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Anisotropies

After monopole and dipole are removed, the microwave sky
reveals small anisotropies.




Anisotropies

Only the correlation functions can be predicted by theory

IAT () AT (6')"
AT (8) [Q(d') + iU (8°)]"
[Q(8) + iU (8)][Q(&°) + iU (8")]"
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as well as higher n-point functions



Anisotropies

For data analysis and comparison with theory, it is more
convenient to use multipole coefbcients

ar im = | d?6 Y, (8)! T(8)

apam = 20 ,Y,™! (8)(Q(B) + iU (8))



Anisotropies

For data analysis and comparison with theory, it is more
convenient to use multipole coefbcients

ar im = | d?6 Y, (8)! T(8)
apam = 20 ,Y,™! (8)(Q(B) + iU (8))

dg, 1 ' m " (aP,! m T aiD,! ! m)/2
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Anisotropies

The correlations are then encoded in the angular power
spectra

ar mar e = Crrolntlmme,
arimag 'mt = Cre, 100 0mm
‘@, mag 'm' = Ceg, 101 0mm !,
‘&g, 1mdg 'm =CeB tlut!mmt,

For Gaussian [3uctuations these contain all the information,

for non-Gaussian Ructuations we would need higher n-point
functions
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Newtonian warm-up

Equations of motion for Buid in the Newtonian theory

Consider perturbations in a 3uid at rest with constant
density and pressure

p(t, x) = @+ 0p(t, x)
p(t,X) =@+ !p(t,X)

v(t, x) = v(t, x)



Newtonian warm-up

Equations of motion for perturbations to linear order

"4 |
|" V — an 1] 11
| 21 = 4" G#$

or combining the brst two

ol " 25p! 4nG@sp =0

S



Newtonian warm-up

Translational invariance suggests to Fourier transform
M+ 2K — AHGY" =0
! SK1 K

so the dispersion relation is
1 2= cZk?! 4" G#

¥Sound waves on small scales

¥Instability to gravitational collapse on large scales
(Jeans instability)

In FLRW, the growth becomes linear rather than
exponential, but the basic picture remains.



General Relativity - Part I

We saw that the line element and stress tensor in the FLRW
universe are described by

ds® = | dt® + a®dk?
T = pdt? + a2pck’

To describe the anisotropies, we must consider small
perturbations around the FLRW background

ds® = (—1+ hg)dt® + 2hgdtdx' + (a®!; + h; )dx'dx

T = (V' + "Too)dt? + 2" Toidtda' + (a?p"; +"Tj )da' da



General Relativity - Part I

Under an inbPnitesimal coordinate transformation
il Bl o L )

the perturbations transform

!hoo:!Z%
3 !IIi !IIO dil"
L hoi =t ol 2
o P Y
IhU —Iﬁl W"‘Zaajo

We can use and choice of coordinates (or gauge) that is
convenient



General Relativity - Part I

Under an inbPnitesimal coordinate transformation
il Bl o L )

the perturbations transform

!hoo:!Z%
3 !IIi !IIO dil"
L hoi =t ol 2
o P Y
IhU —Iﬁl W"‘Zaajo

We can use and choice of coordinates (or gauge) that is
convenient, e.g. synchronous gauge

Noo =0 ho; =0



General Relativity - Part I

In synchronous gauge
dS2 = | dt2 + ( a2! ij T hij)dxidxj
I T =1 dt? — 20+ @) ujdtdx' + a*(Ip'y + #; )+ phyj dr'dd

We can decompose the perturbations into scalar, vector, and
tensor perturbations.

lu; = ";lu+ luy
— 2 11 I I V I V T
hij = a (A'zg + jB + iCj + jCz' + hz’j

ij = 8i6’,- ™ + &wj\’ + 6’,- 7TiV + 7Ti-jr



General Relativity - Part I

In synchronous gauge
dS2 = | dt2 + ( a2! ij T hij)dxidxj
I T =1 dt? — 20+ @) ujdtdx' + a*(Ip'y + #; )+ phyj dr'dd

We can decompose the perturbations into scalar, vector, and
tensor perturbations.

lu; = ";Ju+ u

— 2 11 11 11 V 11 V T
hij_ a (A'Z]‘F 7;J'B‘|' iCj + jCz' + hz’j
ij = 8i6’,- ™ + &wj\’ + 6’,- 7TiV + 7Ti-jr

Rotational invariance of the background imply that these do
not mix and we can study one at a time.



General Relativity - Part I

Equations of motion for scalar modes

Einstein equations

n 2

! —2A + 3— A + —" ’B = 8mGop (00)
a

Al=81 G(* + p)#u (O1)
- = o — l n
2a2A A — SAJ ZVB‘ ZaVBJ 8! G"p

(ij)
| A+ a2B + 3adl = 16 1Gar°S



General Relativity - Part I

Equations of motion for scalar modes

Energy and momentum conservation

3 | 2]
0p+ — (6p+6p) + — (p+P)ou + aar>
| # $
+5(P+P) 3A+! ‘B =0
1 0! i
2_S 3 _ _
op+ | “m> + pcn a’(p+ p)ou =

Similarly for vectors and tensors



Equations of motion

Consider the universe at a timeady enough for rapid
thermalization, not so early that other degrees of freedom
appear in the plasma

6! 1°PK < T < 10K

In ACDM B
€ He

! dark matter

cosmological
constant



Equations of motion

How do we describe the various components?

Electrons and protons elastically scatter very efbciently.
They can be described as one ObaryonO 3uid.

For cold dark matter a OhydrodynamicO description Is also
sufpcient because it is extremely non-relativistic, i.e. OdustO.

Neutrinos free-stream, leading to anisotropic stress.
They are usually described by a Boltzmann hierarchy.

If we are interested in the polarization of photons we have
to keep track of it and describe them by a Boltzmann
hierarchy.



Equations of motion

Toy example:

Perturbations in a thermal gas of massless particles

Instead of keeping track of the trajectories of all particles,
we will describe it by the phase space density

Nk, b)Y (k! k(1) (b br (1))

Since

dkrr . dpr
=@ and — =
a ¥ dt
It satisbes a collisionless Boltzmann equation
I
= _pavn

¢



Equations of motion

Toy example:

Temperature perturbations are related to intensity
perturbations by
dl, |
Llhy(h)=—1 ! T(N
(M) ar L (M)
A differential measurement sensitive to all frequencies
probes ,
! 4 T(B)
dv! |! (D) — ( )
To

0 0

dv¥

This makes it natural to debne the OtemperatureO anisotropy

S 1 Sd
! 1(Z,0) = P (pzﬂ)];

on(Z, p P)



Equations of motion

Toy example:
It satisbes
BB g =0
Translational invariance suggests to look for solutions

@B = (@) 7@ e

\

ga
I
. Tfﬁ*q{u’t) +agpt v(q, p,t) =0

(Of course, the solution to this equation is trivial, but let’s keep going)



Equations of motion

Toy example:

The temperature anisotropies at the origin at some titge
are

' TT(ED) - 21! (K=0,—b,to)

If we expand

Lt (g, mto) = (=)' (2 +1) P(1)! T.(q, to)

we Pnd the multipole coefbcients

arim = i [ S @Y/ (@) 74000



Equations of motion

Toy example:

This suggests to derive equations directly for
! T,! (Q7 tO)

These equations are called the Boltzmann hierarchy
In our toy example

q

!OT,! (g, 1) + 1 [P+ 7o (g, )P M 1(g,8)] =0

2!

Analogous equations can be derived for the polarization
anisotropy.



Equations of motion

Beyond the toy example

For interacting particles one Pnds

I Tgc,:’u,t) Higu! r(q, i) =1 " r(@ut)+ "F ro(aq,0),! 1,2(9,1),1]

with formal solution

(g, ) = 1 (g, t)e Rt t)gh ittt
| t
o die fam ) (! t!)F[! 1.0(q, 1), 1.2(q,1),1]
ti
Since only low multipoles appear in the collision terms,

one can solve a truncation of the hierarchy and obtain the
higher multipoles through this Oline-of-sight integrationO



Equations of motion

Beyond the toy example

The same derivation generalizes to a general spacetime
In this case debne the phase space density

n(xhp,t) b T XA (" pi (D)

/rn

The dePnition of momentum and the geodesic equation imply

dx' p dp _ p“p'! g

dt  p° dt 2p% 1 x

and — +

Derivation of the Boltzmann hierarchy as before but more
tedious.



Equations of motion

Photons
1080 (g, 1) + e n 5 (! Oa@nt o) e
, .1 2
= 1o S0t 280+ 287y 30! e

Sll 1 [ 1] 4q
+1 ! (T’%!’O+E!C !,2I éalcubqll

A2 @0+ oy (+DARL @Y1 1AR, 1@

= 11 o(0)! 5)(a,t)+ %! ()" (a4, "pot %"e,z

with source function

_ S S S
— $() $() $(%



Equations of motion

Photons
.
0N @0+ orgy D Tl 4T )
S .1, 2,
=11 70(a 0! 24" 0+ 287 B, S0l Ehie
S 1 4q
+!CI(T2)'0+E| !,2I éalcubqll

A2 @0+ oy (+DARL @Y1 1AR, 1@

= 11 o(0)! 5)(a,t)+ %! ()" (a4, "pot %"e,z

with source function

= 55 +(E ) 5

Polarization sourced by temperature quadrupole



Equations of motion

Photons
The components of the stress tensor can be written as
6;0’yq p'y$ (Ti))’
s e
0Py = % S0+
3a
0Uyg = ! Za$ 1

At early times when Compton scattering is efbcient
I+ ,1 0 for 11 2

| pe! O

The Boltzmann hierarchy reduces to the equations of
hydrodynamics



Equations of motion

Neutrinos

p q TT_
020+ oy (D Pae ! R =

$
' 2My g2 ol
Baryons
Energy conservation |
R T 1, " ox G
!u)q'l' EI bq! ¥ b!qu"‘ é b BAJqI qQqu —O

Momentum conservation

. 4p | 3a
SUpq+ 5 —welt) OUpg+ -1 710,

! =0
Ph 4q



Equations of motion

Dark Matter

3al 1 . .
Ofikq + —5pcq 5Pcq (BA’q! q2BJq) =0

Scalar metric perturbations
qz o H b #

al . - _
?Aq+a 3AL! o’BL =87G dpgp+ dpgct P! (T3>+ Pt 1(/88

Al = 8YG (Wb! Upg ! g* ATY(a, D) ! a* A (q, t))



Initial Conditions

What remains iIs the choice of initial conditions

H A
k/a

} >
(rec a

All modes are Ooutside the horizonO at early times.

4K
a



Initial Conditions

At early times the Boltzmann hierarchy for photons
reduces to the equations of hydrodynamics

This suggests we can look for a solution of the form

(:5)
0

_b:!

_ 41
S TO0T C 0T 3w T 3

S @ 2 g
v,1 T,1 3a

These are adiabatic initial conditions



Initial Conditions

In this limitR 4 = % + H!u, becomes a constant
and we can normalize our solution such thR§ ! Rg
Then during radiation domination

Pt = 3SRy

(g, t) = %5335)733,

1300 t) = 16 ¢ o
| (154 4f) a?(t)

A(t) = 2_§1551 44? ;Zz(t; RO,

0*By(t) = io 7 QZZ)R;},

0,0 = ig:ﬂ' CR



Initial Conditions

These are the equations and initial conditions used by the
Boltzmann codes such as CAMB or CLASS.

With the solution at hand, one computes

8%, = 1 Toi'  d®q" (@)Y,™ (@) £, t)

or directly !

Ci, = 1°T3  qdg ™ (a.6)"
similarly for polarization and tensor contribution

Code for Anisotropies in the Microwave Background

by Antony Lewis and Anthony Challinor



Cosmological Parameters

By performing a likelihood analysis, one arrives at

Parameter Planck alone
Quh® ... 0.02237 + 0.00015
O K e A 0.1200 + 0.0012
1DOOEG s s nis s s 1.04092 + 0.00031
A R 0.0544 + 0.0073
In(10°A) ...... 3.044 +0.014
Py soie. 5, st 4 Sveie & o 0.9649 + 0.0042

(Planck Collaboration 1807.06205)



More on temperature anisotropies

Recall that the temperature anisotropy is given by

| T(8) 1 .
= _| — _
T, 7k T(k 0, D,to)

where! (k, p,tg) satisPes a Boltzmann equation.

We looked for solutions of the form

I (X, P, 1) :. (g;?3a(q’)! (g, )€t

and expanded 1+ (q, 4,t) interms of Legendre polynomials

Ar(g )= (1)@ +1)Pi(WAT,(,1)

to arrive at the Boltzmann hierarchy.



More on temperature anisotropies

For scalar perturbations

S q ' S
N e L A NP CCORIIR S P(CR0
— 1 | | (S) | T 2 1 | 1" | 2"
=@ Ti(g,t)! 244" 0 +2¢° B 310" 1§ 2
1 4 q
+1 ! (TS())IO"'l—O' 12! éa!cubqll

A2@0+ oy (+DARL @Y 1AR, (@

= 11! oA+ 5 210" (@0 "eo %"6,2

LetOs undo the last step and consider the equation
satisbed by b (q u,t).




More on temperature anisotropies

A (g, )+ i AT (gt = 1 1A (@, 1)

a(t)
#1001 St ePa)" (0.1
A . .
) o0 Usa () — 2Aq(t) + 20PU7Bq (1)
10 (g, 1) + it Sty = 1) S g, t)
P » Mo a(t)” P » M c P y Mo

3
+ 2L @A) (a.1)
with source function



More on temperature anisotropies

The formal solution obtained by line-of-sight integration

I 0 ! o gy - f

1 9(q, 1, t0) = | dt exp ! iqu t m! t dt't (1)
et %Pz(u)" (0,9 " 2a%(t)By(t) " 2a(t)a(t)Bh(t)

# 80
+4ipg  "ug(t)/a(t) + a(t)Bl(t)/ 2

| % 2A4(t) + 282 (DB (t) + 2a(t)a(t)Bq(t)
shows that the temperature perturbations consist of two

contributions

T T Twm) © +’ | T(a) ©

To To LSS To ISW



More on temperature anisotropies

L T@)\® [ diqg
( To >LSS ) /(ZW)S(X(@

It " L " #oo" oL #
l dtexp "i — exp " dt'l () ! o(t

t1

2@ 2P (@) Sa (B0 SaEnBL()

# 9
+ipg lug(t)/a(t) + a(t)Bh(t)/2



More on temperature anisotropies

(l T(n)>(s) / d3q o3
To /iss (27)3 Last scattering probability

Ito
M M tO dt
| I |
| t hee coath ( i C(t) ”

2 @0 SR (@) S OB A &VBL()

# 9
+ilg Tug(t)/a(t) + at)Bh(t)/ 2



More on temperature anisotropies

5 10 50 100 500 100C
!



More on temperature anisotropies

L T(a)\® d’q
(70 = @@

It " L " #oo" oL #
l dtexp "i — ex dt'l () ! o(t
p qlJ' t a(t) p , C( ) C()

t1

. (S) . 1 1 )
' GLENOD "GP (@0 S0 JaA0&BD ;

+ipg lug(t)/a(t) + a(t)Bh(t)/2

Intrinsic density 3uctuation and
gravitational redshifting



More on temperature anisotropies

L T(a)\® d’q
(70 = @@

It " L " #oo" oL #
l dtexp "i — ex dt'l () ! o(t
p qlJ' t a(t) p , C( ) C()

t1

& SUCHE —Pz(ll)" @)" SaOB()" Za(t)a(t)B}
@uq(t)/a (t) + a(t)B‘@
Intrinsic density 3uctuation and

gravitational redshifting

Doppler effect



More on temperature anisotropies

0 1"C 12" $HK29
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More on temperature anisotropies

Integrated Sachs-Wolfe effect

(FTO) " L g
To Jisw  2J (21)3
N T VL A ¢
| n o " /| /
| | dt exp " iqu A exp t dt’! .(t")
d

g | Aq(t) + a2(t)Biy(t) + a(t)a(t)Bh(t)

This contribution can be generated even in the absence
of free electrons.



