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About these lecture notes:

I lectured a course on cosmological perturbation theory at the University of Helsinki in the
spring of 2003, and then again in the fall of 2010. These are the lecture notes for the latter
course.

There is an unfortunate variety in the notation employed by various authors. My notation
is the result of first learning perturbation theory from Mukhanov, Feldman, and Brandenberger
(Phys. Rep. 215, 213 (1992)) and then from Liddle and Lyth (Cosmological Inflation and
Large-Scale Structure, Cambridge University Press 2000, Chapters 14 and 15), and represents a
compromise between their notations.
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1 PERTURBATIVE GENERAL RELATIVITY 1

1 Perturbative General Relativity

In the perturbation theory of general relativity one considers a spacetime, the perturbed space-
time, that is close to a simple, symmetric, spacetime, the background spacetime, that we already
know. In the development of perturbation theory we keep referring to these two different space-
times (see Fig. 1).

L

Figure 1: The background spacetime and the perturbed spacetime.

This means that there exists a coordinate system on the perturbed spacetime, where its
metric can be written as

Juv = Guv + 5g;w ) (1.1)
where g, is the metric of the background spacetime (we shall refer to the background quantities
with the overbar!), and § g is small. We also require that the first and second partial derivatives,
0Guv,p and dguy, po are small?.

The curvature tensors and the energy tensor of the perturbed spacetime can then be written
as

Gt = Gt +oGH (1.2)
TV = TI+0T!,
where 6G% and 6T} are small. Subtracting the Einstein equations of the two spacetimes,
GH = 8rGT! and Gt = 8rGT! (1.4)
from each other, we get the field equation for the perturbations
0GE = 8w GOT! . (1.5)

The above discussion requires a pointwise correspondence between the two spacetimes, so
that we can perform the comparisons and the subtractions. This correspondence is given by the
coordinate system (2°, 2!, 22, 23): the point P in the background spacetime and the point P in
the perturbed spacetime which have the same coordinate values, correspond to each other. Now,

given a coordinate system on the background spacetime, there exist many coordinate systems,

!Beware: the overbars will be dropped eventually.
2 Actually it is not always necessary to require the second derivatives of the metric perturbation to be small;
but then our development would require more care.
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all close to each other, for the perturbed spacetime, for which (1.1) holds. The choice among
these coordinate systems is called the gauge choice, to be discussed a little later.

In first-order (or linear) perturbation theory, we drop all terms from our equations which
contain products of the small quantities dg,., 0guv, and 6guupo. The field equation (1.5)
becomes then a linear differential equation for dg,, , making things much easier than in full GR.
In second-order perturbation theory, one keeps also those terms with a product of two (but no
more) small quantities. In these lectures we only discuss first-order perturbation theory.

The simplest case is the one where the background is the Minkowski space. Then g, = 7.,
and G =T/ = 0.

In cosmological perturbation theory the background spacetime is the Friedmann—Robertson—
Walker universe. Now the background spacetime is curved, and is not empty. While it is
homogeneous and isotropic, it is time-dependent. In these lectures we shall only consider the
case where the background is the flat FRW universe. This case is much simpler than the open
and closed ones?, since now the t = const time slices ( “space at time ¢”) have Euclidean geometry.
This will allow us to do 3-dimensional Fourier-transformations in space.

The separation into the background and perturbation is always done so that the spatial
average of the perturbation is zero, i.e., the background value (at time t) is the spatial average
of the full quantity over the time slice ¢ = const.

2 The Background Universe

Our background spacetime is the flat Friedmann-Robertson-Walker universe FRW(0). The
background metric in comoving coordinates (t,z,y, z) is

ds? = gudatde’ = —dt* + a*(t)6;jda’dr? = —dt* + a®(t)(d2? + dy* + dz?), (2.1)

where a(t) is the scale factor, to be solved from the (flat universe) Friedmann equations,

.\ 2
v
= (Z) - Y, (2.2)
a 4rG
e ) (23)

where H = a/a is the Hubble parameter,

d
dt’

and the p and p are the homogeneous background energy density and pressure. Another version
of the second Friedmann equation is

H= g — <g>2 = —4nG(p+p). (2.4)

We shall find it more convenient to use as a time coordinate the conformal time n, defined
by
dt

a(t)

3For cosmological perturbation theory for open or closed FRW universe, see e.g. Mukhanov, Feldman, Bran-
denberger, Phys. Rep. 215, 203 (1992).

dn = (2.5)
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so that the background metric is

ds®> = Guvdatdz” = az(n) [—d772 + 5ijdznidxj] = a2(77)(—d772 + da? + dy® + dzz) . (2.6)
That is,
G = M = § =a (™. (2.7)
Using the conformal time, the Friedmann equations are (exercise)
a2 871G
H> = (=) = ——pd° 2.8
(%) - 5 (2.8
4G
W = (o439, (2.9)
where p p
AL R R 2.10
o= ag = al) (2.10)
and
a/
H=— =aH =ad (2.11)
a
is the conformal, or comoving, Hubble parameter. Note that
a\’ a’ a 2 a .
H = <—> = — - <—> = (aa)—a® = ai = a®>— = o*(H + H?). (2.12)
a a a a
The energy continuity equation
5= —3H(p+p) (2.13)
becomes just
p=-3H(p+p) =-3H(l+w)p. (2.14)
For later convenience we define the equation-of-state parameter
D
w="L (2.15)
p
and the “speed of sound squared”*
= —/
2_P_7P
Cs = 5 = ﬁ, . (216)

These two quantities always refer to the background values.
From the Friedmann equations (2.8,2.9) and the continuity equation (2.14) one easily derives
additional useful background relations, like

H = —i(1+3w)H?, (2.17)
Y - ) (2.18)
o w—cy), .
and
P =wi +w'p=—-3H(+w)p. (2.19)

Eq. (2.17) shows that w = —% corresponds to constant comoving Hubble length H~! = const.

For w < —% the comoving Hubble length shrinks with time (“inflation”), whereas for w > —%

it grows with time (“normal” expansion). When w = const., we have ¢? = w.

4This turns out to be the speed of sound if our p and p describe ordinary fluid. Even if they do not, we
nevertheless define this quantity, although the name is then misleading.
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3 The Perturbed Universe

We write the metric of the perturbed (around FRW(0)) universe as

G = Guv + 0G0 = a2(7]W +huw), (3.1)

where h,,,, as well as h,,, and h,, ,, are assumed small. Since we are doing first-order pertur-
bation theory, we shall drop from all equations all terms with are of order O(h?) or higher, and
just write “=" to signify equality to first order in h,,. Here the perturbation A, is not a tensor
in the perturbed universe, neither is 7,,,, but we define

hly = n"*hy, " = ntn" hpe - (3.2)
One easily finds (exercise), that the inverse metric of the perturbed spacetime is
g = R — ) (33)

(to first order).
We shall now give different names for the time and space components of the perturbed

metric, defining

_[ 24 -B
hul =1 _p, —2D6;j + 2E;; (34)

where

D= —1h} (3.5)

carries the trace of the spatial metric perturbation h;;, and E;; is traceless,
§E;; =0. (3.6)
Since indices on hy,, are raised and lowered with 7,,, we immediately have

—2A +B;
Uy — i

On B; and E;; we do not raise/lower indices (or if we do, it is just the same thing, B’ = §Y B; =
B;).
The line element is thus

ds* = a*(n) {—(1 + 2A4)dn* — 2B;dndzx" + [(1 — 2D)4;; + 2E;;] da'dz’ } . (3.8)

The function A(n,z?) is called the lapse function, and B;(n, x') the shift vector.

4 Gauge Transformations

The association between points in the background spacetime and the perturbed spacetime is
via the coordinate system {z®}. As we noted earlier, for a given coordinate system in the
background, there are many possible coordinate systems in the perturbed spacetime, all close
to each other, that we could use. In GR perturbation theory, a gauge transformation means a
coordinate transformation between such coordinate systems in the perturbed spacetime. (It may
be helpful to temporarily forget at this point what you have learned about gauge transformations
in other field theories, e.g. electrodynamics, so that you can learn the properties of this concept
here with a fresh mind, without preconceptions.)
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In this section, we denote the coordinates of the background by x%, and two different coordi-
nate systems in the perturbed spacetime (corresponding to two “gauges”) by 2 and 2*.5 The
coordinates % and Z¢ are related by a coordinate transformation

ey Ly L (4.1)

where £ and the derivatives % are first-order small. The difference between g§ 7 and 855 is

second-order small, and thus 1gnored so we can write just {%5. In fact, we shall think of £% as
living on the background spacetime.

The situation is illustrated in Fig. 2. The coordinate system {4} associates point P in the
background with P, whereas {7} associates the same background point P with another point
P. The association is by

i%(P) = 2%(P) = z*(P). (4.2)

Figure 2: Gauge transformation. The background spacetime is on the left and the perturbed spacetime,
with two different coordinate systems, is on the right. The “const” for the coordinate lines refer to the
same constant for the two coordinate systems, i.e., 7 = ) = const = n(P) and " = &' = const = 2*(P).

The coordinate transformation relates the coordinates of the same point in the perturbed
spacetime, i.e.,
F(P) = &(P)+¢
I*(P) = 2%(P)+¢°. (4.3)
Now the difference £*(P) — 50‘(1—:’) is second-order small. Thus we write just £* and associate it
with the background point:

¢ =¢1(P) =¢"(").
Using Egs. (4.2) and (4.3), we get the relation between the coordinates of the two different
points in a given coordinate system,

#(P) = a°(P) - ¢
#(P) = #(P)—¢€*, (4.4)

50Ordinarily (when not doing gauge transformations) we write just  for both the background and perturbed
spacetime coordinates.
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Let us now consider how various tensors transform in the gauge transformation. We have,
of course, the usual GR transformation rules for scalars (s), vectors (w®), and other tensors,

s = S
wd = Xg‘wﬁ
a &y 4y
. — xIxiB .
By; = X1X}B (4.5)
where
a  — oz « «
. 8@5
- ) 9

These rules refer to the values of these quantities at a given point in the perturbed spacetime.
However, this is not what we want now! Please, pay attention, since the following is central to
understanding GR perturbation theory!

We shall be interested in perturbations of various quantities. In the background spacetime
we may have various 4-scalar fields s, 4-vector fields w® and tensor fields Aaﬁ, Bag. In the
perturbed spacetime we have corresponding perturbed quantities,

s = 5+40s
w® = "+ dw”
A% = Aaﬁ +6A4%
Bog = Bag+0Bags. (4.7)

Consider first the 4-scalar s. The full quantity s = 5+ §s lives on the perturbed spacetime.
However, we cannot assign a unique background quantity § to a point in the perturbed spacetime,
because in different gauges this point is associated with different points in the background, with
different values of 5. Therefore there is also no unique perturbation ds, but the perturbation is
gauge-dependent. The perturbations in different gauges are defined as

bs(a) = s(P)—5(P)

5s(a®) = s(P)—3(P). (4.8)

The perturbation ds is obtained from a subtraction between two spacetimes, and we consider it
as living on the background spacetime. It changes in the gauge transformation. Relate now ds
to ds:

~ ~ Os

s(P) = s(P)+ 550 £ Os £ 95

(P)|2%(P) — 2%(P)| = s(P) — e (D" = s(P) — 52(P)E",

where we approximated 8?0—“;(15) ~ 8?0—%1(15), since the difference® between them is a first order

perturbation, and multiplication by £“ makes it second order.
Since our background is homogeneous, 5 = 5(n, z') = 5(n) only, and
95 5. .0 08

« PD\¢0 __ =/¢0
(I = S(P)E = 3¢

5This difference is the perturbation of the covariant vector s .. We are assuming perturbations are first order
small also in quantities derived by covariant derivation from the “primary” quantities.
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Thus we get 3 X
s(P) = s(P) = 7€, (4.9)
and our final result for the gauge transformation of §s is
5s(z®) = s(P) — §¢° — 5(P) = ds(x®) — 5¢°. (4.10)

In analogy with (4.8), the perturbations in vector and tensor fields in the two gauges are
defined

ow'(2%) = w*(P) - w"(P)

sw'(z?) = w¥(P)—w*(P). (4.11)
and

A (a7) = A%(P)— A%(P)

A'5(xY) = A%(P)— A%(P)

0Bap(z") = B;(P) — Bag(P)

0Bag(a™) = By5(P) — Bag(P) (4.12)

~ ~ 8B*,) ~a NTE S D aB v a
Byo(P) = Bio(P) + 2 [8°(P) = *(P)] = Buo(P) - S24(P)E (4.13)
and
B--(P) = XPx¢ P _ P V(5O _ £O > 9By, 51 ca
/]D(P) - XﬁXyBﬁé(P) - (6;1 _57 )(51/ _€ ,1/) Bf)é'(P) O ( )6
. o OB o .
= Bup(P) — &P, Bpp(P) — €7, Bus (P) — 8;; (P)¢
. . o 0B, .
= Bup(P)—¢€° By (P) —&%,Bus(P) — a;; (P)¢>, (4.14)

where we can replace Bﬂ&(f?) with B,,,(P) in the two middle terms, since it is multiplied by a
first-order quantity £?, and we can thus ignore the perturbation part, which becomes second

order.
Subtracting the background value at P we get the gauge transformation rule for the tensor

perturbation 65,,,,

0B,y = Bps(P)— B, (P)
o m oy m 5 e o OB o4
= Bup(P) — Bu(P) —&°,,Bp(P) — €%, By (P) — 83;’;1 (P)¢
= 0By — €, By — €, Buo — Buat”. (4.15)

In a similar manner we obtain the gauge transformation rules for 4-vector perturbations,
-~ -~ _ _
dw =ow + & gw’ — 0y’ (4.16)
and perturbations of type (1,1) 4-tensors (exercise),

0A, = GA, + ¢ AL — &7 Ak — Al £ (4.17)
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Since the background is isotropic and homogeneous, and our background coordinate system
fully respects these properties, the background 4-vectors and tensors must be of the form

45 0 ] , (4.18)

@ = (a°,0) 15 = [ 1si gk
s 0 350;4;
and they depend only on the (conformal) time coordinate 1. Using these properties we can write

the gauge transformation rules for the individual components of 4-scalar, 4-vector and type (1,1)
4-tensor perturbations (we now drop the hats from the first gauge),

5s = 65— 5'¢0
—~0

ow = w4+’ — @’
5'\1/1)2 = (5'LUZ + §i70u’)0
0Ag = 6AY— AQ ¢ (4.19)

574? = JA)+ %fo,i/iﬁ - fo,z‘/ig

5740 = 5A6 + fi,oleg - %fi,ofii

0A; = §AL - LsiAk €0, (4.20)

The following combinations (the trace and the traceless part of 574;) are also useful:

A = AL~ A
OA; — 15i5A, = oAl — Lgisal. (4.21)

Thus the traceless part of 5A§» is gauge-invariant!

4.1 Gauge Transformation of the Metric Perturbations

Applying the gauge transformation equation (4.15) to the metric perturbation, we have
59,“, = 59#1/ - gp,ugpu - fo,yg;w - guu,Ofo ) (4.22)

where we have replaced the sum g, ,{“ with gw,ogo, since the background metric depends
only on the time coordinate 2° = 1, and dropped the hats from the first gauge. Remembering
Guw = (NN from Eq. (2.7), we have

G0 = 2a/a77“,, (4.23)

and .
-~ a
5.guy = 5guu + a2 |:_£p,u77pu - 50,1/77;10 - 23"7#1/60] . (4'24)

From Egs. (3.1) and (3.4) we have

—24 =B ] (4.25)

2
[5QW] =a [ —B; —2Dé;; + 2E;;
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Applying the gauge transformation law (4.24) now separately to the different metric pertur-
bation components, we get first

5~g00 = —24°A

a/
= dgoo + a® <_§p7077p0 — &% Moo — 237700§0>
/
= —2a’A+d? <+§°0 + &% + 2a—§0> , (4.26)
b} k) a

from which we obtain the gauge transformation law

/
A=A—¢0,— L0, (4.27)
’ a
Similarly, from dgg; we obtain 5 '
Bi=Bi+¢ -, (4.28)
and from dg;;,
. /
—Dbij + Eij = —Déyj + By — 5(€' ; + &) — %60% : (4.29)

The trace of %(é’i’j + éjﬂ-) is {’ﬁk, SO we can write

HE +E) =308+ 5+ ) — Loyehy (4.30)

where the last two terms are the traceless part, and we can separate Eq. (4.29) into

/
~ a
D = D+§5’ik+géo
Eyj = Eij—3&,+ fj,i) + 56556 (4.31)

5 Separation into Scalar, Vector, and Tensor Perturbations

In GR perturbation theory there are two kinds of coordinate transformations of interest. One
is the gauge transformation just discussed, where the coordinates of the background are kept
fixed, but the coordinates in the perturbed spacetime are changed, changing the correspondence
between the points in the background and the perturbed spacetime.

