
Lecture II

·Review

·Big picture low evolution

·Cosmological perturbations in GR



Big picture:
-> We will study linearized Einstein

equations for perfunctions on

the metric and various matter

components around FRN background,
we will work mostly in tourier space.

-> It will be important to distinguish
modes that are inside andoutside

of thecosmological horizon

-> Important ate the perturbations
thatdo not decay with time

-> Prior to recombination perturbations
mostly escillate - observed in CMB

anisotropies.

-> Alter recombination growth is the
most importantfeature - observed in

large scale structure.



Cosmological Perturbations in GR

FRN reminder and conformal time.

da=a(y)[-dy+dx:dxi]

a(n)dy = dt

H =a =a
Friedmann eq:
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Gauge and perturbations

da=a(n) Umidydx

Wo = ym0+ha0(x)
+4 =F(y) +dTp(x)

Einstein eq for perturbations:

&GY =8568Ty

8(4+r)) =0

We raise indices of perturbations
with 10:

e.g. hm-yoxhxd
geizya0_Grd
ge =r(yr-440)



Difleomorphisms:

gro -gro +rz +g
4r =4r0-dr4-08-

-2y2x Chrs small)

Let's lix thegauge by imposing
4
gauge conditions on hid

how to is 3 conditions,

There is a residual gaugeinvariance,that we will use later.

· Energy-momentum tensor of idol Mudd:

T =(+puno-sp
P =

p
+0p =

p
+d



· 4-velocity ur

groum=-1 - I

go =a i =0
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5 +3(5p +(p) +(+p)(div, -Ih) =0
(h =hii)

di5p +(p +p)(4Vi+0ihoo) +
+[vi(p+p)] =0

stress tensor

Fourder transform and conservation

heli cities

Background is translational invariant -
-use Ranier transform for perturbations

holy, x) =SdYkeinxho(k)
same for up, up, wi

die> ik;

q(n) =a(physical momentum)
Modes of different momenta do not mix



Background is also rotationally
invariant. picking t leaves SO(2)
unbroken.

Scalar components:
- scalars

- vectors - Ki (Vin kil
- tensors dij, ki.kj

Vector components,
- vector 1 E viki =0

Mansor components:
- traceless tensor transverse to k

TT

hit=0 kihi; = O

Rotations do not mix different
helicities

o



how:2P
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Scalar Perturbations

At the linear level perturbations
of differenthelicities do not mix
Isame as low different momental
Scalet part. are the most important (also hardest)

Now let's use the residual gauge

Greedom:gi=- die 3 =0, 0

leaves hoi =0 (

hij =hij -2didso-2adija



We can chose of to bill E.
this leaves the following scalat degrees
of freedom:
Low-2P, hij=-24dij
8i =div, e, Op

di=a?(y)) - (+24) dy2 +(x+24)dx2)
the Einstein equations reduce to

4 =- P

xP -zp-3aq=4iGaror
9 +a =-4Ga((p+p)v) rot

8" +3g +za - ?)P =intadprt

tot - because we include the

possibility of having several components



We also slightly simplify the

conservation equations;

8 x +3(8x+5ps) +(p x +px).
·(Aux - 30) =0

I

((8x +px)vx] +y=(x +px)2x +

+8px +4x +px)P =0
For each component 3

5Px =Wdx



Subhorizon and Super horizon
regimes

q(y) =an cet cy) or x H(y)
Isuper (subL

decelerated expansion:

a xc.t,H- =2I
1=> modes enter horizon
H

accelerated modes exit.
H

:




