6.1.25)

and
‘/Zg,(k7 kl, 7k1)d¢1dﬂ,1 = (6126)
2

(10584r°) 176 (r* — 1)° tanh ™" (7"2 i 1) (b1 (101r* — 164) + 21 (r* — 1) (4br — 5¢2)) (6.1.27)
+ + 4by7 (303r° — 1300r! — 2203r® + 492) + 847 (r* 4+ 1) (3r* — 14r® + 3) (4br — 5c2)] (6.1.28)

where r = k1 /k and ¢y = 1—701)1 — 2ba.
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6.2 UV correction

This non-linear power spectrum, also called one-loop P(k), is however still not a good approximation to N-body
simulations even for relatively small & < 0.2h/Mpc. What is still missing from the picture is the stress tensor

defined in Eq. (|1.2.36|) for the tracers
2
O35 = péij — n(@ivj + 8jvi—§6ij8kvk) — Céijak’l)k (6.2.1)

As already discussed, this tensor goes beyond the single-stream approximation so far employed. The stress
tensor can be generalized and expanded to first order as follows [6]

2 2
o = 6+ pyc?66 — %%(WW + 09" — géijﬁkvk)f%éijakvk] + ... (6.2.2)

(do not confound the Kronocker symbol §% with the density contrast J) where the subscript b stands for
background values. In practice, we redefined

3 C%i)
n= Zpbﬁ (6.2.3)
2
c
C=pp 7112) (6.2.4)

and introduced the perturbed pressure p = py + czpbé. The three time-dependent velocity factors, cs, Csy, Cho,
are new free parameters, that can be measured in N-body simulations or used as free parameter to fit the data.
Notwithstanding the notation, they are not supposed to be positive definite. This stress tensor happens to be
roughly of the same order as the one-loop corrections [6], so we can ignore the “...” in Eq. , even if we
take §,v" at first order. Intuitively, we can consider the pressure and viscosity coefficients ¢, , as first-order
entities themselves, i.e. carrying a factor of «.

The term in Eq. (1.2.31) is

1 ij i 3 Cgv i j i 24 021; i
Eaja I =200 — Zﬁ(a v’ + Av' = 20 akvk)f%a "

In terms of § = ik;v’/H and in Fourier space this is
1 . ) 3 . ) 2 . . . )
—0;0" (k) = i[c2k'S — chv(kie + k' — gkﬁe) —c} k0] = ik'[c?6(k) — c20(k)] = ik'[c? + 2 f]o(k) (6.2.5)
Py

with ¢ = ¢?, + ¢}, and where we also replaced ¢26 = —c2 f§. Assuming now that 2 is of order €%, and ¢ of
order €', implies that the expression on the rhs of the previous equation is effectively third order. Now, if we
add this term to the Euler equation (5.3.23)), we get at third order

0'® 4 FO® 4+ 565G — (2 + A K26 = —G3 f3 / 555 B3 (g, ko, ks)dp (K1 + ko + kg — K)dPky dPkodks
(6.2.6)

Carrying the perturbation theory with the extra pressure and viscosity terms we obtain that 6(3) acquires a
correction

08%) ~ (c2 + s k26

In the power spectrum, this will produce an additional negative term, often called a counterterm, that at the
lowest non-trivial order is proportional to

P = (633 ~ (2 + 2 fE2OW DY = —2¢0 Pp (k)k?

,U

where ¢y = —%(cz + c2f) . Since this correction increases with k2, it will be particularly important at small

scales; for this reason is also called UV correction. The fact that the crrection is negative helps correcting the
divergent behavior of the one-loop terms at high k.
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Comparison with Nonlinear Power Spectrum (CAMB):
"No—-wiggle" normalized.

14 ‘ : : >

—e— SPT

1 3 L —u— Linear ]
° —«+— Non-linear (CAMB) 1

—+— EFT (Kyen=.16 h Mpc™?)

005 010 015 020 025 030
k (h/Mpc)

Figure 6.2.1: Comparison of SPT and SPT with counterterms (denoted as EFT here) with a fit to N-body
provided in CAMB. From [6].

To further improve the agreement with N-body simulations, one can add additional semi-empirical terms,
all called generically counterterms (see e.g. [7]), of the form (see Fig. |6.4.1])

Py = 72PL(]’C)]’C2(C() + CQﬂ,LL2 + C4ﬂ2u4) (627)

Typical values for ¢; are around 1 (Mpc/h)? but one should leave them as free time-dependent parameters in a
real data analysis. The two additional terms depend on p?, because they are su;)posed to improve the modeling
of the finger-of-God effect, which smooths the power spectrum by a factor e=* oon (see Eq. [3.5.21)), where o,
is the velocity dispersion of galaxies inside a halo, proportional to the growth factor f. The Taylor expansion
of the smoothing function produces powers of k? f2u? which are represented by the c 4 terms. These terms
occurs along the line of sight, and vanish for transverse directions p = 0. So finally the theoretical model for
the galaxy power spectrum in redshift space is

Pk, i, 2) = ZEPy, + 2Pag + 62, P3y — 2Ppk?(co + caBBp® + caB2p*) (6.2.8)

6.3 Diagrams

The corrections just evaluated are called one-loop following the terminology of quantum field theory. The idea
is to associate to each term a diagram. For the m-th loop n-point spectrum, one should draw n points, and
connect them in all possible ways with internal lines (the dashed lines in Fig. [6.3.1)) such that they describe
m loops. Diagram that can be continuously deformed one into another without cutting lines are considered
equivalent. Each internal line is labeled by a momentum q; associated to a factor of P;. At zero loop, the
diagram is two points joined by a single lines (adding any other line between the two points would create a
loop). Two external lines, labeled by k, can also be added or are understood. In this trivial case, the diagram
is then just a single continuous line (a tree diagram). At one loop, we draw all diagrams that connect two
points with internal lines forming only one loop, as in Fig. [6.3.1] Each vertex (i.e. a point with p internal
lines) represents a factor 6®) and to it we associate a kernel of order p. For instance, the third diagram for P
in the figure representes §(1§(3) ~ Z; Z;. To each diagram we associate also a Dirac delta for all the momenta
dp(k—73", ¢;) that ensures conservation of momenta. Here, k labels the external lines. Each diagram should be
counted according to how many symmetric ways can be built: for instance, the loop in P;3 can be on the first
or second point, and therefore should be counted twice. To each element (vertices, loops, internal and external
lines) there is an associated factor that allows to write down at once the final amplitude. More detals in e.g.

9]
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P P2 Pi3
k ak  k kK gk k =k k
P=——0-u o—— + o — + 05—
9
(
. * A, . °
B= e + @ +e |+ e + 1 m
» » % » »
\ |
\
one loop

Figure 6.3.1: Diagrammatic expansion of spectrum and bispectrum. For the bispectrum we did not draw the
external lines for clarity.
6.4 Bispectrum
The power spectum for galaxies in redshift space is defined as

(27)%6p (k1 + ko) Pk, ko) = (6,(k1)d, (ko)) (6.4.1)
Analogously, the bispectrum is defined as

(2m)30p (k1 + ko + k3) By (ki, ko, k3) = (5,(k1)d,(k2)d,(ks)) (6.4.2)

= ((6W + 6@ + )i, (01 +6@ + ) 01, 0D + 6@ 4 ) iy
(6.4.3)

Since the linear density contrast is a Gaussian field, the odd moments vanish, so that <5_§1) (kl)(i(]l) (kg)é_,(,l) (ks)) =
0. The first non-trivial term, called tree-level term, is therefore

By(ki1, ka, k) = (559 (k1)6(" (k2)8(? (ks)) + cyclic (6.4.4)

Here cyclic means that we should add the terms <5,(]1)(k1)5§2)(k2)5§1)(k3)), <5§2)(k1)5§1)(k2)6él)(k3)>. Then we
obtain

By(ki1, ka, k) = Z1 (k1) Z1(k2) (6 (k1) (k)% (k3)) + cyclic (6.4.5)
with >~ k; = 0. Since k3 = —k; — ks, we have
(6 (k)™ (k) 3$ (k3)) = (6.4.6)

Ear e 1) q S0 g 50 (150
/ (2r) (23 (007 (k1)6 " (k2)d" (a1)6" ' (q2)) X Z2(q1,92)0p(—ki — ks — a1 — q2) (6.4.7)

3 3
- / (if)ls (273)23 {Pr(k1)dp (ki + ko) Pr(a1)dp (a1 + a2)

(6.4.8)
+ Pr(k1)dp (ki 4+ q1)Pr(ks)dp (ks 4 q2) (6.4.9)
+ Po(ky)8p (ki + q2) Py (ke)p (ke + q1)} (6.4.10)
X (Z2(q1,92)0p (k1 — ka2 — q1 — q2) (6.4.11)

The first term in curly brackets vanishes, since dp(q; + qz2) implies g2 = —q1, but Z2(q1, —q;1) = 0 due to
the property (5.3.49)), that is respected also by Zs. The second and third term are identical under exchange of
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Figure 6.4.1: Linear and non-linear spectra at z = 1.

41,92 and therefore

Bg(kl,kg,k3) = 2Z1(k1)Z1(k2)X (6412)

d3q, d® )
/ (2:)13 (2:)23 Pp(k1)dp (ki + a1)Pr(k2)dp (ke + q2) Z2(q1, 92)0p(—ki — ke — a1 — q2) + cyclic
(6.4.13)

= QZl(kl)Zl(kg)ZQ(khkQ)PL(kl)PL(kg) + CyChC (6414)

where we used the symmetry Zs(—ky, —ks) = Z(ky,ks). This is the tree-level bispectrum, that is proportional
to the square of the linear spectra and is therefore of the same order as the spectrum 1-loop corrections. The
expression for the four one-loop bispectra are given in e.g. [4], [11].

6.5 Generalized kernels and symmetry conditions

The perturbation theory we have seen so far has been developped for models that obey the standard conservation
and Euler equations. This approach can however be generalized to any model that satisfy some general symmetry
requirement. We give here only a very sketchy summary following Ref. [8], to which we refer for all the details.
We have seen that SPT depends on two crucial “interaction” terms (Eq. , namely

_(kitko) ki ey 1 1.1
(k1 + k2)2(k1k2)
B= (6.5.2)
22k

The main idea is to write down all possible such terms that obey general principles. These requirements can be
summarized as
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1. Equivalence principle

2. Invariance under a general time-dependent translation, dubbed Extended Galilean Invariance (EGI)
T=T=1; x—x+d(7) (6.5.3)
The standard fluidodynamics equations satisfy this invariance, up to a redefinition of v and ®.

3. Mass and momentum invariance
/d?’z §(z,7) =0 (6.5.4)

/ dBrxé(x, ) =0 (6.5.5)

4. Rotational invariance

Additionally, the symmetry of the multi-dimensional integration can be translated into the symmetry of the
kernels under exchange of any pairs of momenta, e.g. Fa(ky, ka) = Fa(ks ki). These symmetries are indeed
satisfied by the conservation, Euler, and Poisson equation, as discussed in e.g. [I4], once appropriate transfor-
mation rules for 4, v, and ® are established (see below). The mass and momentum constraints, however, do not
apply in general to tracers: galaxies, for instance, can merge and possibly break up, and therefore their number
density is not conserved (mass is conserved but we can only count the galaxies, not measure their mass).

The equations we are considering here are the same discussed in Sec. [5.1}

§=—-V(1+40)v (6.5.6)
v+ Hv=-V(v -Vv)+ Vo (6.5.7)
Vi = g”ﬂ?m (6.5.8)

Here, the perturbation variables §, v, ¢ are all functions of x, 7 (7 being the conformal time). In the Poisson
equation we also included the density fraction 2 = 8mpa?/3H?2. The background variables a,H, p,Q are, of
course, functions of time alone.

The invariance under EGI can be demonstrated by inserting the following rescalings into Eqs. (5.1.115.1.3):

P (6.5.9)

x=x+d(7) (6.5.10)
6(%,7) = 6(x,7) (6.5.11)
V(X,7) = v(x,7) +d(7) (6.5.12)
O(%,7) = p(x,7) — [d(7) + HA(7)] - x (6.5.13)

The EGI can be seen as a manifestation of general covariance for non-relativistic particles. In fact, it can
be employed to settle the observer into an inertial frame. It includes as special cases the ordinary Galileian
invariance (d = vo7) and a constant-acceleration (d = %am'z). Since the potential is in general not constant,
also the displacement d(7) has to be time-dependent. The possibility of finding an inertial frame depends of
course on the validity of the Equivalence Principle for all the particles. The EGI therefore, contrary to the
mass and momentum symmetries, also applies to tracers (e.g. galaxies) as long as they obey the Equivalence
Principle.
The mass and momentum invariance are obviously satisfied. In fact

L dBx — L [ pod3z -
S(a)dss = A P v TRy 6.5.14
/ (@) po/V po/V ( )
while the second condition defines a center of mass position R such that
/xé(:c)d?’w = a1 J x(p(z) = po) _ R (6.5.15)
2P0 /v
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and one can always choose the frame origin so that R = 0.