The other kind is one where we keep the gauge, i.e, the correspondence between the back-
ground and perturbed spacetime points, fixed, but do a coordinate transformation in the back-
ground spacetime. This then induces a corresponding coordinate transformation in the per-
turbed spacetime. Our background coordinate system was chosen to respect the symmetries of
the background, and we do not want to lose this property. In cosmological perturbation theory
we have chosen the background coordinates to respect its homogeneity property, which gives us
a unique slicing of the spacetime into homogeneous t = const. spacelike slices. Thus we do not
want to change this slicing. This leaves us:

1. homogeneous transformations of the time coordinate, i.e., reparameterizations of time, of
which we already had an example, when we switched from cosmic time ¢ to conformal time

U
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2. and transformations in the space coordinates’

-/

' = X0 (5.1)
where X}; is independent of time; which is the case we consider in this section.

We had chosen the coordinates for our background, FRW(0), so that the 3-metric was Eu-
clidean,

gij = a*ij (5.2)
and we want to keep this property. This leaves us rotations. The full transformation matrices
are then

/ 10 10 10
K = .y = .y K , = . .
oo S l-low ] om0 w-lok ] oo

where R",k is a rotatign matrix®, with the property RTR = I, or R’;Rill = (RTR)}; = 03 Thus
RT = R~ so that R = Rki,.
This coordinate transformation in the background induces the corresponding transformation,

o = X’g:pp, (5.4)

into the perturbed spacetime. Here the metric is

—-1-2A -B; —2A —-B;
_ 2 t _ 2 2 i
I =4 _pB, (1 —2D)5;; + 2Ey; } = @+ 0 [ B, —2ps; 2k, | OV
Transforming the metric,
gplo./ = XMPIXVO-’g/U/ s (56)
we get for the different components
goryy = X%;Xyorg“y == X00/X00/g()0 = goo = (12(—1 — 2A)
goy = XMO’XVl’g/W = XO()/X]lIQOj = —QQRJVB]'
~ g2 <—2D5kl + 2Einik,le,> , (5.7)
from which we identify the perturbations in the new coordinates,
A = A
D = D
By = R’,B;
Ek/l/ e le/R]l/EZ‘] . (5-8)

Thus A and D transform as scalars under rotations in the background spacetime coordinates,
B; transforms as a 3-vector, and E;; as a 3-d tensor. While staying in a fixed gauge, we can thus
think of them as scalar, vector, and tensor fields on the 3-d Euclidean background space. We

"In this section we use ' to denote the other coordinate system. Do not confuse with * = d/dn in the other
sections.

8In this notation Ri;- and Rij/ are two different matrices, corresponding to opposite rotations; the position of
the ’ indicates which way we are rotating. We have put the first index upstairs to follow the Einstein summation
convention—but we could have written R;/; and R;;» just as well.
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are, however, not yet satisfied. We can extract two more scalar quantities and one more vector
quantity from B; and E;;.

We know from Euclidean 3-d vector calculus, that a vector field can be divided into two
parts, the first one with zero curl, the second one with zero divergence,

B=B+BY, with VxBY =0 and V-BY=0, (5.9)
and that the first one can be expressed as (minus) a gradient of some scalar field”
B% = -VB. (5.10)
In component notation,
Bi=-B;+B},  where §'B};=0. (5.11)

In like manner, the symmetric traceless tensor field F;; can be divided into three parts,

Eij = Ej; + Ejj + Ejj, (5.12)
where Ei and EZ‘]/ can be expressed in terms of a scalar field F and a vector field Ej;,
By = (905 — 36 V?) E = By — 3650 E (5.13)
EZXJ/ = —3(Bij+ Ej), where §YE;; =V E=0 (5.14)
and S El=0,  §YE}=0. (5.15)

We see that E;j is symmetric and traceless by construction. EZ‘]/ is symmetric by construction,

and the condition on E; makes it traceless. The tensor EZ is assumed symmetric, and the two

conditions on it make it transverse and traceless. The meaning of “transverse” and the nature

of the above construction becomes clearer in the next section when we do this in Fourier space.
Under rotations in background space,

A = A, B' =B, D' =D, E =F,
B = R,BY, E/=R,E,
EL, = R,R,EL. (5.16)
The metric perturbation can thus be divided into
1. a scalar part, consisting of A, B, D, and F,
2. a wvector part, consisting of BZ-V and E;,
3. and a tensor part EZ:';

The names “scalar”, “vector”, and “tensor” refer to their transformation properties under rota-
tions in the background space.'®

The Einstein tensor perturbation 6G% and the energy tensor perturbation §7} can likewise
be divided into scalar+vector+tensor; the scalar part of §G% coming only from the scalar part
of dg,, and so on.

9This sign convention corresponds to thinking of the scalar function B as a “potential”, where the vector field
BS “fows downhill”. We use the same letter B here for both the original vector field B; and this scalar potential
B. There should be no confusion since the vector field always has an index (or~). Same goes for the E.

OThus “scalar” does not mean, e.g., that the perturbation would be invariant under gauge transformations—
scalar perturbations are not gauge-invariant, as we have already seen, e.g. in Egs. (4.27) and (4.31).
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The important thing about this division is that the scalar, vector, and tensor parts do not
couple to each other (in first-order perturbation theory), but they evolve independently. This
allows us to treat them separately: We can study, e.g., scalar perturbations as if the vector
and tensor perturbations were absent. The total evolution of the full perturbation is just a
linear superposition of the independent evolution of the scalar, vector, and tensor part of the
perturbation.

We imposed one constraint on each of the 3-vectors B} and E;, and 3 + 1 = 4 constraints
on the symmetric 3-d tensor Eg leaving each of them 2 independent components. Thus the
10 degrees of freedom corresponding to the 10 components of the metric perturbation h,, are
divided into

1414141 = 4 scalar
242 = 4 vector
2 = 2 tensor (5.17)

degrees of freedom.

The scalar perturbations are the most important. They couple to density and pressure per-
turbations and exhibit gravitational instability: overdense regions grow more overdense. They
are responsible for the formation of structure in the universe from small initial perturbations.

Vector perturbations couple to rotational velocity perturbations in the cosmic fluid. They
tend to decay in an expanding universe, and are therefore probably not important in cosmology.

We have done all of the above in a fixed gauge. It turns out that gauge transformations
affect scalar and vector perturbations, but tensor perturbations are gauge-invariant. Tensor
perturbations are nothing but gravitational waves, this time!! in an expanding universe. When
they are extracted from the total perturbation by the above separation procedure, they are
automatically in the “transverse traceless gauge”. (This expression is clarified in the next
section.) Tensor perturbations have cosmological importance since, if strong enough, they have
an observable effect on the anisotropy of the cosmic microwave background.

6 Perturbations in Fourier Space

Because our background space is flat we can Fourier expand the perturbations. For an arbitrary
perturbation f = f(n,z") = f(n,¥), we write

F @) =Y felm)e™ . (6.1)
k

(Using a Fourier sum implies using a fiducial box with some volume V. At the end of the day we
can let V' — oo, and replace remaining Fourier sums with integrals.) In first-order perturbation
theory each Fourier component evolves independently. We can thus just study the evolution of
a single Fourier component, with some arbitrary wave vector E, and we drop the subscript
from the Fourier amplitudes.

Since ¥ = (z', 22, 23) is a comoving coordinate, kis a comoving wave vector. The comoving
(or coordinate) wave number k = |k| and wavelength A = 27 /k are related to the physical
wavelength and wave number of the Fourier mode by

27 27
Eohys = —— = — =a 'k. (6.2)
Pays Aphys QA

" Contrasted to perturbation theory around Minkowski space, which is the way gravitational waves are usually
introduced in GR.
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Thus the wavelength Apys of the Fourier mode k grows in time as the universe expands.
In the separation into scalar4vector+tensor, we follow Liddle&Lyth and include an addi-
tional factor k = |k| in the Fourier components of B and Ej;, and a factor k? in E, so that we

have, e.g.,
e B*(TI) ikz
B(n,m)zz kk; ek (6.3)
k

The purpose of this is to make them have the same dimension and magnitude as BZS , E{? and
EY. 12 That is,

B; = B + BY, and  Ejj = E)+E}, + E};, (6.4)
where
S S ki
By = -B; becomes By = —ZEB
S 1 2 S kikj 4
Ey = (0;0; — 36;;V?) E becomes ES=\{- 2 +30i5 | £,
Vv o_ _L(E 4B VB A LE
E; = 5(Eij+ Ej4) becomes B = 2k(k2E_] +k;E;), (6.5)
and the conditions
0By, =0, 09E;=0, and §*E],="E][=0 (6.6)

become
09k;BY =k-BY =0,  0VkE;=k-E=0, and 0*gEL=6"EL=0. (6.7)

To make the separation into scalar+vector+tensor parts as clear as possible, rotate the
background coordinates so that the z axis becomes parallel to k,

k=kz=(0,0,k) (6.8)
(%2 denoting the unit vector in z direction.) Then

BY = (0,0,—iB) (6.9)

and
FE

Wl

E} = 0 +
)

W=
wl—

and we can write the scalar part of dg,, as

—2A +iB
2(-D+L1E)
s _ 2 3

0g, = a 2(-D + 1E) (6.11)

+iB 2(-D - 2F)

For the vector part we have then

k-BY =0 = BY =(Bi,B,0) (6.12)
k-E=0 = E=(E,E,0) (6.13)

12Powers of k cancel in Egs. (6.5). The metric perturbations, A, B, D, E, BY, E;, and E;‘g will then all have
the same dimension in Fourier space, which facilitates comparison of their magnitudes.
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and
. . Ey
v o —i i
Ez'j = % (kZE] + k]EZ) = —5 E, R (614)
Ey Ej
so that the vector part of dg,,, is
-B1 —-B
-B —iF
v o_ 2 1 1
0g,, = a B, B, | (6.15)
—iF, —iFs
For the tensor part,
§* kB =) kE;=0 = Ej,=Ej;=0 (6.16)
i
so that . -
By, B
El = | El, —Ef] : (6.17)
The tensor part of 6g,, becomes
2EL, 2FEL hy h
T _ 2 11 12 _ 2 + hx
0G = a 2FL, —2KT, =a he —hy , (6.18)

where we have denoted the two gravitational wave polarization amplitudes by Ef; = %h+ and
EL = %hy.

We see how the scalar part of the perturbation is associated with the time direction, the
wave direction k and the trace. The vector part is associated with the two remaining space
directions, those transverse to the wave vector. Thus the vectors have only two independent
components. The tensor part is also associated with these two transverse directions; being also
symmetric and traceless, it thus has only two independent components.

Putting all together, the full metric perturbation (for a Fourier mode in the z direction) is

—2A —-B; —Bs +iB
—B1 2(-D+1iE)+hy h —iE
_ 2 1 3 + X 1
9w =" _py by o—D+L1E)—h, —iF, (6.19)
+iB  —iF —iFy 2(—D — 2E)

6.1 Gauge Transformation in Fourier Space

Consider then how the gauge transformation appears in Fourier space. We need now the Fourier
transform of the gauge transformation vector

£(n.7) =Y €)™ (6.20)
E
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For a single Fourier mode, the gauge transformation Eqs. (4.27,4.28,4.31) become

/
@

60
a
B; = B+ (&) —iki&°

A= 4

/
D = D+likg+2¢
a
Eyj = Ey—3i(k& + k&) + §idike® .
For illustration, consider again a mode in the z direction, k= (0,0,k). Now the new part
added into the matrix of Eq. (6.19) is

2(601)’+2%'§° S @) () ke

_ / _9ad ik

2 _8/ - _9d g0 _Zéz (6.25)
—(E3) +ike®  —ike'  —ik€? 290 — 2iked

(note the cancelations on the diagonal from the D and F;; parts). We see that no new tensor
part is introduced. Thus the tensor part of the metric perturbation is gauge-invariant'®. But we
see that the components ¢° and &3 are responsible for a new scalar part and the components ¢!
and ¢2 are responsible for a new vector part.

For Fourier modes in an arbitrary direction, the above means that the time component ¢°
and the component of the space part E parallel to k are responsible for a change in the scalar
perturbation and the transverse part of 5 is responsible for a change in the vector perturbation.

This freedom of doing gauge transformations can be used, e.g., to set 2 of the 4 scalar
quantities of scalar perturbations and 2 of the 4 independent components of vector perturbations
to zero. Thus only two of the degrees of freedom are real physical degrees of freedom in each
case. Thus there are in total 6 physical degrees of freedom, 2 scalar, 2 vector, and 2 tensor.
The other 4 (of the total 10) are just gauge degrees of freedom, representing perturbing just the
coordinates, not the spacetime.

If the perturbation can be completely eliminated by a gauge transformation, we say the
perturbation is “pure gauge”, i.e., it is not a real perturbation of spacetime, just a perturbation
in the coordinates.

7 Scalar Perturbations

From here on (except for the beginning of Sec. 9, where we discuss perturbations in the en-

ergy tensor) we shall consider scalar perturbations only. They are the ones responsible for the

structure of the universe (i.e. the deviation from the homogeneous and isotropic FRW universe).
The metric is now

ds* = a(n)? {—(1 + 2A4)dn* + 2B;dndz" + [(1 — 2¢)8;; + 2E ;] da'dx } | (7.1)
where we have defined'* the curvature perturbation

Y =D+ IVE. (7.2)

13To make the meaning of this statement clear: Consider a perturbation that is initially purely tensor, and
do an arbitrary gauge transformation. The parts that get added to the perturbation are of scalar and/or vector
nature. Thus this perturbation is not gauge-invariant; but its tensor part—because of the way we have defined
the tensor part of a perturbation—is.

Tn my spring 2003 lecture notes (CMB Physics / Cosmological Perturbation Theory) I was using the symbol
1 for what I am now denoting D. The present notation is better in line with common usage.
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In Fourier space this reads

v =Dy — 5B (7.3)
The components of h,, are
—2A B;
hy, = * 7.4
e B  —2di; +2E; (74)
Exercise: Curvature of the spatial hypersurface. The hypersurface n = const. is a 3-

dimensional curved manifold. Calculate the connection coefficients (3)F§-k and the scalar curvature
GIR= gij(3)Rij of this 3-space for a scalar perturbation in terms of ¢ and E.

Now if we start from a pure scalar perturbation and do an arbitrary gauge transformation,
represented by the field ¢# = (€0, ¢%); we may introduce also a vector perturbation. This vector
perturbation is however, pure gauge, and thus of no interest. Just like we did for the shift vector
B; earlier, we can divide ¢ into a part with zero divergence (a transverse part) and a part with
zero curl, expressible as a gradient of some function &,

=€ —09¢;=6,—VE where &,,=V- & =0. (7.5)

The part &, is responsible for the spurious vector perturbation, whereas £° and §,j change the
scalar perturbation. For our discussion of scalar perturbations we thus lose nothing, if we decide
that we only consider gauge transformations, where the !, part is absent. These “scalar gauge
transformations” are fully specified by two functions, £ and &,

i = n+&Mmn7)
o= 2t —89¢(n,7) (7.6)

and they preserve the scalar nature of the perturbation.
Applied to scalar perturbations and gauge transformations, our transformation equations
(4.27,4.28,4.31) become

a/

A — A_fO’__gO
a
B = B+£,+£O
/
D = D-§v%+2¢
E = E+¢, (7.7)

where we use the notation ’ = 9/9n for quantities which depend on both n and Z. The quantity
1 defined in Eq. (7.2) is often used as the fourth scalar variable instead of D. For it, we get

¢:¢+%§°:¢+H§°. (7.8)

7.1 Bardeen Potentials

We now define the following two quantities, called the Bardeen potentials,

® = A+HB-E)+(B-EY
U = D+IVPE-H(B-E) =¢y-HB-FE). (7.9)

These quantities are invariant under gauge transformations (exercise).
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8 Conformal-Newtonian Gauge

We can use the gauge freedom to set the scalar perturbations B and E equal to zero. From
Eq. (7.7) we see that this is accomplished by choosing

¢ = —-E
& = —B+FE. (8.1)

Doing this gauge transformation we arrive at a commonly used gauge, which has many names:
the conformal-Newtonian gauge (or sometimes, for short, just the Newtonian gauge), the longi-
tudinal gauge, and the zero-shear gauge. We shall denote quantities in this gauge with the sub-
or superscript N. Thus BN = EV = 0, whereas you immediately see that

AN = @
DN =NV = v, (8.2)

Thus the Bardeen potentials are equal to the two nonzero metric perturbations in the conformal-
Newtonian gauge.

From here on (until otherwise noted) we shall calculate in the conformal-Newtonian gauge.
The metric is thus just

ds* = a(n)? [~ (1 +2®@)dn* + (1 — 20)8;;da’da’] | (8.3)
or
—-1-29 9| —1+29
2 v 2
=a and W =q , (84
I [ (1 —2W)d;; } ! [ (1+2W)dy; ] 69
or
—29 —29
= HY
8.1 Perturbation in the Curvature Tensors
From the conformal-Newtonian metric (8.3) we get the connection coefficients
[fo=%+® TIf=2 If; = 4o — [2%,@‘1"1’)4“1’,} 03 (8.6)
Tiy =, Dh =S80 — 0ot T4 =— (080 + W 07) + ¥ 05
and the sums
/
- 4%+<1>’—3\1ﬂ
ry, = ®;-3%; (8.7)

where we have dropped all terms higher than first order in the small quantities ® and ¥. Thus
these expressions contain only 0™ and 15 order terms, and separate into the background and

perturbation, accordingly: B
3y =13, +0IG,, (8.8)

where B 3 B
I‘80 =H ng =0 F%— = Héw
_ _ . _ (8.9)
' =0 Ff)j:Héé- r,=0
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and
6T, = @' 600, =@ oY = — [2H(D + ¥) + '] &

Thy =@ 6T, = =06 0T} = — (V6;, + Vb)) + U 65
The Ricci tensor is

R/W = Fgu,oe - Pgu,u + Pgﬁrgu - Fgﬁrgu

= Ry + 608, — 0TS, , +T06T0, +T0 0005 — Tos6T0 , — 0,005, .

vy, op,v

Calculation gives

Rooy = —3H + 30" 4+ V2® + 3H(P' 4+ T)

Ry; 200" + HD) ;

Ry = (H' +2H?)d;
+ [0 + V2O — H(D + 50) — (2H + 4H?)(D + U)] &
+ (¥ = @),5

18

(8.10)

(8.11)

(8.12)

Next we raise an index to get R.,. Note that we can not just raise the index of the background

and perturbation parts separately, since

We get
Ry = 3a*H +a ?[-30" — V?® — 3H(P' + V') — 6H'P]
R) = —2a7% (V' +H®),
Ry = —R} = 2a7% (¥ +HD),

R; = a_z('Hl + 27‘[2)5;
+a 2 [0+ VRO - H(@ 4 5T) - (20 + 4H2)B) 6
+a (U —) 5.

and summing for the curvature scalar

R = Ry+R!
= 6a *(H +H?

+ a2 [-60" +2V2(20 — &) — 6H(P' + 3V') — 12(H + H?)P] .

And, finally, the Einstein tensor

Gy = Ry—3R
= —3a?H?+a ? [-2V?U + 6HY + 6H>D|
Q% = R
0 = Ry = R = -G}
A % 1t
= a*(—2H - H*)5

+a7? 20" + V(D — U) + H(2P' + 4V') + (4K’ + 2H)®] 4
+ CL_2(\IJ — q>),ij .

(8.13)

(8.14)

(8.15)

(8.16)
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Note the background (written first) and perturbation parts in all these quantities. Since the
background RY and G% are diagonal, the off-diagonals contain just the perturbation, and we
have

RY = GY = 6RY = 6GY. (8.17)

9 Perturbation in the Energy Tensor

Consider then the energy tensor!®.

The background energy tensor is necessarily of the perfect fluid form!6
™ = (p+p)utu’ +pg"
TV = (p+p)u'u, + pok. (9.1)

Because of homogeneity, p = p(n) and p = p(n). Because of isotropy, the fluid is at rest,
' =0 = u*=(4"0,0,0) in the background universe. Since

0" = g, 0" = a’n,utn” = —d®(@°)? = -1, (9.2)
we have 1 . .
at = 5(1,0) and u, = a(—1,0). (9.3)
The energy tensor of the perturbed universe is
TV =TF+ 0T} . (9.4)

Just like the metric perturbation, the energy tensor perturbation has 10 degrees of freedom, of
which 6 are physical and 4 are gauge. It can likewise be divided into scalar+vector+tensor, with
44442 degrees of freedom, of which 2+2+2 are physical. The perturbation can also be divided
into perfect fluid + non-perfect, with 5+5 degrees of freedom.

The perfect fluid degrees of freedom in 67} are those which keep T}’ in the perfect fluid form

T} = (p + p)u'uy + pdy; . (9.5)

Thus they can be taken as the density perturbation, pressure perturbation, and velocity pertur-
bation

. . . |
p=p+dp, p=7p-+p, and u' ="+ out = ou' = ~v;. (9.6)
a
The 6u’ is not an independent degree of freedom, because of the constraint uut = —1. We
shall call '
v; = au' (9.7)

the velocity perturbation. It is equal to the coordinate velocity, since (to first order)

W @ s (9-8)

5This section could actually have been earlier. We do not specify a gauge here, and the restriction to scalar
perturbations is done only in the end.

18The “imperfections” can only show up in the energy tensor if there is inhomogeneity or anisotropy. Whether
an observer would “feel” the p as pressure is another matter, which depends on the interactions of the fluid
particles. But gravity only cares about the energy tensor.



9 PERTURBATION IN THE ENERGY TENSOR 20

It is also equal to the fluid velocity observed by a comoving (i.e., one whose 2* = const.) observer,
since the ratio of change in comoving coordinate dz’ to change in conformal time dn equals the
ratio of the corresponding physical distance adz® to the change in cosmic time dt = adn.
We also define the relative energy density perturbation
1)
5= ¢ (9.9)

—

p

which is a dimensionless quantity in coordinate space (but not in Fourier space).
To express u* and w, in terms of v;, write them as

ut =at 4+ ot = (a_l +6u’, a o, a g, a_lvg)
Uy = Uy +0u, = (—a+ dug,ouy,dus,ous) . (9.10)
These are related by u, = g, u” and u,u* = —1. Using
—-1-24A -B;
_ 2 i
Gw =07\ B (1-2D)d; +2Ey | (9-11)
we get
up = goput = a*(=1—2A4)(a"! + 6u’) — 6Ya’Biav;
= —a—a’5u’ —2aA (9.12)
(where we dropped higher than 1% order quantities, like B;v;), from which follows
dug = —a?0u’ — 2aA. (9.13)
Likewise
ou; = u; = gy = —aB; + av; . (9.14)
We solve the remaining unknown, éu’ from
1
wut = ... = —1-2a6u’ -24 = -1 = ' = —-A (9.15)
a
Thus we have for the 4-velocity
1
ut = a(l — A ) and u, =a(—1—A,v— By). (9.16)

Inserting this into Eq. (9.5) we get
T} = T)+oT)
—p 0 —op (p+p)(vi — By) ]
= — i _ _ 4 . 917
{ 0 po ] { —(p+p)vi opo (9.17)

There are 5 remaining degrees of freedom in the space part, (5T;, corresponding to perturba-
tions away from the perfect fluid from. We write them as

8T} = 6pds + Xij =P <%p + HU> . (9.18)
Here ¥;; and II;; = ¥;;/p are symmetric and traceless, which makes the separation into
op = 0T (9.19)
and
Sij = 0T — +616T}F (9.20)

unique (the trace and the traceless part of 5sz) ¥;; is called anisotropic stress (or anisotropic
pressure). For a perfect fluid ¥;; = 0.
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9.1 Separation into Scalar, Vector, and Tensor Parts

The energy tensor perturbation 67} is built out of the scalar perturbations dp, dp, the 3-vector
U = v; and the traceless 3-tensor II;;. Just like for the metric perturbations, we can extract a
scalar perturbation out of ¥:

v = v + v, where v

=—v;
and V-3V =0. (9.21)
and a scalar + a vector perturbation out of IL;;:
Il;; =TI, + 10, + 11, (9.22)
where
5 = (80, — 36,V 1
I = —3(,; +1;)  and (9.23)
§*IL, = 0. (9.24)

We see that perfect fluid perturbations (II;; = 0) do not have a tensor perturbation compo-
nent.

For Fourier components of v; and II;; we use the same (Liddle&Lyth) convention as for B;
and FE;; (see Sec. (6)).

In the early universe, we have anisotropic pressure from the cosmic neutrino background
during and after neutrino decoupling, and from the cosmic microwave background during and
after photon decoupling. Perturbations in the metric will make the momentum distribution of
noninteracting particles anisotropic (this is anisotropic pressure). If there are sufficient interac-
tions among the particles, these will isotropize the momentum distribution. Decoupling means
that the interactions become too weak for this. If we aim for high precision in our calculations,
we need to take this anisotropic pressure into account. For a more approximate treatment, the
perfect fluid approximation can be made, which simplifies the calculations significantly.

9.2 Gauge Transformation of the Energy Tensor Perturbations

9.2.1 General Rule

Using the gauge transformation rules from Sect. 4 we have

—~0 _

0Ty = —op = 0Ty —Toot’ = —bp+ 7€

STO = —(p+p)v; = 5Té+£i,0(T8_%Tlf)
= —(p+Dp)vi—E&(p+p)

—~k ~ _

30Ty = op = (0T —TFe") = op—p'&°

— o~k - . .
0T — +610Ty, = plly = 0T — LoioTF = plI (9-25)
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and we get the gauge transformation laws for the different parts of the energy tensor perturba-
tion:

5p = op—p&° (9.26)
op = op—p& (9.27)
b = v+& (9.28)
I, = I (9.29)
~ =/
5 = 5—%50 = 5+ 3H(1 +w)e". (9.30)

Thus the anisotropic stress is gauge-invariant (being the traceless part of (5T;) Note that the
dp and dp equations are those of a perturbation of a 4-scalar, as they should be, as p and p are,
indeed, 4-scalars.

9.2.2 Scalar Perturbations

For scalar perturbations, v; = —v; and £ = —& i, so that we have

o= v+¢

n = 1. (9.31)

These hold both in coordinate space and Fourier space (we use the same Fourier convention for
¢ as for v and B).

9.2.3 Conformal-Newtonian Gauge

We get to the conformal-Newtonian gauge by ¢ = —B 4+ E’ and ¢ = —FE. Thus

6V = Sp+p(B—E) = 6p—3H( +w)p(B — E')

pN = Sp+p(B-E) = dp—3H(1+w)cip(B - E)
N = v—F
o = II. (9.32)

9.3 Scalar Perturbations in the Conformal-Newtonian Gauge

From here on we shall (unless otherwise noted)
1. consider scalar perturbations only, so that v; = —v; and B; = —B;
2. use the conformal-Newtonian gauge, so that B = 0.

Thus the energy tensor perturbation has the form

—5p" —(p+p)ol

6T}’L = _ _ i _ .
v (p+py  opN&i+ p(Il; — $6;; V)

(9.33)
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10 Field Equations for Scalar Perturbations in the Newtonian
Gauge

We can now write the Einstein equations
0GE = 8rGoTY (10.1)

for scalar perturbations in the conformal-Newtonian gauge. We have the left-hand side dG%
from Sect. 8.1 and the right-hand side 7} from Sect. 9.3:

5G8 = g2 [—2V2\IJ+6H(\IJ'+H<I>)] = —81GspN
5GY = —2a7% (U +HD), = —87G(p+p)v)

0Gy = 2a72 (V' +HP), = 87G(p + p)vl

6GE = a P 20" + V*(® — U) + H(2®' 4+ 4V') + (4H' + 2H)®] 5
+a (U =), = &G [0pN ol + p(Il,;; — 36, V7ID)] . (10.2)

Separating the (5G§» equation into its trace and traceless part (the trace of 6; is 3, and the trace
of (U — ®);; is VZ(¥ — ®)) the full set of Einstein equations is

SH(V +HP) — V20U = —4nGa’5p™ (10.3)
(V' +HP),; = 4nGa*(p+p)vl (10.4)
U+ H(D +20) + H + H2)® + iVH(@ —U) = 4rGasp” (10.5)
(0:0; — 165V (W — @) = 87Ga’p(0;0; — 165V*)II. (10.6)

The off-diagonal part of the last equation gives
(U — @), =87Ga’pll;;  for  i#j. (10.7)

In Fourier space this reads
kik; 9 o,

—kik; (U — ®p) = — 12 8rGa“pll; for i # 7. (10.8)

(with the Liddle&Lyth Fourier convention for IT). Since we can always rotate the background
coordinate system so that more than one of the components of k£ are non-zero, this means that

K (U — @) = 8rGa’pll;  for  k#0. (10.9)

The 0" Fourier component represents a constant offset. But the split into a background and a
perturbation is always chosen so that the spatial average of the perturbation vanishes (and the
background value thus represents the spatial average of the full perturbed quantity).

Thus we have (going back to Z-space)

U — & = 87Ga?pll. (10.10)

Likewise, since the spatial average of a perturbation is always zero, the equality of gradients
of two perturbations means the equality of those perturbations themselves. Thus Eq. (10.4) says
that

U 4+ H® = 4nGa?(p + p)vY = SHA(1+ w)vl . (10.11)
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Inserting this into Eq. (10.3) gives
V20 = 47Ga?p [0V + 3H(1 +w)o] . (10.12)
The final form of the Einstein equations can be divided into two constraint equations

V20 = 47Ga’p [6N + 3H(1 + w)v™] (10.13)
U—® = 8rGa?pll (10.14)

that apply to any given time slice, and to two evolution equations
UV +HE = 3H*(1+wp® (10.15)
U+ H(P +20) + QH + H)® + IV (@ —¥) = 4rGaop" . (10.16)

that determine how the metric perturbation evolves in time.
In Fourier space the Einstein equations can be written as

2
H—lw’+¢+§<%> U= —iV
HIV +0 = %(1—1—10)%21]\[
IH’ k2 spN
H‘2\P”+H‘1(<I>’+2\If’)+<1+W><I>—§<ﬁ> (®—0) = g%
k 2
<ﬂ> (U —®) = 3uwll, (10.17)

where the powers of H are arranged so that the distance scales k! and time scales dn are always
related to the conformal Hubble scale H ™!, and we used the background relation

ArGa’p = SH?, (10.18)

which follows directly from the Friedmann equation (2.2).

11 Energy-Momentum Continuity Equations

We know that from the Einstein equation, G% = 8rGT}', the energy-momentum continuity
equations,

Th, =0, (11.1)

follow. Just like for the background universe, we may use the energy-momentum continuity
equations instead of some of the Einstein equations.
Calculating
., = 1, + 15,17 -T1,,TF =0 (11.2)

ap-v

to first order in perturbations, one obtains the 0*order (background) equation
p=—3H(p+p) (11.3)

and the 1%'order (perturbation) equations, which for scalar perturbations in the conformal-
Newtonian gauge are (exercise)

(oY = =3H(5pN + 5p™) + (p + p)(VZN 4 37) (11.4)
P+p) Y)Y = —(p+p) vV —4H(p+p)o™ +op" + 2pVI+ (p+p)®  (11.5)
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Note that v"V is the velocity potential, 7V = —Vuv!. It is easy to interpret the various terms in
these equations.

In the energy perturbation equation (11.4), we have first the effect of the background ex-
pansion, then the effect of velocity divergence (local fluid expansion) and then the effect of the
expansion/contraction in the metric perturbation.

In the momentum perturbation equation (11.5), the lhs and the first term on the right
represent the change in inertiaxvelocity. The second on the right is the effect of background ex-
pansion. The third and last terms represent forces due to gradients in pressure and gravitational
potential.

With manipulations involving background relations, these can be worked (exercise) into the
form

N
Ny = (1+w) (VN +30) + 3H <w5N—5p7> (11.6)
NV a1 N_oow oy Y 2w
(") = —H({1—-3w) T+’ +ﬁ+ﬁ+31+wVH+CI)' (11.7)

12 Perfect Fluid Scalar Perturbations in the Newtonian Gauge

12.1 Field Equations
For a perfect fluid, things simplify a lot, since now II = 0 and thus for a perfect fluid

V=9, (12.1)

and we have only one degree of freedom in the scalar metric perturbation. We can now replace
U with ® in the field equations. The original set becomes

V2 — 3H(®' + H®) = 4nGa*spY (12.2)
(@' +H®P), = 4nGa*(p+pvf (12.3)
" + 3HD + 2H' + H)® = 4xGasp" (12.4)

and the reworked set becomes

V20 = 4nGa?p [0V + 3H(1 + w)v™]

= 3H?[6N + 3H(1 + w)v™] (12.5)
' +HO® = 4nGa’(p+p" = 3HA(1+w)” (12.6)
" +3HO + (2H' + H*)® = 4rGa*sp™ = 3H*5p" /p, (12.7)

where we have used Eq. (2.8).
If we change the time variable from conformal time 7 to cosmic time ¢, they read

V20 = 47Ga®p [0V + 3aH (1 + w)v™] (12.8)
d+HO = 4nGa(p+ppoY (12.9)
b+ 4H + <2H n 3H2) o = 4rGop" . (12.10)

We define the total entropy perturbation as

SEH<5_—I/)—5T€)> EH<5—p—5—p> (12.11)
PP pp
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From the gauge transformation equations (9.26,9.27) we see that it is gauge invariant.
Using the background relations p' = —3H(1 + w)p and p’ = c2p’ we can also write

1 dp 1 dp
_ op _ 1op 12.12
=gt (5 a%) (1212)
from which we get
5p =i [6p—3(p +p)S] (12.13)

which holds in any gauge.
Using the entropy perturbation, we can now write in the rhs of Eq. (12.7)

opN/p = [N —3(1+w)S] . (12.14)
where, from (12.5) and (12.6),
N = —3H(1 4+ w)N + 2 v — —3@’ +H®) + 2 v, (12.15)
3H? H 3H?

With some use of background relations, the evolution equation (12.7) becomes
H2" + 31+ A)H ' +3(c2 —w)® = AH V20 — 32 (1 +w)S. (12.16)
12.2 Adiabatic perturbations
Perturbations where the total entropy perturbation vanishes,'”
S=0 & dp=cp (12.17)

are called adiabatic perturbations.'® For adiabatic perturbations, Eq. (12.16) becomes (going to
Fourier space)

_ _ csk\ 2
H 20T+ 3(1+ )H %+ 3(cF — w) Py = — ( H) @, (12.18)

from which ®;(n) can be solved, given the initial conditions. From Eq. (12.6) we then get UI%V (n),
and after that, from Eq. (12.5), 51%\7(17).

12.3 Continuity Equations
For a perfect fluid, Egs. (11.6) and (11.7) become

N
(N = (1 +w) (VY +30) + 3K (wéN - 6p—> (12.19)
/ 5 N
Y)Y = —H(1 - 3wp" — 1_“;—va + ﬁpTﬁ +@. (12.20)

"For pressureless matter, where dp = p = w = ¢ = 0, Eq. (12.11) is not defined, but dp = c25p holds always
(0 =0). We use then this latter definition for adiabaticity; and the perturbations are necessarily adiabatic.

B¥Warning: In cosmology, it is customary to speak about adiabatic perturbations, when one means perturbations
which were initially adiabatic. Such perturbations do not usually stay adiabatic as the universe evolves.
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13 Scalar Perturbations in the Matter-Dominated Universe

Let us now consider density perturbations in the simplest case, the matter-dominated universe.
By “matter” we mean here non-relativistic matter, whose pressure is so small compared to
energy density, that we can ignore it here.!??0 In general relativity this is often called “dust”.

According to our present understanding, the universe was radiation-dominated for the first
few ten thousand years, after which it became matter-dominated. For our present discussion, we
take “matter-dominated” to mean that matter dominates energy density to the extent that we
can ignore the other components. This approximation becomes valid after the first few million
years.

Until late 1990’s it was believed that this matter-dominated state persists until (and be-
yond) the present time. But new observational data points towards another component in the
energy density of the universe, with a large negative pressure, resembling vacuum energy, or
a cosmological constant. This component is called “dark energy”. The dark energy seems to
have become dominant a few billion (10?) years ago. Thus the validity of the matter-dominated
approximation is not as extensive as was thought before; but anyway there was a significant
period in the history of the universe, when it holds good.

We now make the matter-dominated approximation, i.e., we ignore pressure,

p=w=0 and op=1I=0. (13.1)

This is our first example of solving a perturbation theory problem. The order of work is
always:

1. Solve the background problem.

2. Using the background quantities as known functions of time, solve the perturbation prob-
lem.

In the present case, the background equations are

I\ 2
9 a 8rG _ 5
S = 13.2
H <a> 3 Pa (13.2)
ArG
W o= - pa’, (13.3)
from which we have

2H' +H? = 0. (13.4)

The background solution is the familiar k¥ = 0 matter-dominated Friedmann model, a o ¢2/3.
But let us review the solution in terms of conformal time. Since 5 x a 30%) x a3, the solution
of Eq. (13.2) gives

a(n) o n?. (13.5)
Since dt = adn, or dt/dn = a, we get t(n) o< n° o< a®/? or a o t2/3.
From a o 7> we get
) 2
H=%4=-12 and H =-= (13.6)
a n n

197 jkewise, we can ignore its anisotropic stress. Thus nonrelativistic matter is a perfect fluid for our purposes.

2ONote that there are situations where we can make the matter-dominated approximation at the background
level, but for the perturbations pressure gradients are still important at small distance scales (large k). Here we,
however, we make the approximation that also pressure perturbations can be ignored.



13 SCALAR PERTURBATIONS IN THE MATTER-DOMINATED UNIVERSE 28

Thus, from Eq. (13.2),

3 6
2~ _ 2 _
ArGa™p = EH =2 (13.7)
The perturbation equations (12.5), (12.6), and (12.7) with p = w = ép = 0, are

V2® = 4rGa’p [V + 3HV] (13.8)
'+ HE® = 4nGa’py (13.9)
"+ 3HP + (2H +H*)® = 0. (13.10)

Using Eq. (13.4), Eq. (13.10) becomes
" + 3HP =" + S¢' — 0 , (13.11)

n
whose solution is

O(n,7) = C1(T)+ Co(F)n~°. (13.12)

The second term, o< = is the decaying part. We get C1(&) and Cy(Z) from the initial values
i (Z), ®! (Z) at some initial time 1 = ny,

Oin(F) = Ci(&) + Co(@)m, (13.13)

®f,(7) = —5Cy(D)m,° (13.14)
as

Ci(Z) = Oin(@) + 1min®iy (D) (13.15)

Unless we have very special initial conditions, conspiring to make C7(Z) vanishingly small, the
decaying part soon becomes < C}(Z) and can be ignored. Thus we have the important result

o, 7) = (), (13.17)

i.e., the Bardeen potential ® is constant in time for perturbations in the flat (kK = 0) matter-
dominated universe.

Ignoring the decaying part, we have ® = 0 and we get for the velocity perturbation from
Eq. (13.9)

HP 29
N T 1 1/2 173, 13.1
v nGa%s o, 3P o< oo a/ ot (13.18)
and Eq. (13.8) becomes
V2@ = 4nGa®p [V +20] = 2H2 (67 -+ 20] (13.19)
or 5
N = 20+ —V?. 13.2
+ 5V (13.20)

In Fourier space this reads

() = —

2+ g (%)2] O (13.21)

Thus we see that for superhorizon scales, k < 'H, or kpnys < H, the density perturbation stays
constant,

5]%\7 = —2®; = const. (13.22)
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whereas for subhorizon scales, k > H, or kpys > H, they grow proportional to the scale factor,

2 (k) 2 2/3
op = _§<ﬁ> Qp o o a o<t (13.23)

Since the comoving Hubble scale H~! grows with time, various scales k are superhorizon
to begin with, but later become subhorizon as H~! grows past k~'. (In physical terms, in the
expanding universe Aphys/2m = kphlys o a grows slower than the Hubble scale H~! o a®/2.) We
say that the scale in question “enters the horizon”. (The word “horizon” in this context refers
just to the Hubble scale 1/H, and not to other definitions of “horizon”.) We see that density
perturbations begin to grow when they enter the horizon, and after that they grow proportional
to the scale factor. Thus the present magnitude of the density perturbation at comoving scale
k should be ag/ay times its primordial value

i(to) ~ =67, (13.24)

where ag is the present value of the scale factor, and a; is its value at the time the scale k
“entered horizon”. The “primordial” density perturbation 5N refers to the constant value it

had at superhorizon scales, after the decaying part of ® had dled out. Of course Eq. (13.24)
is valid only for those (large) scales where the perturbation is still small today. Once the
perturbation becomes large, § ~ 1, perturbation theory is no more valid. We say the scale in
question “goes nonlinear”?!.

If we take into account the presence of “dark energy”, the above result is modified to

a

T (13.25)

where app 2 ap/2 is the value of a when dark energy became dominant, since that stops the
growth of density perturbations.

One has to remember that these results refer to the density and velocity perturbations
in the conformal-Newtonian gauge only. In some other gauge these perturbations, and their
growth laws would be different. However, for subhorizon scales general relativistic effects become
unimportant and a Newtonian description becomes valid. In this limit, the issue of gauge
choice becomes irrelevant as all “sensible gauges” approach each other, and the conformal-
Newtonian density and velocity perturbations become those of a Newtonian description. The
Bardeen potential can then be understood as a Newtonian gravitational potential due to density
perturbations. (Eq. (13.8) acquires the form of the Newtonian law of gravity as the second term
on the right becomes small compared to the first term, . The factor a? appears on the right
since V2 on the left refers to comoving coordinates.)

14 Perfect Fluid Scalar Perturbations when p = p(p)

We shall next discuss a somewhat more complicated case, where pressure can not be ignored,
but the equation of state has the form

p=np(p), (14.1)

21Since in our universe this happens only at subhorizon scales, the nonlinear growth of perturbations can be
treated with Newtonian physics. First the growth of the density perturbation (for overdensities) becomes much
faster than in linear perturbation theory, but then the system “virializes”, settling into a relatively stable structure,
a galaxy or a galaxy cluster, where further collapse is prevented by the conservation of angular momentum, as
the different parts of the system begin to orbit the center of mass of the system. For underdensities, we have of
course p > 0 = ¢ > —1 always, so the underdensity cannot “grow” beyond that.
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i.e., there are no other thermodynamic variables than p that the pressure would depend on. In
this case the perturbations are guaranteed to be adiabatic, since now

1) pd

op p dp
(Also, we keep assuming the fluid is perfect.)

This discussion will also apply to adiabatic perturbations of general perfect fluids.?? That

is, when the fluid in principle may have more state variables, but these other degrees of freedom
are not “used”. Let us show that the adiabaticity of perturbations,

=/
op = c2p = %(5,0, (14.3)
p

implies that a unique relation (14.1) holds everywhere and -when:

Note first, that in the background solution, where p = p(t) and p = p(t), we can (assuming
p decreases monotonously with time) invert for ¢(p), and thus p = p(¢(p)), defining a function
p(p), whose derivative is ¢2. Now Eq. (14.3) guarantees that also p = p + ép and p = p + dp
satisfy this same relation.

We note a property, which illuminates the nature of adiabatic perturbations: A small region
of the perturbed universe is just like the background universe at a slightly earlier or later time.
We can thus think of adiabatic perturbations as a perturbation in the “timing” of the different
parts of the universe. (In adiabatic oscillations, this “corresponding background solution time”
may oscillate back and forth.)

(Perhaps I will finish this section some day. .. )

15 Other Gauges

Different gauges are good for different purposes, and therefore it is useful to be able to work in
different gauges, and to switch from one gauge to another in the course of a calculation.?> When
one uses more than one gauge it is important to be clear about to which gauge each quantity
refers. One useful gauge is the comoving gauge. Particularly useful quantities which refer to
the comoving gauge, are the comoving density perturbation ¢ and the comoving curvature

perturbation
R=—yY. (15.1)

This is often just called the curvature perturbation, however that term is also used to refer to 1
in any other gauge, so beware! (There are different sign conventions for R and . In my sign
conventions, positive R, but negative 1, correspond to positive curvature of the 3-dimensional
7 = const. slice.

Gauges are usually specified by giving gauge conditions. These may involve the metric
perturbation variables A, D, B, E (e.g., the Newtonian gauge condition £ = B = 0), the
energy-momentum perturbation variables dp, dp, v, or both kinds.

22Thus we could have called this section “Adiabatic perfect fluid scalar perturbations”. The reason we did not,
is that mentioned in the earlier footnote. In this section we require the perturbations stay adiabatic the whole
time. Perturbations of general fluids, which are initially (when they are at superhorizon scales) adiabatic, acquire
entropy perturbations when they approach and enter the horizon.

220ne may even combine quantities of different gauges in the same equation to simplify the equations. This
may sound dangerous but is not, when one knows what one is doing.
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15.1 Slicing and Threading

The gauge corresponds to the coordinate system {x#} = {n,2'} in the perturbed spacetime.
The conformal time 7 gives the slicing of the perturbed spacetime into 1 = const. time slices
(3-dim spacelike hypersurfaces). The spatial coordinates z* give the threading of the perturbed
spacetime into z° = const. threads (I-dim timelike curves). See Fig. 3. Slicing and threading
are orthogonal to each other if and only if the shift vector vanishes, B? = 0.

Figure 3: Slicing and threading the perturbed spacetime.

In the gauge transformation,

7 = 2% 4 £, (15.2)
or

i = n+&

= 4, (15.3)

€0 changes the slicing, and ¢ changes the threading. From the 4-scalar transformation law,
85 = 65 — 50, we see that perturbations in 4-scalars, e.g., 6p and dp depend only on the slicing.

15.2 Comoving Gauge

We say that the slicing is comoving, if the time slices are orthogonal to the fluid 4-velocity.
For scalar perturbations such a slicing always exists. This condition turns out to be equivalent
to the condition that the fluid velocity perturbation v* equals the shift vector B?. For scalar
perturbations,

Comoving slicing B. (15.4)

s U=
From the gauge transformation equations (7.7) and (9.31),

= 1)—|—€,
B+¢+¢° (15.5)

5 =
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we see that we get to comoving slicing by ¢° = v — B.
We say that the threading is comoving, if the threads are world lines of comoving (with the
fluid) observers, i.e., the velocity perturbation vanishes, v* = 0. For scalar perturbations,

Comoving threading < v =0. (15.6)

We get to comoving threading by the gauge transformation ¢’ = —v. Note that comoving threads
are usually not geodesics, since pressure gradients cause the fluid flow to deviate from free fall.
The comoving gauge is defined by requiring both comoving slicing and comoving threading.

