Inhomogeneous universe
(aka what's in those black boxes called CAMB and CLASS)
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Dark energy
accelerated
expansion

Cosmic Microwave Structure

Background radiation formation
Accelerators is visible
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Overview...

The distribution of matter in the universe, even on large scales, is not
exactly homogeneous and isotropic!

Redshift (2)
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Red galaxies observed by the

Intergalactic hydrogen clouds
Sloan Digital Sky Survey (simulations)



Overview...
The cosmic microwave background radiation is anisotropic.

2.73 K background

~ 107 temperature
fluctuations
(~ 7 deg resolution)

~ 0.2 deg resolution




Overview...

The cosmic microwave background radiation is anisotropic.

State-of-the-art:

* Temperature and polarisation
fluctuations from Planck 2018

* > (0.2 deg: WMAP (9-year data
public)

* < 0.2 deg: DASI, CBI, ACBAR,
Boomerang, VSA, QuaD, QUIET,
BICEP, ACT, SPT, etc.
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Matter power spectrum...

Measurements circa 2018
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. «“ . ” L34,
Six-parameter “vanilla” fit: Optical depth to reionisation,
/ CMB only

— 2 2
Pyanilla = (-Qch ) Qbh h, ng, AS' T) Assumes flat geometry

/ K zﬂi 1
Energy content: Cold dark .

Expansion rate . .
P Initial conditions [
m) (O,

Fixes dark energy density

matter density, Baryon density,

TT+lowE TE+lowE EE+lowE TT,TE,EE+lowE TT,TE,EE+lowE+lensing  TT,TE,EE+lowE+lensing+BAO
Parameter 68% limits 68% limits 68% limits 68% limits 68% limits 68% limits

Quh?. ... 0.02212 £0.00022  0.02249 + 0.00025  0.0240 + 0.0012 0.02236 + 0.00015 0.02237 + 0.00015 0.02242 + 0.00014
QM. ... 0.1206 + 0.0021 0.1177 + 0.0020 0.1158 + 0.0046 0.1202 + 0.0014 0.1200 + 0.0012 0.11933 + 0.00091
1006yc + - o v e 1.04077 £ 0.00047  1.04139 +0.00049  1.03999 + 0.00089  1.04090 + 0.00031 1.04092 + 0.00031 1.04101 + 0.00029
T 0.0522 + 0.0080 0.0496 + 0.0085 0.0527 + 0.0090 0.0544“:8:%;? 0.0544 + 0.0073 0.0561 + 0.0071
In(10"°4) . . . . . .. 3.040 £ 0.016 3.0181'8:3%2 3.052 +0.022 3.045 + 0.016 3.044 + 0.014 3.047 £ 0.014
s o voiii i 0.9626 + 0.0057 0.967 +0.011 0.980 + 0.015 0.9649 + 0.0044 0.9649 + 0.0042 0.9665 + 0.0038
Holkms™'Mpc'] .. 66.88+0.92 68.44 +£0.91 69.9 +2.7 67.27 £ 0.60 67.36 £ 0.54 67.66 + 0.42
(0 0.679 +£0.013 0.699 £ 0.012 0.711fgjggg 0.6834 + 0.0084 0.6847 + 0.0073 0.6889 + 0.0056
Qn.o oo i oo 0.321 +0.013 0.301 +£0.012 0.289f3:8§§’ 0.3166 + 0.0084 0.3153 +0.0073 0.3111 + 0.0056

Aghanim et al. [Planck coIIabroation]13018



Plan...
* Theoretical framework to describe inhomogeneities

* Deconstructing the matter power spectrum
* Deconstructing the CMB temperature power spectrum

* Where cosmological parameter constraints come from

* CMB polarisation



1. Theoretical framework...



Overview...

Our current understanding of the inhomogeneous universe:

Inflation: Quantum fluctuations on a
scalar field
- initial perturbations on spacetime metric

— initial conditions for CMB & large-scale structure
—t— Neutrino decoupling

A
Gravity competes with pressure to

amplify primordial inhomogeneities

—} .  Matter-radiation

equality
[~ Photondecoupling CMB anisotropies: Structure formation:
v Perturbations in photon Perturbations in
energy density and nonrelativistic
polarisation matter

V time \ /

GR + Boltzmann

13



Strategy...

Unperturbed FLRW
ds? = a*(n)[—dn? + y;;dx‘dx/]

We study large-scale inhomogeneities by perturbing around the FLRW
spacetime geometry and stress-energy tensor:

Juv = Unperturbed
FLRW metric

T,,, = Homogeneous

and isotropic

Juv = g_uv + azhuv

Ty

y = T,w + 6Ty,

[Py

16T,

<1 Gravity

— Energy-momentum of the
< P “stuff” in the universe

For what we’re interested in, linear perturbation theory suffices

* Einstein’s equation -> How h,,,, evolves due to 6T,

* Boltzmann equation - How 5Tw evolves due to h,, and the properties

of the “stuff”

14
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. . Unperturbed FLRW o
Metric perturbations... ds? = a®(n)[—dn® + yydx'dx]

It is common to see the metric perturbations parameterised thus:

hyydxtdx” = —2Adn? — zzgidndxi + zgijdxidxf
|

I = Guv +a%hy, Scalar Scalar + Vector

Trace: Scalar

Traceless: Scalar + Vector + Tensor
4 scalars: A, B, H,,HY®  4x1d.of

2 vectors: B, Hi*Y 2x2d.of.
1 tensor: Hg—rz) 1x2d.of

=10d.o.f.
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Gauge modes...

* Only 6 d.o.f. are physical.

* 4 are gauge modes, because we are free to choose the mapping
between the real inhomogeneous spacetime to the fictitious FLRW
spacetime on which we build the perturbation theory.