63

Let us now write the mass and momentum invariance condition in Fourier space and apply them to §(2).

The mass condition gives
3k d3k
/(Sk m—/ék lkid3$—/6k6D dk—ék 0—0

This implies

52 = G2/6152F2(k1,k2)5[)(k1 + ko) dPky dP ks
= G2/§1§2F2(k1, —ky)d%k; =0
— Fg(kl, —kl) =0
which can also be written as

li Frlki, ko) =0
S 5(ki, ko)

The momentum condition gives

/x5(x)d3x = /x5keikxd3kd3x
. d .
= / Spxd®ke™*d3x = / 8pd®k T / M X3y
. o d
= —Z/(()‘kdzgkf(sD / (dkék> d3k5D(k) =1 (dk(sk> - =0

and therefore

0 @)
am axon =0

In turn, this condition gives

k-0 Ok
G? llig%)/élégﬁFg(kl,kf k;)d3k; =0

G? Jim —/51525 (ki,k — k;)d®k;

0
— &li;% 87kF2(k17k kl)

The last condition can be written as

0 0 ko 0
llli)l%) ok F (kl,k kl) = hm |:3k2 (k17k2):| E k1 l11_>H10 |:ak2F2(k17k2):| =0

and the same by exchanging k; <> ko. Therefore we obtain

0
li ki, k
> 11<m—>0 akg ( b 2)

Together, mass and momentum constraints imply therefore at second order
lim Fg(kl,kg) =0
kiHO

0
s g Pl k) =0

(6.5.16)

(6.5.17)

(6.5.18)

(6.5.19)

(6.5.20)

(6.5.21)
(6.5.22)

(6.5.23)

(6.5.24)

(6.5.25)
(6.5.26)

(6.5.27)

(6.5.28)

(6.5.29)

(6.5.30)

(6.5.31)

(6.5.32)
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They are readily generalized to all orders:

lim F,(ky, ko, ..k,) =0 (6.5.33)

> k;—0

0
lim —F, (ki,ko,..k,) =0 6.5.34
s o ke, k) (6.5.34)

Same conditions hold for the velocity kernel G,,.

The EGI condition on the kernels is, on the other hand, is more difficult to derive, and we refer to [8]. The
main point is that it produces a recursive relation between kernel of different order in the limit of vanishing
momenta. At second order, the condition is simply

. ki - ko
Jim, Fakrsk) =

(6.5.35)

and k; ¢ ky. This means that the pole for ki,ky — 0 is of order 1, i.e. it goes as 1/k;. Now, rotational
invariance means that the kernel at second order can be built only out of ki - k; = k%, ko - ko = k2, ki - ko.
Moreover, since the conservation equations contain only quadratic powers of momenta, we also require that each
momentum in the kernels appears at most quadratically. There are only four combinations that are dimensionless
(as kernels must be), have poles as 1/k;, and contains at most quadratic functions in each momentum:

1 Jike ki-ko (k1 - ky)?

) k% ) k% ) k_%kg (6»5.36)

Notice that they are all homogeneous of degree zero, i.e. f(Aky, Aks) = f(ky, ko). It turns out convenient to
reorganize them into an equivalent set of four basis functions:

(ki - ko)? (k1 + ka)?k; - ko ki ks ki ko

T T e (6.3.57)

All the kernels can be expressed in terms of these building blocks. For instance, the previously defined function
« is

]-7 'Y:]-_

a=7y+B+ % (6.5.38)

At every order n, the kernels are to be built with all possible combinations of n — 1 basis functions. As an
immediate application, we can say that the most general kernel K5 must have the structure

Fo(ki, k) = a? + a Py (k1 ko) + af? Bky, ks) (6.5.39)

where all coefficients depend on time only. The function «, is absent because it is antisymmetric, and therefore

vanishes upon symmetrization. Now, one can immediately show that mass conservation (6.5.27) requires aéQ) =

0, while EGI (6.5.35) implies a$® = 2 so that
Fg(kl, kg) = a?)’y(kl, kg) =+ 25(1{1, kg) (6540)

is the most general form. In EdS, we see that a&QE)dS = 1—70. Analogously, for Gy we find