Thus
Comoving gauge < wv=B=0. (15.7)

(We assume that we are working with scalar perturbations.) The threading is now orthogonal
to the slicing. We denote the comoving gauge by the sub- or superscript C. Thus the statement

v¢ = BY = 0 is generally true, whereas the statement v = B = 0 holds only in the comoving
gauge.
We get to the comoving gauge from an arbitrary gauge by the gauge transformation
¢ = v
& = v-B. (15.8)

This does not fully specify the coordinate system in the perturbed spacetime, since only &' is
specified, not £. Thus we remain free to do time-independent transformations

=t — &(2);, (15.9)

)

while staying in the comoving gauge. This, however, does not change the way the spacetime
is sliced and threaded by the coordinate system, it just relabels the threads with different
coordinate values z°.

Applying Eq. (15.8) to the general scalar gauge transformation Egs. (7.7,15.47,9.26,9.27,9.31),
we get the rules to relate the comoving gauge perturbations to perturbations in an arbitrary
gauge. For the metric:

A® = A—(v—B) —H(v-B) (15.10)
BY = B-v+(-B)=0
DY = IV +H(w-DB)
E¢ = E+¢
¢ = —R = ¢y +H(w- B).
For the energy tensor:
6p¢ = dp—p(v—B)=0bp+3H(1+w)p(v— B) (15.11)

(v —
op¢ = dp—p'(v— B)=3dp+3H( +w)ctp(v — B)
§¢ = §+3H(1 +w)(v—B)
v = v—v=0
n“ = 1.

Because of the remaining gauge freedom (relabeling the threading) left by the comoving gauge
condition (only ¢ is fixed, not ¢), D¢ and E® are not fully fixed. However, 1C is, and likewise

EC =F —v. (15.12)
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In particular, we get the transformation rule from the Newtonian gauge (where A = @,
B=0,v=D=V, E=0) to the comoving gauge. For the metric:

AC = oV — 1N (15.13)
R = —U—HN
Ec/ = V.
For the energy tensor:
6p¢ = 6N +3HA +w)poY (15.14)
op¢ = N +3H1 4+ w)E Y

6¢ = N 4 3HA +w)oN.

Thus, for example, we see that in the matter-dominated universe discussed in Sect. 13,
Egs. (13.18,13.20) lead to

2 2
C _ 5N N _ 2 _ 2 -2
07 = 0" +3Hv ——2<I>+3—H2V¢>+2<I>— 3—7_[2V<I>0<H x a (15.15)
both inside and outside (and through) the horizon.
Note that in Fourier space we have included an extra factor of k in v, so that, e.g., Eq. (15.14)
reads in Fourier space as

69 = N 4 3HA +w)k TN . (15.16)

15.3 Mixing Gauges
We see that Eq. (15.14c) is the rhs of Eq. (10.13), which we can thus write in the shorter form:
VAU = 47Ga®poc . (15.17)

This is an equation which has a Newtonian gauge metric perturbation on the lhs, but a comoving
gauge density perturbation on the rhs. Is it dangerous to mix gauges like this? No, if we know
what we are doing, i.e., in which gauge each quantity is, and the equations were derived correctly
for this combination of quantities.

We could also say, that instead of working in any particular gauge, we work with gauge-
invariant quantities, that the quantity that we denote by §€ is the gauge-invariant quantity
defined by

6¢ =64+ 3H(1 +w)(v — B)

which just happens to coincide with the density perturbation in the comoving gauge. Just like
U happens equal the metric perturbation 1 in the Newtonian gauge.

Switching to the comoving gauge for § and Jdp, but keeping the velocity perturbation in the
Newtonian gauge, the Einstein and continuity equations can be rewritten as (Exercise):

VU = 3H%*¢ (15.18)
U—-® = 3IH*wl (15.19)
UV +HE = 3H*(1+w)w (15.20)
5
U 4+ (24 32 HY + HY + 3(c2 — wyH>® + LV2(® — 0) = gm% (15.21)
§¢ — 3Hwée = (14 w)Viuy + 2HwVTI (15.22)
dpc w
/ 2 2
= 2 I+ . 15.23
vy + Hoy g iV It (15.23)
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15.4 Comoving Curvature Perturbation

The comoving curvature perturbation
R = —¢° = - —H(w - B) (15.24)

turns out to be a useful quantity for discussing superhorizon perturbations.
From the second Einstein equation in the Newtonian gauge, Eq. (10.15), we have that

N __ 2 /
oN = 737—[2(14—11))(\1, +HD), (15.25)

so that the relation of the comoving curvature perturbation and the Bardeen potentials is

2

2 2
314+ w) (

-1/ S T _ -1/
H'U' 4+ ) = —-U 3(1+w)q) 3(1+w)H 4 (15.26)

R = -V -

Derivating Eq. (15.26),

R = —@’+L(H-1\y’+q>)—# —E\II’+H‘1\I/”+<I>’
3(1 4+ w)? 3(1+w) \ H2
2 -1 4 2 2 2
- o +oHY S,
3(1+w) 3(1+w) 3(1+w) 1+w

(where we used some background relations), and using the Einstein equations (10.17) and
(10.17), we get an evolution equation for R,

—314+wH 'R = HPV +H (' +20) +3c2 (H'WV + &) — 3wd
= H2U" + 24 3)H N + H 1Y 4 3(2 —w)®

k2 spV

E\? E\? spv
= - <ﬁ> U4l <ﬁ> (®—T)+3 <7 — c§5N> . (15.27)

From Sec. 12 we have

L (5o Loe 21503054
5= 301w (5 cgp> = 0p=c[op = 3(p + P)S] (15.28)

(valid in any gauge), so that Eq. (15.27) becomes the important result

2
—31+wH 'R = (%) [0+ (T — @) + 32 (1 +w)S. (15.29)
As an evolution equation, this does not appear very useful, since it mixes metric perturbations
from two different gauges. However, the importance of this equation comes from the two obser-
vations we can now make immediately: 1) For adiabatic perturbations, S = 0, the second term
on the rhs vanishes. 2) For superhorizon perturbations, i.e., for Fourier modes whose wavelength
is much larger than the Hubble distance, k < H, we can ignore the first term on the rhs. Thus:

For adiabatic perturbations, the comoving curvature perturbation stays constant outside the
horizon.

Adiabatic (scalar) perturbations have only one degree of freedom, and thus their full evolution
is captured in the evolution of R.
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A general perturbation at a given time can be decomposed into an adiabatic component,
which has § = 0, and an isocurvature component, which has R = 0. Because of the linearity
of first order perturbation theory, these components evolve independently, and the evolution of
the general perturbation is just the superposition of the evolution of these two components, and
thus they can be studied separately. Beware, however, that the ”adiabatic” component does
not necessarily remain adiabatic in its evolution, and the ”isocurvature” component does not
necessarily maintain zero comoving curvature. We later show that adiabatic perturbations stay
adiabatic while they are well outside the horizon.

Adiabatic perturbations are important, since the simplest theory for the origin of structure
of the universe, single-field inflation, produces adiabatic perturbations. Using the constancy
of R, it is easy to follow the evolution of these perturbations while they are well outside the
horizon.

Using Eq. (15.21) we can write the second line of Eq. (15.27) as

—31+wHR = U+ (2+32)HY +HP +3(c2 — w)yH?*®
dpc
2—

= 3N —ivi(@ - V) (15.30)

or (using Eq. 15.19)

op®© w 5¢ w
—lp 2 21 — 2 2 Ve
n _ﬁ+ﬁ_§1+wv B _CS<1+w_3S 314w I (15.31)

which is completely in the comoving gauge.

15.5 Perfect Fluid Scalar Perturbations, Again
With T=0 = ¥ =&, Eqs. (15.18,15.19,15.20,15.21,15.22,15.23) become

Ve = 3H*S5¢ (15.32)
P +H® = SH(1+w)y (15.33)
" 2 ’ 2 24, _ 34,20PC
§p — 3Hwée = (1 +w)Vioy (15.35)
dpc
N+ Hoy = P. 15.36
and Egs. (15.26,15.31) become
2
R = -0 — " (O +HD 15.37
314+ w)H ( +H ) ( )
C C
HIR = —_‘SL_ = - < L 38) (15.38)
p+D 1+w
and Eq. (15.34) as
H20" +3(1+ A)H ¥ +3(c2 —w)® = 3c2[6¢ — 3(1 + w)S]. (15.39)

which is Eq. (12.16), with just V2® replaced by 6 using Eq. (15.32). (I seem to be repeating
here some material from Sec. 12.) Our aim is to get a differential equation with preferably just
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one perturbation quantity to solve from, so this might seem a step backwards, replaceing one of
the ® with 6¢, but we can now go ahead and replace also all the other ® with 6¢:
Taking the Laplacian of this (Exercise), we get the Bardeen equation

H™26c" + (1 — 6w +3¢2) H™ ¢’ — 3 (148w — 62 — 3w?) dc = c2H *V? [6c — 3(1 +w)S] ,
(15.40)
a differential equation from which we can solve the evolution of the comoving density perturba-
tion for superhorizon scales (when one can ignore the rhs) and for adiabatic perturbations at all
scales (when § = 0).
For the general case we need also an equation for S. To be able to do this, we need to take
a closer look at the fluid, see Sec. 17 and beyond.

15.5.1 Adiabatic Perfect Fluid Perturbations at Superhorizon Scales

Rewrite Eq. (15.37) as
5+ 3w

ZHP + d=—-(1+w)R. (15.41)

If we have a period in the history of the universe, where we can approximate w = const.,
then, for adiabatic perturbations at superhorizon scales, Eq. (15.41) is a differential equation
for ® with w = R = const. for that period. This equation has a special solution

3+ 3w
=— R
5+ 3w
The corresponding homogeneous equation is
5+3
Moo+ e <
N dd 5+ 3w o
a— = —
da 2
=& = Ca 2"
so that the general solution to Eq. (15.41) is
3+ 3w 543w
b =— - . 15.42
5 3wR +Ca™ 2 (15.42)
If w = const. for a long enough time, the second part becomes negligible, and we have
3+3
D=2 i 3372 — const. (15.43)
In particular, we have the relations
2
Oy, = —ng (adiab., rad.dom, w = %, k< H) (15.44)
3
Oy, = —3Rk (adiab., mat.dom, w =0, k < H). (15.45)

While the universe goes from radiation domination to matter domination, w is not a constant,
so Eq. (15.43) does not apply, but we know from Eq. (15.45) that, &5 changes from —%Rk to
—%Rk, i.e, changes by a factor 9/10 (assuming k < H the whole time, so that Ry stays constant.
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15.6 Spatially Flat Gauge

The spatially flat gauge, denoted by the sub/superscript @, is defined by the condition that the
curvature perturbation 1 vanishes, i.e.,

P@ = 0. (15.46)
Since the metric perturbation 1 transforms as
) = ¢+ HE. (15.47)
we get to the spatially flat gauge by the gauge transformation
& = -H 'y, (15.48)

From the gauge transformation rule of the relative density perturbation (9.30),

6 = 6+ 3H(1 +w)el, (15.49)
we get that

69 = 6-3(1+w)p. (15.50)
In particular,

69 = Y +31+w)R, (15.51)

so that the comoving curvature perturbation R is proportional to the difference between the
relative density perturbations in the spatially flat and comoving gauges,

2 [ k\?
C+(=) v
+3<H>
where we used Eq. (15.18) for the latter equality. Thus for superhorizon scales we have the

correspondence

1
R = 30w (=5 =

1

30T 9) , (15.52)

1
~ ¢ 15.53
3(1+w) ( )
between the comoving gauge curvature perturbation and the flat gauge density perturbation.
We shall later use the spatially flat gauge to solve perturbation equations for scalar fields.

16 Synchronous Gauge

The synchronous gauge is defined by the requirement A = B; = 0. Synchronous gauge can be
used both for scalar and vector perturbations. In this section we consider only scalar perturba-

tions, where it means that
A =B? =0. (16.1)

(We use Z instead of S to denote synchronous gauge, so as not to confuse it with the scalar part
of a perturbation.)

One gets to synchronous gauge from an arbitrary gauge with a gauge transformation £* that
satisfies

O 4 HO =4 (16.2)
¢ =-¢"-B. (16.3)
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This is a differential equation from which to solve ¢°. Thus it is not easy to switch from another
gauge to synchronous gauge. We see that, like for comoving gauge, only the time derivative of
¢ is determined.

In the synchronous gauge the threads are orthogonal to the slices and the metric perturbation
is only in the space part of the metric,

hij = —2D?6;+2(E7; — +VPE?5;)
= 2976, +2E%,. (16.4)
From Eq. (A.2), setting A = B = 0, the Christoffel symbols are
Iy, = H (16.5)
ng‘ = 60 =0
Ty = M1 —29)6; + 2B — ;¢ + El;
o = Moy — oy + By
e = =0tk — Oty + St + B

From I'); = T}, = 0 follows that the space coordinate lines are geodesics. Namely, the geodesic
equations

B+ 000 = &0 4+ Hi%0 + )i’ = 0 (16.6)
B4 Thei®i’ = & 4 200;i% + Tydlak = 0 (16.7)

are satisfied by 2! = const. = i’ = 0 and #° = dn/dr = dt/adt = a = dt = dr. Thus
one can construct the synchronous gauge coordinate system by choosing an initial spacelike
hypersurface, distributing observers carrying space coordinate values on that hypersurface, with
their initial 4-velocities orthogonal to the hypersurface (i.e., they are at rest with respect to that
surface), synchronizing the clocks of the observers, and letting the observers then fall freely. The
world lines of these observers are then the space coordinate lines and their clocks show the time
coordinate (¢, not n).

We use Ma & Bertschinger[2] (hereafter MB) as our main reference for synchronous gauge
and adopt from their notation

h = —6D? =hi”
— Z _ nZ 172 7
= 2E%, (16.8)

so that
hij = ghdij + (9,05 — 56,V
= _2776ij + g - (169)
Unfortunately, the MB notation fro the synchronous curvature perturbation is the same as our
notation for conformal time (MB use 7 for the latter). Let’s hope this does not lead to confusion.
MB discuss the synchronous metric perturbation in terms of the variables h and 7, instead of
the pair h,u or n,u. In coordinate space this appears impractical, since to solve u from h and
7 requires integration (n = %(—h + V2u)). However, MB work entirely in Fourier space, where
n= —%(h + p) or g = —h — 6n. Thus, in Fourier space, the metric is
z ritimZ | 27
hij = —2D%6;; —2k'KE° + 5E76;;
%hém — klk]/i + %,U,(SZ]
= Ekh+ (KK - 15;)6n, (16.10)
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which is MB Eq. (4).
From Eq. (8.1), we get from the synchronous gauge to the Newtonian gauge by

{z-n = —E7 = -Lu (16.11)
From Eq. (7.9), the Bardeen potentials are
¢ — —HEZ/ _ EZ” — _%HMI _ %/,L//
v = 7 +HEY = n+ IH. (16.12)

One has to be careful when Fourier transforming equations which employ different Fourier
conventions for different terms. Thus, in Fourier space, Eq. (16.11) reads

1
and Eq. (16.12) reads
1 1
o = 52 (—Hy' —p") = 372 (R + 60" +H(K + 61)]
1
U = n———=H(R +67), (16.15)

2k?2
which is MB Eq. (18).
The opposite transformation, from Newtonian to synchronous gauge is, of course, just
g?VHZ = _6%—>N SN—>Z = _é.Z—>N7 (1616)

so we can easily express it in synchronous gauge quantities, which is actually what we typically
want.
We get the Einstein tensor perturbations from Eq. (A.7), setting A = B = 0,
6Gy = a ?[2k*¢ + 6HD'] (16.17)
6GY = a7 [-2iki)]
6Ghy = a ? [2iky]

0G: = a ?[2D" +k’D +4HD' — LK*E + LE" + 2HE'] 5

- 1
—hikja™* | D = 3B + -5

6G; = a2 [6D" +2k*p +12HD'] .