R ., Mapping 1 9w (Q) = g, (P) +a*hy, (P)

X\ Mapping 2 g,uv(R) = guv(P) + azhluv(P)

- 4— Mapping 2
apping 1 »

M (P) # 1y (P)

xXep

17
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Gauge transformation after SVT...

0 * Tensor modes are gauge-invariant.
w=—(Lran)
on +a .  For Scalar and Vector modes, 2 (S) and
B — g L kT + 9L® 2 (V) are gauge dof, i.e., we can set 2
on (S) and 2 (V) perturbation variables to
' oLED zero.
BED — p(D 4 .
on * Gauge choices can be governed by
H' =H — EL(O) _ aHT * Simplicity of the equations
L L3 » Numerical stability of the solutions
H;O,il)' _ H;o,ﬂ) 4 (02D * Newtonian intuition
Hg—rz)’ = g% « Different gauges are useful at different

stages of the universe’s evolution.
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Common gauge choices: scalars...

hy,dxtdxY = —2Adn? — 2B;dndx" + 2H;;dx"dx/

/ /
 Conformal Newtonian: H;O) = B0 =
* Completely fixed
* Physically intuitive

ds? =a’(m[-(1 + 2{1)dr]2 +(1+ ZI;IL)yijdxidxj]
| \
Y —d

!/ !/
- Spatially flat: ) = H® =0
* Completely fixed
e Can sometimes lead to simpler equations

!/
e Synchronous: A’ = B(® =0
* Not completely fixed (unfixed integration constants)
* Numerical stability: commonly used in CMB codes like CAMB and CLASS.



%"f‘}%‘%&i

(a)\ = Y o ‘H ©) |
t > L= by 7 L oud T
@' = = = [ P oL NTS A
I8 d DT K/lz - f\{ bya
- _r®, L YT
5 )/Lc <X /lzz %

Subsebite L and T bede ko ouge. treas ]%\/W\ﬁem
<o)

A= h- (}/?wm[ B / j

(o %
o= Bt S = o [ €+ s b”ﬂff@ﬁ

Lond e caldod the Bovdasn potndi
Ton, e scddov pqvfcwlo od b g o @th
ds* = o) L= 22 g ¢ (222015 ol |
ol 4l chcbic Lol fratd webine
dt=z = ([#2F)dt £ (=23 éyj oo )
Ware & 7 4 Neufowanm cjmvi fotrond ()m@w,



Gauge choices: vectors...

4
e Can choose H;il) =0
* Completely fixed

!/
e Or choose: B&Y = (
* Not completely fixed

20
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Perturbed stress-energy tensor...

For a perfect fluid:

T°% =T% +6T% = —(p + 6p)
Tt, = 6T, = —(p + P)v!

T° =6T° =—(p+P)(v; — B)

T'; =T';+6T"; = —(P + 6P)5",

21



Perturbed stress-energy tensor...

For an imperfect fluid:

T°% =T% +6T% = —(p + 6p)
Tt, = 6T, = —(p + P)v!
T° =6T° =—(p+P)(v; — By)

Anisotropic stress I j = 0 Traceless

* In general, anisotropic stress is not the only way to make a fluid imperfect.
But if particles in the early universe behave like dilute gases, this is it.



Perturbed stress-energy tensor...

For an imperfect fluid:

SVT decomposition

T°% =T% +6T% = —(p + 6p)
Tt, = 6T, = —(p + P)v!

T° =6T° =—(p+P)(v; — B)

Anisotropic stress I j = 0 Traceless

6T00 = —SPQ(O)

§T'o=—(p+P)

6T =—(p+P)

J

1
2 pm gimi
m=-—1

1
Z (v —Bm) o™

m=-—1
2

L i n(0 (m)i
§T! = —6P6L,Q© + Z em Q@i

m=-2

* In general, anisotropic stress is not the only way to make a fluid imperfect.
But if particles in the early universe behave like dilute gases, this is it.




Perturbed stress-energy tensor...

energy

ptop density energy flux —(@+P)(v; —B)

shear stress I';
Tog 121 139 o3
Tso T3 T35 Ta3 {Pressure p+op

momentum momentum
density flux

24
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Gauge transformation of Ty, ...

6p' =6 Tap_
oP
OP' = 6P — T —
on

aL(O,il)

O — ,(0+1) 4
an

O+142) — (0.41,+2)

 Anisotropic stress (S, V, T) is
gauge-invariant.
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Scalar Einstein’s equation...

From Einstein’s equation

(—k? 4+ 3K)® — 3H (D + HW) = 4rnGa?5p
® + HY = 4nGa?[(p + P)v® /k]

d— Ko+ H (¥ +20) + (2H + H?)¥ — k?(® — ¥)/3 = 4nGa?5P

k*(® — W) = 8nGa’1©®

Only two
linearly-
independent

From local conservation of energy-momentum

(% +3%) 6p + 3HOP = — (5 + P)(kv(® — 3d)

(35 +470) [+ PYv O k] = 6P =2 (1= 35) 1O + (5 + P

Only one
linearly-
independent
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Vector Einstein’s equation.

From Einstein’s equation

0 S(E1)7 _
(35 +27) [kB®Y — AEY] = —8rGa?nty

(1-22) [kBED — AV = 16n6a? (5 + P)(vEV—-BED) /k

From local conservation of energy-momentum

9, _
2 (5_71 + 417-[) [a?(p + p)(v(il)_B(il))/k] — (

K
2ﬁ—1

)H(in

Four equations:

Only two
linearly-
independent

Two equations

27



Tensor Einstein’s equation...

A + 200 A5 + (k2 + 2K HE = 4nGa?IE?)

Two equations