Ga(ky, ko) = dPvy(ky, ko) + 28(k1, ks) (6.5.41)
and d%)ds = 8. By analogous arguments, at order n = 3 we find

Fs (a1, 92,qs) = 28 (a1, q2) B (12, a3) + ai¥7 (a1, a2) 7 (q12, q3) — 2 (af{)) - h) v (a1, 92) £ (912, a3)
(6.5.42)
+2 (agz) + 24y h) B (ar, a2) ¥ (ar2, ) + a5y (a1, d2) aa (a2, @3) + cyclic  (6.5.43)

Gs (q1,q2,q3) = —28 (q1, q2) B (a2, q3) — dV (a1, 42) ¥ (q12, q3) + 2 (d%) - h) v (a1,92) 6 (qi12,93)
(6.5.44)

—2 (dﬁg) + Qd%) - h) B(d1,92) v (q12,93) — d(fé)’Y (q1,92) aq (qi2,q3) + cyclic.  (6.5.45)
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where h is defined as

- / " () (%)2 42 () (6.5.46)

There are then overall six free coefficients for n = 2, 3: a12) d(2 , ﬁ’)), cl53)7 dg%). Their EdS values are

2 10 2 6 3 8 3 8 3 1 3 1

Moreover, hgqs = % Two combinations are degenerate with the UV correction, so can be discarded (or rather,
absorbed away). On top of the remaining four, there are the four bias parameters by, bs, bg,br for tracers.
Beyond EdS, one can provide differential equatlons using the same scheme as for Eq. ( m, i.e. by inserting
trial forms of the type (5.3.63) for 62,0, §(3) () into the conservation equations and matching separately

the various components for each basis functlon. Then one finds

a?)/ = f(2— 2a§2) + dgz)) (6.5.48)
O O (ag) _ d@) (6.5.49)
f
o = f (af +a? — 30" + d?) (6.5.50)
S
4 = _97d® ; (a8 - dg3>) (6.5.51)
1
o3 = —f§ (a(z) —d® 4 64§ de) (6.5.52)

The initial conditions at early times can be taken to be EdS. These equations have to be complemented by the
equation for f, ie.

ff+fP+Ff-S=0 (6.5.54)

The numerical or analytical solutions then provide the general forms of the time-dependent kernels in all the
cosmologies that respect the equivalence principle and allow for k-independent f and S. In most cases, the
deviation from the EdS values are at most a few percent.

2
@) 4@

The equations for a; (2)

can be combined to get a single equation for a = a;
d"+dAf+F)+a(2f*+8)=2(f>+S5)

Replacing a with ga/2, we see that this equation coincides with the first of Eq. (5.3.66). Repeating the same
argument that leads to the kernel F5 in Eq. ([5.3.68) we see it coincides with Eq. (6.5.40)) above.

6.6 Comparing to real data

Let’s be assigned a number of observational estimates of the power spectrum P; = P(k;) for a given tracer, eg
galaxies, and let’s approximate their distribution as a Gaussian (even if actually the Gaussian variables are the
d’s). We have then the likelihood (implicit sum over the k-vectors labelled by 4, j)

1 L R

where P is our theoretical model. Spectra at different k are assumed to be uncorrelated.
The power spectrum we extract from data is P(k) = §xd;. Its variance is therefore

(0k0kOk0%) = (9kO1) (kL) + (OkOk) (030k) + (Ok0k)(O50%) = 2P (k) P (k) (6.6.2)
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since (2m)3P(k)dp(k — k') = (6x0;) = (0kd_k) and therefore (6,0x) = (§;6;) = 0. Data are collected into bins
of size k2AkAuA¢ = 2rk? AkAp, where ¢ is the azimuthal angle. The choice of the bins is relatively arbitrary,
but they should not be too small to contain too few modes, and not too large that possible interesting features
in the k-trend are smoothed out. All the modes k that fall into a bin are lumped together. If there are Np(k)
modes into a given bin around k, the sum over i, j becomes a sum over bins of the multiplicities Np(k)