E" +2HE')

In the MB 7, h notation,

6Gy = a ?[2k’n—HH] (16.18)
QY = a 2[ 2@1{:@77]
Gy = a 2[22k‘m]
0G, = a P [=3h" — 0" —H(W +21) + K*n] &
1
—kikja™? —2(%h”+3n”+Hh’+6Hn’)

k
§G = a?[-h"+ 2k2n — 2HK] .
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The Einstein equations are thus

k*n— AHK = —4nGa?sp? = —3H?6% (16.19)
Ky = 4nGa®(p+ p)kv? = %H2(1+w)k‘vz
Z
' 4+ 2HK —2k*n = —24nGa’6p? = —9H25%
R’ + 60" + 2HN + 12Hn —2k*n = —167Ga®pll = —6H2wlIl,

which is MB Eq. (21). Note that MB uses the notation

0=V -7=—-V=kv and (p+p)o= %ﬁl’[. (16.20)
We get the continuity equations from Eq. (A.15), setting A= B =0 and D = —%h,
5p? = —3H(Sp7 +6p7) — (5 + D) (AN + k?) (16.21)
(p+ ﬁ)vzl = —(p+p)v? —aH(p+ p)w? + kop? — 2pll
5 Z
57 = —(1+w)(kv? + L) + 3K <w52 - %)
/ %) Z
v? = —H(1 —3w)? — UZ+_p_—% Y kI,
1+w p+p 14+w

The two last equations are MB Eq. (30).
Exercise: Derive the synchronous gauge Einstein equations and continuity equations from the cor-
responding Newtonian gauge equations by gauge transformation .

17 Fluid Components

17.1 Division into Components

In practice, the cosmological fluid consists of many components (e.g., particle species: photons,
baryons, CDM, neutrinos, ...). It is useful to divide the energy tensor into such components:

_ I
T) = ZTV(Z.) : (17.1)
which have their corresponding background and perturbation parts
P _ Fp _ I8
TY = ZTV(Z.) and 0T} = ZéTU 5 (17.2)

Here i labels the different components (so I'll use I and m for space indices).

Often the component pressure is a unique function of the component energy density, p; =
pi(pi), or can be so approximated (common cases are p; = 0 and p; = p;/3), although this is not
true for the total pressure and energy density.

The total fluid and component quantities for the background are related as

ﬁ:Zﬁi

]
Il

iNg
]
Il

>! M
S
>

/ —/ =/
¢ = = = 2P, = Z&C?, (17.3)
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where - .
_ P 2 _D;

w; = — and ==, 17.4

T L ( )

The total fluid and component quantities for the perturbations are related as

0 Di
5= L= N1y, (17.5)
p
where &; = dp;/p;. From
(p+p)u = Z(ﬁri-ﬁz’)vl(i) (17.6)
we get that
pi + Di
v = —— V(i 17.7
! 515 ) (17.7)
and from
Yim = ZEzm(i) = Zﬁiﬂlm(i)
we get that
Yim Di w;pi
m,, = =m — N~ P, o — P - 17.8
! 5 Zp @ = wp im0 (17.8)

17.2 Gauge Transformations

Perhaps I'll write more here someday . ..

Note that gauge conditions that refer to fluid perturbations, refer usually to the total fluid.
Thus, e.g., in the comoving gauge the total velocity perturbation v vanishes, but the component
velocities v; do not vanish (unless they happen to be all equal). Thus, the velocity v that
appears in the gauge transformation equations to comoving gauge refers to the total density
perturbation. For example the component gauge tranformation equations that correspond to
Eq. (15.14) read

opf = op) —p® (17.9)
opf = opN — pp~

o
6¢ = o — N,

P

Since the gauge transformations are the same for all components, we find some gauge invari-
ances. The relative velocity perturbation between two components ¢ and j,

v — vj is gauge invariant. (17.10)
Like the total anisotropic stress, also the component anisotropic stresses
II; are gauge invariant. (17.11)

We can also define a kind of entropy perturbation

Sy = —3H (% _ %) (17.12)

=

; /3;
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between two fluid components ¢ and j which turns out to be gauge invariant due to the way
the density perturbations §p; transform. The above is a special case of a generalized entropy

perturbation
ox oy
Szy = <? - ?> (17.13)

between any two 4-scalar quantities z and y, which is gauge invariant due to the way 4-scalar
perturbations transform. Beware of the many different quantities called “entropy perturbation”!
Some of them can be interpreted as perturbations in some entropy/particle ratio. What is
common to all of them, is that they all vanish in the case of adiabatic perturbations.

17.3 Equations

The Einstein equations (both background and perturbation) involve the total fluid quantities.
The metric perturbations are not divided into components due to different fluid components!
There is a single gravity, due to the total fluid, which each fluid component obeys.

If there is no energy transfer between the fluid components in the background universe, the
background energy continuity equation is satisfied separately by such independent components,

P = —3H(p; + i), (17.14)

and in that case we can write Eq. (17.3) as

2 ﬁz +pz 2
c; = c, 17.15
oy A 1715
and Eq. (17.12) as
0p; op; 0 0;
Sy=—bi O % 9 (17.16)
(1+w,~)p,~ (1+wj)pj 1+wi 1+wj
Likewise, the gauge transformation equations (17.9) become
opS = 6pl 4+ 3HA + wi) g (17.17)

opS = opN + 3H(1 4 wy)cEpo
6 = N 4 3HA +wi)".

7

But if there is energy transfer between two fluid components, then their component energy
continuity equations acquire an interaction term.

Even if there is no energy transfer between fluid components at the background level, the
perturbations often introduce energy and momentum transfer between the components. It may
also be the case that the energy transfer can be neglected in practice, but the momentum transfer
remains important.

In the case of noninteracting fluid components (no energy or momentum transfer), we have
the perturbation energy and momentum continuity equations separately for each such fluid
component,

T =0. (17.18)
v(i);p
For the case of scalar perturbations in the conformal-Newtonian gauge, they read
N/ 2, N / N 511?7
(6;") = (14w) (Vi +3V) +3H (wé; — —— (17.19)
Pi
! N
Ny N Wi N op; 2w 2
- = —H1 —3w;)v; — - = VAL 4+ ®. 17.20
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In Fourier space they become

N
(6N = (14+w) (—k‘vgN +30') + 3H (wicS;-N - 5%) (17.21)
/ N )
MY = H( - Bwe - W Ny RO 2 Wi g (17.99)

_ o]
L+w " pi+pi 31+w

If there are interactions between the fluid components, there will be interaction terms (“col-
lision terms”) in these equations.

Note that one cannot write the mized gauge equations for fluid components by just replacing
the fluid quantities in equations (15.22,15.23) with component quantities, since these equations
were derived by making a gauge transformation between the comoving and Newtonian gauges,
which involved the total fluid velocity.

For the case where energy transfer between components can be neglected both at the back-
ground and perturbation level, we can use Egs. (17.14) and (17.19) to find the time derivative
of the entropy perturbation S,

250N — 5o 25N — spN
Sy = V(o —v) + 3K G M M e W (17.23)
pi + Di pj +Dj
= V2(?}i — ?}j) — 9H (C?SZ — C?Sj) s
where 5 5

Di Pi
Si=H <T — T> 17.24
I (1724)

is the (gauge invariant) internal entropy perturbation of component i. If we have in addition,
that for both components the equation of state has the form p; = f;(p;), then the internal
entropy perturbations vanish?*, and we have simply

Sy = V2 (v —vj). (17.25)

In Fourier space Eq. (17.25) reads
_ k

showing that entropy perturbations remain constant at superhorizon scales k < H. In other
words, adiabatic perturbations (Sj; = 0) stay adiabatic while outside the horizon.

We can also obtain an equation for Sg from Eq. (17.20), if also momentum transfer between
components can be neglected.

In the synchronous gauge, Eqgs. (17.21,17.22) become

Sn?
(67) = —(1+w) (kv? + 10) + 31 <wi5iZ——§?> (17.27)
/ Z
Zy z w; 5 kép; 2w
. = —H(1—3w;)v? — . _Zz
) H wi)v; T+w "’ pitpi 31+uy

kII; . (17.28)

Since E does not appear in the general gauge scalar continuity equations (A.15), the only
difference in them when going from Newtonian to synchronous gauge (as both have B = 0) is
that U = D" is replaced by —%h = DZ and ® = AV is dropped as A% = 0.

24For baryons this requires that we ignore baryon pressure, since pp = py(ny, T) = np T, and pp, = pp(np, T) =
3
Ny (mb =+ 5T).
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18 Adiabatic and Isocurvature Perturbations in a Simplified
Universe

Consider the case where the energy tensor consists of two perfect fluid components, matter with
p = 0 and radiation with p = % p, that do not interact with each other, i.e., there is no energy or
momentum transfer between them. (Compared to the real universe, this is a simplification since,
while cold dark matter does not much interact with the other fluid components, the baryonic
matter does interact with photons. Also, the radiation components of the real universe, neutrinos
and photons, behave like a perfect fluid only until their decoupling.)

18.1 Background solution for radiation+matter

We have now two fluid components,
P =Pr+ Pm;

where

and Pm X a3,

and
Pm =0 and p?“:%pr~

The equation of state and sound speed parameters are

Wy = 2, =0 and w, =2 = z. (18.1)
We define a
y=2 = Pm (18.2)
Geq Pr
so that
pr_ 1 Pm _ Y prtpr 4 Pm+Pm 3y (18.3)
p  1+y p l+y p+p  4+3y p+p 44 3y ’
and
1 4+ 3y 9 4 2 3y
W= —— 1+w=——=— c,=—— 1—3c; = . 18.4
3(1+y) 3(1+y) * 3(4+3y) S 443y (184)
The Friedmann equation is
1 [da\? 81G 81G
2 _ _ 2 _ 4 -2
=2 <%> = T3 =3 (1+y)proaga
dy
= = 2Cdn,
VITy !
where
2nG a2
C= TPTOCL—O .
eq
The solution is
y = C*n? +207. (18.5)

At the time of matter-radiation equality,

Y = Yeq = C27702q + 2CT]eq =1 = Cneq = \/5 -1, (186)
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(2 v(2)

3 = \/gi = (\/§+ 1) TTeq (18.8)

so we can write the solution as

where

is the time when y = 3 (p,, = 3p;).
The Hubble parameter is

/

Y n+n3

/
HE“_:_:iw, (18.9)
a Y 13N + 31
At matter-radiation equality it has the value
2v2 1 4—2v2 2y2
Mg Y2 1422 22 (18.10)
\/5 +1 Tleq Tleq 3
At early times, n < 73, the universe is radiation dominated, so that
2 1
y%—n<<1 = axn = H=-xal. (18.11)
3 n
At late times, 1 > 73, the universe is matter dominated, so that
2 2
Y~ <E> >1 = axn? = H==-xa 2 (18.12)
13 n

When solving for perturbations it turns out to be more convenient to use y (or logy) as time
coordinate instead of 7. Inverting Eq. (18.7), we have that

B CVI+y-1
n= <m—1> n = 7\/5_1 Tleq » (18.13)
and
o= YITy2 VIt yHe (18.14)
y oom y V2
18.2 Perturbations
In terms of the component perturbations the total perturbations are now
1 y
5§ = 5, + O 18.15
1+y 1+y ( )
4 3y
= . m 18.16
44 3yv * 4+ 3yv ( )
and the relative entropy perturbation is
S=Smr = O — 25, (18.17)
From the pair (18.15,18.17) we can solve d,, and J, in terms of § and S:
34 3y 4
Om = 1) S 18.18
44 3y * 44 3y ( )
444 4
5, = s Y g (18.19)

443y 4+3y"
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Likewise we can express v, and v, in terms of the total and relative velocity perturbations, v
and v, — vp:

U = U+ 173 (U — vy) (18.20)
Uy v — 1 iy?)y (U — vp) . (18.21)
We can now also relate the total entropy perturbation S to S:
1 op 1 dp Y 1 9
S=——[(—-5=) = ... = S = 2(1-3c¢)S. 18.22
s (2% ey~ U7 (15.22)

The Bardeen equation (15.40) becomes now
H 20" + (1 — 6w +3c2) H "¢’ — 3 (1+ 8w — 6¢2 — 3uw?) d¢

2
_ 2 (%) [6c — (1 +w)(1 - 32)S]

B <%>2 <5C - %S) . (18.23)

We get the entropy evolution equation by derivation Eq. (17.25),
S = —k(vy—v) = S = —k(u,—). (18.24)

Using the vV evolution equations (17.22), this becomes (Exercise)

S" = Hk(vm — vy) + Hkv, + 1K%Y . (18.25)
Here the 6% is converted to the comoving gauge using the total fluid velocity (see Eq. 17.17),
6N =6% — 3H(1 4 w, )k~ N (18.26)
so that Eq. (18.24) becomes
4
" = Mk m — V) + k267 . 18.2
S H<4+3y>(v vp) + 7k°6; (18.27)

Replacing vy, — v, by —k~15” we get (Exercise) the Kodama-Sasaki equation

4 21
H 28"+ ——H S = <£> ( tYse_ Y S>. (18.28)

44 3y H 44 3y 4+ 3y
or )
1/k 1
—2.qn 29-1cr _ *(F (1 — 32
H S +3cH™ S 3<H> <—1—|—w5 (1-3c5)S |,

where § = 6¢.

The two equations (18.23) and (18.28) form a pair of ordinary differential equations, from
which we can solve the evolution of the perturbations 55(77) and Sg(n). Since the coefficient
functions of these equations can more easily be expressed in terms of the scale factor y, it may be
more convenient to use y as the time coordinate instead of 1. The time derivatives are converted
with (Exercise)

af
dy

& f df
1 o —2 .2 1
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and the equations become

d25 ds k2 y
2 3 2 3 2 2 _ 2
d*5 ds kEN? 14y y
2 1 2 C
ZZ41lq_3 6 - = (= oY — S
Y dy? 3l W CS)ydy <H> <4—|—3y 4+ 3y )
For solving the other perturbation quantities, we collect here the relevant equations:
3 (H\?
b = ——(—] ¢ 18.31
’ ( k) (18.31)
2 k
N —15/
= —— | = | (H "+
v 3(1+ w) <H> ( +9)

N = 5—3<%> (1 4 w)o

2
R = - &—— " (+HP
3(14+w)H ( )
When judging which quantities are negligible at superhorizon scales (k < H), one has to exrcise
some care, and not just look blindly at powers of k/H in equations which contain different per-
turbation quantities. From Eq. (18.31a) one sees that at superhorizon scales, a small comoving
d can still be important and cause a large gravitational potential perturbation ®. Eq. (15.38),

HIR = - L—zzs
14+w

may seem to contradict the statement that for adiabatic perturbations R stays constant at
superhorizon scales, but the explanation is, that R is then of the same order of magnitude as
®, whereas 0 is suppressed by two powers of k/H compared to ®. Using Eqs. (18.31a,18.22) we
rewrite (15.38) as

17
HOR 14+w3

L <%>2q>+ (1 —3c§)5] . (18.32)

18.3 Initial Epoch
For y < 1, the equations (18.23,18.28,18.30) can be approximated by

H2" —25 = -1 (%)2(5—115) (18.33)
H2S" +HIS = i<%>2(5—y5) (18.34)

or
y2%;5—25 = -1 (%)2 §—yS) = —g <7_Zq>2(y25—y35) (18.35)
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At early times, all cosmologically intersecting scales are outside the horizon, and we start by
making the approximation, that the rhs of these equations can be ignored. Then the evolution
of 6 and S decouple and the general solutions are

(5]; = AEy2 + BEy_l (18.37)
SE = CE+DEIHy' (18.38)

Thus, for each Fourier component lg, there are four independent modes. We identify the adiabatic
growing (A;) and decaying (By) modes, and the isocurvature?® “growing” (Cr) and decaying
(Dj;) modes. The D-mode is indeed decaying, since 0 < y < 1.

The decaying modes diverge as y — 0, but we can suppose that our description of the
universe is not valid all the way to y = 0, but at very early times there is some process that is
responsible for fixing the initial values of 4y, 5;;, Sy, and S]’; at some early time vy, > 0, and
fixing thus Ag, Bg, Cf, and Dy.

Let us now consider the effect of the rhs of the eqs. These couple the § and S. Thus it is
not consistent to assume that the other is exactly zero.

18.3.1 Adiabatic modes

Consider first the adiabatic modes (C}; = Dy = 0). The coupling forces the existence of a small
nonzero S, which at first is < 6. We can thus keep ignoring .S on the rhs, and for the § equation
we can keep ignoring the whole rhs. But for the .S equation we now have very small .S on the lhs,
and therefore we can not ignore the large § on the rhs, even though it is suppressed by (k/H)?,
or y2. Thus for adiabatic modes the pair of equations can be approximated as

H2" —20 = 0 (18.39)
k 2
H2S"+HTS = i<ﬁ> b (18.40)
or
d%s
2
— =20 = 18.41
d?S  dS 1/ k\?
2 2
— —_— = = d. 18.42
v TV, 5 <H0q> Y (18.42)
The solution for § remains Eq. (18.37), but we also get that
1/ k) 1/ k\°
o= () At o Bry. 18.4
e = 5 () 40+ 3 () oo 1549
Thus for the growing adiabatic mode
1 (k)2
- = — | = - 18.44
Sk 64 <H> 5k ( 8 )
and for the decaying adiabatic mode
1/ k\?

So you see that, although these are called adiabatic modes, the perturbations are not exactly
adiabatic! The name just means that S — 0 as y — 0. The entropy perturbations remain small
compared to the density perturbation while the Fourier mode is outside the horizon, but can
become large near and after horizon entry.

25The term “isocurvature” will be explained later.
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18.3.2 Isocurvature Modes

Consider then the isocurvature modes (A; = By = 0). Now the coupling causes a small § < S.
We can ignore the rhs of the S equation, but the large S cannot be ignored on the rhs of the §
equation. Thus for isocurvature modes the pair of equations can be approximated by

k 2
H2" —26 = +%<ﬁ>zﬁ (18.46)
H2S" +HTIS = 0 (18.47)
or
4?5 2( k\?
2o 25 = 4= 3 18.4
Y T3\a ) Y S (18.48)
d’s dsS
2
— — = 0. 18.4
The solution for S remains Eq. (18.38), but for the density perturbation we get
1/ k\? 1/ k\? 5
5 = - Coy® + — Dy (vPIny— =93 ) . 18.50
f =5 () ot () oe(m-o (15:50)

(For the decaying isocurvature mode the differential equation for ¢ is a little more difficult, but
you can check (Exercise) that the above is the correct solution.) For the growing isocurvature
mode we have thus that

1 (k)

So although the relative entropy perturbation stays constant at early times, the density pertur-
bation is growing in this mode. For the decaying isocurvature mode

1 (k) 5y 1 [ k\?

18.3.3 Other Perturbations
For the initial eboch, w = %, and Eqgs. (18.31) become

o — _g <%>25 (18.53)

N_lﬁ 15/
v = 2<H>(H <I>—|—<I>)

N = 5—4<%>UN

R = -3 1nte

For the growing adiabatic mode, we have

H 2
o = —%< l§q> A = const. (18.54)
= —3& = const. (18.55)
1 [k V2 [k
N
_ Y (kNS 18.
oo A (E)R - () aat
Vo= —2¢ = 4R (18.57)
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For the growing isocurvature mode, where S = const. we have

H
» = —Llys = —“pg 18.58
SY ok ( )
1
R = ——HeSn = 18y = —20 18.59
13 e = 159 ( )
1 k
N 2
= - S 18.60
Y 4+/2 <Heq> Y ( )
N 1 k 2 3 1 1
6 Hoq

Thus the growing adiabatic mode is characterized by a constant R and the growing isocur-
vature mode by a constant S. If both modes are present, and these constants are of a similar
magnitude, then the growing S associated with the adiabatic mode is negligible as long as
k < 'H, and the growing R associated with the isocurvature mode is negligible as long as y < 1.

Thus, after the decaying modes have died out, the general (adiabatic+isocurvature) mode is
characterized by these two constants (for each Fourier mode), which we denote by Ry (rad) and
Sp(rad). Including the two small growing contributions we have, during the initial epoch,

9 (MHeq\?
R = §< k:q> AE"‘inE = Rﬂrad)%—%ySE(rad) (18.62)
1 k 2 4 1 k * 4
St = 3 (ch> Agy” + Cp = Sp(rad) + ¢ <ch> Ry (rad)y
1/ k\*
= SE(rad)+§ 7 Ry (rad). (18.63)

18.4 Full evolution for large scales

The full evolution in the general case is not amenable to analytic solution, and has to be solved
numerically. This is not too difficult since we just have a pair of ordinary differential equations
to solve for each k. The results from Sect. 18.3 can be used to set initial values at some small y.
For large scales (k < keq = Heq) We can, however, solve the evolution analytically. We now
drop the decaying modes and consider what happens to the growing modes after the radiation-
dominated epoch.
Our basic equations are (18.32) and (18.28):

—1p/ 2 1 2 k ? 2
—2qn 29 /—1 ¢ 1 k 2 1 2

We see that for superhorizon scales, S;; = const. remains a solution even when the universe is
no longer radiation dominated. Since the other solution has decayed away, we conclude that

Sp = const. = Sp(rad) for E<™H. (18.66)

We can also see that, for the adiabatic mode, R;: stays constant for superhorizon scales,
since on the rhs, S} remains negligible for k < H. For scales that enter the horizon during the
matter-dominated epoch, the R; of adiabatic perturbations stays constant even through and
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after horizon entry, since ¢ becomes negligibly small, before k/H and S i become large. We can
thus conclude that

Rj = const. = Rp(rad) for adiabatic modes with k< keq - (18.67)

If the isocurvature mode is present, however, we cannot assume that S; is negligible for
superhorizon scales; it’s just constant, and we have, for k < H,

H'RL = (1-3¢)S;, (18.68)
o R 4
E
= Sz 18.69
dy (4 +3y)2 K ( )
Integrating this, we get
Y
Ri = Rp(rad) + 173y Sr(rad) for E<H. (18.70)

For k < keq, this has reached the final value Ry (rad) + %Sg(rad) when the universe has become

matter dominated, before horizon entry. After that, R stays constant even through and after
horizon entry by the same argument as for the adiabatic mode. Thus we conclude that

Rj = const. = Rp(rad) + %Sg(rad) for k <keq and 1> 1. (18.71)

For smaller scales, the exact solution has to be obtained numerically. It is customary to

represent the solution in terms of transfer functions Trpr (k) and Trs(k), which we can define by

R = const. = Trpr(k)Rj(rad) + %TRg(k)SE(rad) for 1> neq, (18.72)

so that Trr(k) = Trs(k) = 1 for k < kegq.
Finally, we can ask what happens to Sj; after horizon entry (Exercise). ...

19 Effect of a Smooth Component

Should add here a section about the effect of a fluid component, whose perturbations we ignore,
so that it affects only the background solution. The main application is dark energy. In case
dark energy is just a cosmological constant, it has no perturbations. If the dark energy is close
to a cosmological constant (w ~ —1), its perturbations should be small.

20 The Real Universe

According to present understanding, the universe contains 5 major “fluid” components: “baryons”
(including electrons), cold dark matter, photons, neutrinos, and the mysterious dark energy,

P = Po+pctpy+tpy+ppE- (20.1)

We shall here assume there are no perturbations in the dark energy.

We make the approximation that the pressure of baryons and cold dark matter can be
ignored.?® Thus p, = p. = 0 (both for background and perturbations). For photons, p, = p,/3.
We assume massless neutrinos, so the same relation holds for them. Thus we have

wb:wczcg:cz:0
— _ 2 _ 2 _ 1
wy = w, = ¢, = ¢, = 3. (20.2)

26For small distance scales the baryon pressure is important after photon decoupling. If we were interested
in small-scale structure formation, we should include it. Now our main interest is the CMB, where we are not
interested in as small distance scales.
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Moreover,

opp = Opc = 0
opy = 30p,
opy, = %5@/ . (20.3)

Thus we have the happy situation, that for each component we have a unique relation
p;i = pi(p:), which moreover is very simple, either p; = 0 or p; = p;/3. (Also, the simplest kind
of dark energy has ppr = —ppE.

The components are, however, not all independent. Cold dark matter does not interact
with the other components. We can ignore the interactions of neutrinos, since we are now only
interested in times much after neutrino decoupling. But the baryons and photons interact via
Thomson scattering.

Our continuity equations for perturbations are thus (for scalar perturbations in the conformal-
Newtonian gauge)

S = V2. + 3V (20.4)
v, = —Hu.+®

6, = V2, + 30 + (collision term)

v, = —Huvp+ @+ collision term

8, = 3V20, + 49’ + (collision term)

v; = %57 + %V2H7 + @ + collision term

5, = 3V, +4V

v, = 16, + VL, +®.

We have put the collision terms for d; and 5; in parenthesis, since it will turn out that they can
be neglected, and only momentum transfer between photons and baryons is important.
In Fourier space these equations read

6. = —kv.+ 30 (20.5)
v, = —Hv.+k®

&, = —kuvy+ 3V + (collision term)

v, = —Huvp,+ k® + collision term

8, = —2kv,, + 4V + (collision term)

vi/ = %k’&y — %k‘H«, + k® + collision term

8§, = —3kuv, +4V

v, = k&, — kI, + k®.

(Remember our Fourier convention for v and II.)

These equations are supplemented by 2 Einstein equations (there are 4 Einstein equations
for perturbations, but since we are also using continuity equations, only two of them remain
independent). Thus we have 10 perturbation equations, but there are 12 perturbation quantities
to solve. (If we think of the Einstein equations as the equations for ® and V¥, the “extra”
quantities lacking an equation of their own are the anisotropic stresses I, and II,. In the
perfect fluid approximation these vanish, and the number of quantities equals the number of
equations.) Also, we do not yet have the collision terms.
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Thus more work is needed. This will lead us to the Boltzmann equations which employ a
more detailed description of the fluid components, in terms of distribution functions.

In synchronous gauge one can simplify the cold dark matter equations, since cold dark matter
falls freely (in our approximation). Thus we can use cold dark matter particles as the freely
falling observers that define the synchronous space coordinate, so that

vZ =0. (20.6)

In synchronous gauge Eqgs. (20.5) become thus

5, = —in (20.7)
v = 0

§, = —kvy,— $h' + (collision term)

v, = —Huvp,+ collision term

& = —3kvy — 21 + (collision term)

vfy = %k‘&y — %k;HV + collision term

5, = —3kv, — 2K

v,’, = %k’éy — %krl'[,, .

21 Early Radiation-Dominated Era

The initial conditions for the evolution of the large scale structure and the cosmic microwave
background can be specified during the radiation-dominated epoch, sufficiently early that all
scales k of interest are outside the horizon. We do not want to deal with the electron-positron
annihilation or big-bang nucleosynthesis (BBN), so we limit this time period to start after BBN.
We assume it is sufficiently far after whatever event created the perturbations in the first place,
so that we can assume that all decaying modes have already died out.

We are not just specifying “initial values” at some particular instant of time. Rather, we solve
the perturbation equations for this particular epoch, and find that the solutions are characterized
by quantities that remain constant for the whole epoch. Other perturbations quantities are
related to these constant quantities by some powers of kn. These perturbations during this
epoch we call the “primordial perturbations”.

There are different modes of primordial perturbations. In adiabatic perturbations all fluid
perturbations are determined by the metric perturbations. However, the metric perturbations
depend only on the total fluid perturbations d, d,, v, and II. Thus there are additional degrees
of freedom in the component fluids: entropy perturbations. For adiabatic perturbations, all
component velocity perturbations are equal, v; = v, and the density perturbations are related

0 0

= . (21.1)
1+w, 14w
The (relative) entropy perturbations are defined
dpi  Opj i 0
Sy = g (0 e} 9 (21.2)
P; Pj 1+w; 14w

(we assume we can ignore energy transfer between fluid components).
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For N fluid components, there are N — 1 independent entropy perturbations. Often photons
are taken as the reference fluid component for entropy perturbations, so that the independent
entropy perturbations are taken to be

5; 3
—t 55
14w, 47

i =

it (21.3)

For this section, we shall work mainly in the Newtonian gauge. Unless otherwise specified,
§ = 6" and v = vV (!!). The relevant equations are the Einstein equations (10.17):

2
HW 4+ @+ 1 <%> v o= -1 (21.4)
HW +o = g(1+w)%v (21.5)
7H’ k> 5
H2U" + HH (@ +20) + <1 + 37 > - <ﬁ> (®-T) = %Ep (21.6)

(%)2@—@) = 3wll, (21.7)

the fluid equations (20.5), and we also want to refer to the comoving curvature perturbation

2 2
R = —V¥-— d— ~ly!
S0 +w) 301wt
2 2
= Sy > +33wa1 = (FwR+ (V- 2) (21.8)

(from Eq. 15.26).
The early radiation-dominated era has 4 properties which simplify the solution of the per-
turbation equations:

1. All scales of interest are outside the horizon, k& < H. This allows us to drop some (but
not necessarily all) of the gradient terms (those with k) from the perturbation equations.

2. Radiation domination, py, p, > py, pe, PDE

1
= the background solution is H=—, (21.9)

Ui

S w=c =

=

and we can ignore the baryon, CDM, and DE contributions to the total fluid perturbation.
We can also ignore the collision term in the photon velocity equation (but not in the baryon
velocity equation) since the momentum the baryonic fluid can transfer to the photon fluid
is negligible compared to the inertia density of the photon fluid.

3. This era is before recombination and photon decoupling, so baryons and photons are tightly
coupled
= vy =, (21.10)

and the continuous interaction with baryons (really the electrons) keeps the photon dis-
tribution isotropic
= 1, =0. (21.11)

4. m, < T =  We can approximate neutrinos to be massless. This helps in solving
the evolution of the neutrino momentum distribution. We do not discuss this here; this
belongs to the course of CMB Physics, and we need to take one result from there.
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Thus we have

0 = (I—=fo)oy+ fuo,

n = fI,. (21.12)
where
_ Pv _
fr = = const. ~ 0.405. (21.13)
Pyt Py
The relevant equations thus become
4 [k
—1 -1
H (5; = —g <ﬁ>’0—y+4H \I//
1/k k
-1 _
4 [k
-1 — _ - Y 4 —I\P/
H™6, 3 <H>U +4H
1/k 1/k k
o= Z(Z)e—-=(= )1, — | P.
[ 4<H> 6<H> \H
and
HW +o = —15 (21.14)
HV + 0 = 2%2} (21.15)
H2O +H (@ +20) -0 = L6 (21.16)
O\ 2
— v—®) = fII, 21.17
(5) @-® = 1 (21.17)
%H‘1W’+2\II = —%RJ%(@—@), (21.18)

21.1 Neutrino Adiabaticity
We consider now the simpler case, when there are no neutrino entropy perturbations,
S, =0 = 0,=6,=90 and Uy =0y =0. (21.19)

We allow for the presence of baryon and CDM entropy perturbations. However, during the
radiation-dominated epoch their effect on metric perturbations is negligible. Thus the evolution
of metric perturbations are as if the perturbations were adiabatic.