> =D Nek) (6.6.3)

iJ bins

and the likelihood becomes then

1 1 5 (P)y—1 A
1,j
1 1 . Py R
= GovEeE Py O Ne(Pa= PIICE) (R - B (6.6.5)
a,b€bins
1 1 H A (P)1—-1 s
= emNeeE] P T > (P P)IC 17 (P~ By) (6.6.6)
a,bEbins
_ (P)
where now a,b run over the bins and C((pr) = C;V”—; We need then to count how many vectors k fit into such

bins in a survey of size V. In a 1D discrete Fourier transform over a length L, the k coefficients are spaced by
27 /L. In 3D this becomes (27)3/V, which is therefore the size of the elementary k cell. Therefore there are

27Tk2AkAu_ v
(2m)3 /v (27)

Np(k,p) = S ARAp (6.6.7)

modes per data bin. Since we assumed uncorrelated spectra, the covariance for the galaxy spectrum Py, can be
written as a diagonal matrix

(P)
~(P) — C(ab _ 2
Ol = N = gy Pl Pl (6.6.8)

An analogous calculation for the bispectrum shows that the covariance matrix between triangles a,b (see
Fig. [6.6.1) can be written as
- v
el = SB’N7G6P(k1)P(k2)P(k3)6abLi7 (6.6.9)
B

where sg = 6,2, 1 for equilateral, isosceles, and scalene triangles, respectively, to avoid overcounting of identical
triangles. Also, L; = 2 for co-linear triangles (i.e. such that k3 = k; + ko or k3 = |ka — ki) and 1 otherwise.
The number of triangles per bin is given by

V2
Np = 20— kay Koy kg (AR)PZ(Q)AQ, (6.6.10)
where k,, ,, are the central value of the k-bins, and X(2)AQ is the number of triangles within the angle

orientation AQ = (Au)?, that depends on which coordinate system is used. The bispectrum likelihood is then

1
(2m)N2[CB)[1/2 €xp

L(B) = —% 3" Np(Ba— Bo)[CS))H(By — By) (6.6.11)

a,bebins

One should also consider the correlation between spectra and bispectra, but this is usually negligible. Then one
can simply multiply the two likelihoods.

The comparison to data consists then in sampling the P, B likelihoods over the parameter space, build-
ing therefore the corresponding posterior. The parameters are those that characterize the cosmology (e.g.
Qum, Qp, ns, b ete) plus those that characterize the bias, one-loop, and UV corrections.
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Figure 6.6.1: Triangle configuration in k-space.

6.7 Surveys

A galaxy survey that has been studied a lot with non-linear correction is the Baryon Oscillation Spectroscopic
Survey (BOSS). BOSS is a key component of the Sloan Digital Sky Survey III (SDSS-III), which ran from 2009
to 2014. The primary goal of BOSS was to create a highly detailed three-dimensional map of the large-scale
structure of the universe, focusing on the detection of baryon acoustic oscillations (BAOs). The power spectra
and bispectra of BOSS are publicly available.

The BOSS survey used the 2.5-meter Sloan Foundation Telescope at Apache Point Observatory in New
Mexico, USA, as well as the 4.1-meter Southern Astrophysical Research (SOAR) telescope in Chile, for spec-
troscopic observations. The survey targeted a large sample of galaxies and quasars, specifically focusing on a
volume of space that spanned about 10 billion light-years. In total, BOSS measured the redshifts of over 1.5
million galaxies, producing a high-precision catalog that covers approximately one-third of the entire sky.

A much larger survey that is under production now is Euclid. The Euclid mission is a major space-based
observatory dedicated to understanding the nature of dark energy and dark matter, and to mapping the large-
scale structure of the universe. Launched by the European Space Agency (ESA) in July 2023, Euclid is designed
to probe the geometry of the universe and the role of dark energy in its expansion, aiming to refine our
understanding of the cosmos over the next decade. Euclid is equipped with two main instruments:

1. Visible Imaging Channel (VIS): A large visible-light camera that will capture high-resolution images of
galaxies across a wide range of wavelengths (from 550 to 900 nm). This allows it to trace the geometry of the
universe through galaxy clustering and the patterns of weak gravitational lensing.

2. Near-Infrared Imaging Channel (NISP): An infrared camera that will observe galaxies at longer wave-
lengths (from 1 to 2 microns). This provides crucial information on galaxy evolution, especially for distant,
faint galaxies that are redshifted to longer wavelengths due to the expansion of the universe.

Euclid’s observations will focus on a large section of the sky spanning approximately 15,000 square degrees,
up to redshift 3. This vast survey area will provide a statistically significant sample of galaxies to investigate
cosmic structures at various scales.
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