In the simpler case discussed in Sec. (18), where we had ® = ¥, we found that the growing
adiabatic mode had ® = ¥ = const. Guided by that, we now try the ansatz

® = const. and W = const. (21.20)
and check that it is a solution. The Einstein and R equations are satisfied with

0y =0,=0 = —2& = const. (21.21)
k k
<ﬁ><1> = -1 <ﬁ>5 = Skn® (21.22)

k 2
n = (ﬁ) (U — @) (21.23)
U+ 3

R = —( ®) = const. (21.24)

Vy=Vy =0V =
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In the ¢/, and d;, equations we can now ignore the (k/H) terms, and we see that they are also
satisfied. Using H = 1/n the velocity equations become

1
nvi/ = Zk:n&y + kn®
) 1 1
nv, = Zk:n&, — ék‘nH,, + kn®.

Here the II,, term can be ignored since II,, is suppressed by (k/H)? compared to ¥ and ®, and
we then see that these equations are also satisfied.

We are still missing a piece of information that would tell us what ® — W, or, in other words,
what II, is. The neutrino anisotropy II, depends on the neutrino momentum distribution.
Before neutrino decoupling, interactions kept II, = 0. After neutrinos decoupled, neutrinos
have been “freely streaming”, i.e., moving without collisions through the perturbed universe. In
CMB Physics we derive a so-called Boltzmann hierarchy of equations that relates the evolution
of the different moments of the neutrino momentum distribution to each other. Using these
one can show that, starting from II, = 0, one obtains for superhorizon scales a “decreasing
hierarchy”, where the effect of the higher moments on lower moments can be ignored. The
evolution of the “second moment” II, depends then only on the “first moment” v,, and the
relevant equation is

8 [k
—1yy/
I, = - (= )v. 21.2
This finally allows us to solve (Exercise):
U = (1+2f)® ~ 11629 (21.26)
2
m, = g(k‘n)QCI) (21.27)
R = _3 1—|—if ® = const (21.28)
2 15°7) " ' ‘
2 1
¢ = —-——F—R =~ —0.6017TR (21.29)
2 1+2
= ——%R ~ —0.6992R . (21.30)

(We see that the perfect fluid approximation, which gave ¥ = & = —%R, led to a 10% error
in ® and to a 5% error in V.)

21.2 Matter

During the early radiation-dominated era, the metric and the radiation perturbations do not
care about matter perturbations, but matter perturbations will become important later, and
therefore we are interested in their “initial” behavior in the radiation-dominated era. The



21 EARLY RADIATION-DOMINATED ERA o7

continuity equations for baryons and CDM are

HLSL + (%) ve —3H W = 0 (21.31)

HLo, + <%> vy — 3HT'W = 0

H‘lvé—i-vc—(%)(l) = 0

H ) + vy — (%) o = aneafpi—f;(z}7 — ),
where the collision term in the last equation is derived in CMB Physics, o is the Thomson
cross section for photon-electron scattering, and n. is the free electron number density. Well
before photon decoupling, an.or(4p,)/(3pp) is very large, and the collision term forces v, = v,
(baryons are tightly coupled to photons).
For the above photon+neutrino adiabatic growing mode solution, these become

né. + knve = 0 (21.32)
no, + knuy, =
nh+ve—kn® = 0
/ o 4p’y
nu, +vp — kn® = ancop——(v — ).
3pp

21.2.1 The Completely Adiabatic Solution
One solution for Eq. (21.32) is the completely adiabatic solution:
de = & = %5 = —%CD = const. (21.33)
Ve = Vp = U = %k‘n@.
To check this, substitute Eq. (21.33) into Eq. (21.32). This gives
0+ 3(kn)’*® = 0

for the § equations, and
%k:n(I) + %k:n(I) —kn® =0,

so the equations are indeed satisfied. The § equations are satisfied to accuracy (kn)? < 1, i.e.,
in a Hubble time, §; will deviate from its initial value —%Cb by about —%(kzn)2@, a negligible
change.

21.2.2 Baryon and CDM Entropy Perturbations

There are three independent entropy perturbations: the neutrino, baryon, and CDM entropy

perturbations,
S,=20,-0y) Sp=6—25, S.=6.—30,. (21.34)

Their evolution equations are
S, =—k(vy, —vy)  Sp=—k(ny—vy)  S.=—k(ve—10y). (21.35)

The relative entropy perturbation stays constant unless there is a corresponding relative ve-
locity perturbation.
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Entropy perturbations also tend to stay constant at superhorizon scales®’ , as

HS = — <%> (vi — vy). (21.36)

Assume now the neutrino-adiabatic growing mode solution of Sec. 21.1. This assumes S, = 0,
but we may still have baryon and CDM entropy perturbations.
The baryon and neutrino density perturbations are

6p=3564+5 and 6. =35+S.. (21.37)
Since baryons are tightly coupled to photons, v, = v, = v, we have
S;=0 = S,=const. = J, = const. (21.38)
For CDM we do not have this constraint. Write
Vpel = Ve —V = U= %k‘n@ + Vrel - (21.39)
Eq. (21.32c) becomes

NEk® + vl + $kn® + v — kn® = 0

/ —1
= 0 = —Urel = Upegl X7 .

rel

Thus we have
ve = 2(kn)®+Cn7t. (21.40)

from which we identify a growing mode and a decaying mode. As time goes on, the decaying
mode decays away, and v. — v. Ignoring the decaying mode, we have

ve=v = S.=const. = J.= const. (21.41)

Thus (assuming neutrino adiabaticity), the “initial conditions” at the early radiation-dominated
epoch can be specified by giving three constants for each Fourier mode k: dy(rad), S p(rad),
and Sb,;(rad). The general perturbation is a superposition of three modes, where two of these
constants are zero:

(®,S:,5) = (9,0,0) adiabatic mode (AD) (21.42)
(®,S:,5) = (0,5.,0) CDM isocurvature mode (CDI)
(®,S:,5) = (0,0,S) baryon isocurvature mode (BI).

In the following we shall use R instead of ® (see Eq. 21.28) as the first initial value constant
(since it is better in staying constant also later).

21.3 Neutrino perturbations

Perhaps I will do this someday ...

2"This property is not as general as the constancy of R at superhorizon scales: The result (21.36) relies on two
assumptions: 1) no interaction terms in the component energy continuity equations, and 2) the component fluids
have a unique relation p; = p;(p;). Note also that this does not hold for the “total entropy perturbation” S.
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22 Superhorizon Evolution and Relation to Original Perturba-
tions

See Section 13.2 of CMB Physics 2004.

23 Gaussian Initial Conditions

See Section 14 of CMB Physics 2004.

24 Large Scales

See Section 15 of CMB Physics 2004.

25 Sachs—Wolfe Effect

Consider photon travel in the perturbed universe. The geodesic equation is

d2zt " dx® dzP
- 25.1
du? thas du du 0, (25.1)

where u is an affine parameter of the geodesic. For photons, we choose u so that the photon

4-momentum is
dzt

P = du (25.2)
which allows us to write the geodesic equation as
" a8
= +I,5p"p” = 0. (25.3)
Dividing by p® = dn/du, this becomes
dpu+1““ppﬁ_o (25.4)
dn 7oph
In the following, we need only the time component of this equation,
dp° p'p’
R N +I9, = =0. 25.5
o+ T+ 213, = (25.5)

Assuming scalar perturbations and using the Newtonian gauge (the I' 3 from Eq. (8.6)), this
dp°

becomes o

0 k n %ip'p’

d—n+(H+<I>)p +2® p" + [H — 2H(® + ) — O] 5

These 4-momentum components p* are in the coordinate frame. What the observer interprets

as the photon energy and momentum are the components p# in his local orthonormal frame.
Since the metric is diagonal, the conversion is easy, p” = /| Guulp* (for a comoving observer):

=0. (25.6)

EEpG =

avV1+20p° = a(1 4 ®)p’
po= aV1I-20p =a(l—T)p. (25.7)

Since photons are massless, £? = 5ijp2pj.
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In the background universe, the photon energy redshifts as F oc a=! < aF = const. In the
presence of perturbations, ¢ = aF # const. Thus we define ¢ and ¢,

g=aF = a2(1 + <I>)p0 = p’= a_2(1 —d)q
d=ap=a®(1-V)p = p=a}(1+0)¢ (25.8)

where ¢ = 8:54'¢’, as suitable quantities to track the perturbation in the redshift.
Rewriting Eq. (25.6) in terms of ¢ and ¢ (and dropping 2nd order terms) gives (exercise)
dq dd
1-®)— =q¢— —
( ) = Ty
Here the rhs is 1st order small, therefore dq/dn is also 1st order small, and we can drop the
factor (1 — ®). Dividing by g we get
1d dd 7- Vo
Ldg _d® g o0 VE (25.10)
qdn  dn q
Here the total derivative along the photon geodesic is
d o dzF o

—_— =4 — 25.11
dn 877+d77 Oxk (25.11)

' —2¢"® ; + qV'. (25.9)

and ( W N )
q 1-U)p P dx
R S S VNS h 25.12
AT S to Oth order (25.12)
so that )
q-Vo dz"” 0P d® 09
-2 =2 — —_9( === 25.13
q dn Oxk dn 0n)’ ( )
so that Eq. (25.10) becomes
1dq dd , p
S T e 25.14
gdn  dn (#-14)

The relative perturbation in the photon energy, dE/E, that the photon accumulates when
traveling from @, to x,ps in the perturbed universe is thus

oE dq dgq / / ’ /
— = —=[ === [d®P+ [ (P +V)d
L q q ( )dn

Tobs (9D O
= q)(w*)_q>($obs)+/ (0_77+6_77> dn, (25.15)

where the integrals are along the photon path.
For a thermal distribution of photons, a uniform relative photon energy perturbation corre-
sponds to a temperature perturbation of the same amount:

oT 0E
- = _, 25.1
<T>jour E (5 6)

Here “jour” refers to the temperature perturbation the photon distribution accumulates on the
journey between x, and xps.

The other contributions to the observed CMB temperature anisotropy are due to the local
photon energy density perturbation and photon velocity perturbation at the origin of the photon,
on the last scattering surface:

(5%>im = 15 (x.) —d(xs) 7, (25.17)
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where 7 is the direction the observer is looking at.

For a given observer, the ®(x.s) part is common to photons from all directions, and the
observer interprets it as part of the mean (background) photon temperature. Thus the observed
CMB temperature anisotropy is

6T Tlobs
= e - @y ate@) s [ (

o> Ov
T an _>d77

+ 25.18
an o (25.18)
(There is also a contribution from the motion of the observer that causes a dipole pattern in
the observed anisotropy. To get rid of that, the dipole of the observed anisotropy is subtracted
away from the observations before any cosmological analysis.)

For large scales, much larger than the horizon size at photon decoupling, the Doppler effect

—oN(z,) - 7 is small compared to the other terms. The contribution

oT
G)SW = 10V (x,) + D(x.) (25.19)

is called the ordinary Sachs—Wolfe effect, and the contribution

5T /%bs <a<1> am)
— = — 4+ —|d 25.20
( T >ISW \ on " on ) ( )

is called the integrated Sachs—Wolfe effect.
For more, see Section 15.3 of CMB Physics 2004.

26 Matter Power Spectrum

See Chapter M of CMB Physics 2004, which is based on Chapter 7 of Dodelson[3]. Note that the
multipole moments of the photon brightness function ©, are related to the ©}* of CMB Physics
2007 and to perturbations of the photon energy tensor by

0y = 0) oY

=

5, O

11l
Wl

Wl

v, . (26.1)
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A General Perturbation
From Eq. (3.8) we have that the general perturbed metric (around the flat Friedmann model) is
ds* = a*(n) {—(1 + 2A4)dn* — 2B;dndx" + [(1 — 2D)é;; + 2E;;] da'dz’ } . (A.1)

The Christoffel symbols are

gy = H+A (A.2)
Iy, = —HB;+A;
IY% = H[(1—24-2D)5; +2E;;] + 5(Bij + Bji) — 6D’ + Ej;

' = —MB;—Bi+A;

0 = Mdij+5(Bji— Bij) — D'dyj + Ejj

;"k = H(S]kBZ — 5;D7k — 5]2;D7j + 5jkD,i + Eing + Eik,j — Ejk,i .
and we have the Christoffel sums

v = 4H+ A —3D (A.3)
re = Ai—3D;.
Note that the Christoffel sums contain only scalar perturbations. Thus for vector and tensor

perturbations, these sums contain only the background value Fgu =4H.
The Einstein tensor is

Gy = 3a—2H2 +a 2 [-2V?D + 6HD' + 6H*A — 2HB; ; — Ep, i1 (A.4)
G) = a?[-2D; —2HA; — 3(B;xk — Brir) — Eir )
6 = a 2D, +2HA; +1 (BZ-M — Byak) + 2H'B; — 2H°B; + Ejy ]
Q —2
G = ( 2 - H*) b
-2

[2D" = V(D — A) + H2A" + 4D') + (4H' + 2H*)A — B}, — 2HByp i — Epu il 65
“2[(D = A)i+ 5(Bi; + Bj;) + H(Bij + Bji) + Efj — VEij + Eig jk + Ejkix + 2HE}]
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For scalar perturbations, the perturbation in the Einstein tensor becomes

6GY
6GY
6GY
G}

2 [-2V2Y + 6HD' + 6H*A + 2HV>B)| (A.5)
2 [—2¢); —2HA]

2 (29, + 2HA,; — 2H'B,; + 2H*B;]

—2 [2D” V(D — A) + H2A' +4D') + (4H' + 2H*)A + V°B' + 2HV’B] ¢!
+a % [-3V*(V’E) — 1V°E" — 2HV?E'] 6

+a 2 (D~ A~ B —2HB+E"+ 3V’E + 2HE') ..

The trace of the space part is

6GY = a2 [6D" — 2V*) + 2V? A + 3H(2A' + 4D') + (12H' + 6H*)A + 2V?B’' + 4HV?B] .
(A.6)
In Fourier space these read as
6Gy = a ?[2k*¢ + 6HD' + 6H>A — 2HkD] (A.7)
6GY) = a? [-2ikp) — 2iHk; Al
oGl a™% [2iki)’ + 2iHk; A — 2iH'k; B + 2iH?k; B]
6G5 = a? [2D” + k(D — A) + H(2A' + 4D') + (4H' + 2H*)A — kB' — 2HkB] &
+a ? [-LK*E+ LE" + 2HE'] 6!
1 H
-9 1
—kikja™? | D — A~ EB’ —2-B 3B+ 5 (E” +2HE)
6G: = a2 [6D" +2k*p — 2k* A+ H(6A + 12D') + (12H' + 6H*)A — 2kB' — 4HkDB] .
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The general perturbed energy tensor is

T(g] = —p—94p (A.8)
Y = (p+p)(vi—B)

Ty = —(p+D)vi

T, = po,+ opds + pll;

The energy continuity equations

., =10, + 8,1 -1, 1 =0 (A.9)
become the background equation
p+3H(p+p) =0 (A.10)
and the fluid perturbation equations
6 = —3H(6p+dp)+ (p+p)(3D' —V -7) (A.11)
(p+p)(vi—Bi) = —(p+p)(vi—B;) — 4H(p + p)(vi — By)

—0p,i — pllij; — (P + D) Ay
For scalar perturbations, the fluid perturbation equations become
5p = —3H(0p+6p)+ (5+Dp)(3D' + V) (A.12)
(p+p)v—B) = —(p+p)(v—-B)—4H(p+p)(v— B)
+0p + 5PV T+ (5+P)A.

Using 0 = dp/p and background relations, these can be written

0
& = (1+w)(V+3D')+3H <wp — ?p> (A.13)
op w
By = _ — 22\ (g — 2 2
(v — B) H(1 — 3c5) (v B)+ﬁ+ﬁ+3l+wVH+A'

The factor H(1 — 3¢2) can also be written as (1 — 3w)H + w'/(1 + w).
In Fourier space these are

5p = —3H(5p+0p)+ (p+p)(3D' — kv) (A.14)
(p+p)v—B) = —(p+p)(v—B)—4H(p+p)(v—B)
+kdp — 2kpIL + k(p + p) A
§ = (1+w)(—kv+3D")+3H <w —5—_p>
p
(v—B) = —H(1—3w)(v_3)—1iw(v—3)+pkjpp—§l —KIL+ kA
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