More on temperature anisotropies

ISW
T
10 50 100 500 10lOC




More on temperature anisotropies

During matter domination the gravitational potential
does not evolve

%: Aq(t) + a2(t) B'q(t) + a(t)é(t)B]q(t) -0

The integrated Sachs-Wolfe effect has two
contributions

early contribution:

During recombination radiation is not yet
completely negligible.

late contribution:

At late times dark energy becomes important



More on temperature anisotropies

Early vs late ISW

late ISW

100c;“--~‘__;
é\\\“‘7~—-

5 10 50 100 500 100C



More on temperature anisotropies

Recombination vs late time contributions

A0 1"C12" $HK29

200C}

100C

500C}
400¢t

300¢t

late ISW

—
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More on temperature anisotropies

Recombination vs late time contributions

A0 1"C12" $HK29

500CF

400¢t

200C}

100C

300¢t

I I 21 .
¢ % suppression from/
reionization
; late ISW
T
5 10 50 100 500 100C




More on temperature anisotropies

Much of this can be understood analytically. Let us focus on
the dominant Sachs-Wolfe and Doppler contributions

(LTO)” - [ 29
TO LSS (27’(’)3
Ito ¥ 't gt #0" #
| " — " ()
! dt exp " igu A exp t dt'! o(t) ! (1)

t1

2@ 2P (@) Sa (B0 SaEnBL()

# 9
+ipg lug(t)/a(t) + a(t)Bh(t)/2

and as a brst approximation g&ft) ! !(t" t.)



More on temperature anisotropies

After neglecting contributions from polarization and anisotropic
stress

() _ [ o

<380 - ZR0B() - Hat )8t )Bh(t)

ing (1g(t)/at) + a(t)Bh(t)/2) |



More on temperature anisotropies

The multipole coefbcients are

3
o) =arit [ T4y ()

(2!)°
! il gt %OLQ(tL)Bq(tL)" %a(tL)d(tL)Bq(tL» Jelqro)
$ %
+ig Vug(t.)/a(ty) +a(t ) Bq(tL)/2 jh(gr)
The behavior of the spherical Bessel functiond for 1 Implies

that the dominant contributions arises from wave numbers

qry ~ !



More on temperature anisotropies
For the adiabatic solution, modes are frozen outside the
horizon. So the behavior of modes will be very different for

v g
<1 or
arHr a_ HL

H 1N\

g/a

> 1

Qrec a




More on temperature anisotropies

Where does the transition happen?

l < 60

1> 6(

q ! | |

a|_H|_ a|_r|_H|_ - 60

contribution predominantly from modes
still frozen during recombination

contribution predominantly from modes
Inside the horizon during recombination



More on temperature anisotropies

For the frozen long modes we can write the multipole
coefbcients in terms of the curvature perturbation

o |
At A1 SLREY @ ghian)

and for a scale-invariant* primordial power spectrum

(1+1)C _ TF, 2

2 25

This is sometimes referred to as the Sachs-Wolfe plateau

(*) it can also be evaluated for the LCDM power law spectrum



More on temperature anisotropies

The short modes enter the horizon before recombination. For
simplicity we will consider modes that enter during radiation
domination.

a _ !

= I — "1

When the modes enter a large number of free electrons are
present and we can expandapa!

This Is referred to as the tight-coupling expansion.



More on temperature anisotropies

At leading order, the Boltzmann hierarchy reduces to the
hydrodynamics, and the solutions are sound waves.
The Sachs-Wolfe contribution takes the form

) _ . O L e
ar ), =4l 2 )SR(t])Y!m(q)
| 37' R ! re) Ji(Qr
X = (DR — 1+ R,/ cos(qrs) j1(qrr)
with 31, .
R = T, baryon loading
- /tL dt (comoving)
> Jo a(t)y/3(1+ R(t)) sound horizon

T (9 transfer function



More on temperature anisotropies

There are two effects we have ignored Iin this approximation.

1.The solutions oscillate around last scattering and the bPnite
width of the last scattering surface leads to damping.

2. The mean free path of the photons becomes comparable tc
the momentum of the modes for largg which leads to Silk

damping.

. dg
S I I .
i), =4 213 R(OYim (@
3 g ol ! (gt)dt _
L ET@R” L+ R ) cos@rs) Ji(ar)



More on temperature anisotropies

Including the Doppler contribution

. | | d3q ' .
i), =4l 23 ROYim (@
' 3 — ok T (gt)dt _
TR S o7 cos(ars) Ju(ar)

5 (1+Re
3! [ E T(q,t)dt

! 1+ B sin(grs) ji(qro)

¥Since the integral is dominated y !/r | ,the peak
positions are set by = r,/r_ , which e.g. probes curvature.

¥SinceR ! !, the relative height of the peaks is a sensitive
probe of the baryon abundance.

¥The damping scale probes the mean free path of the photons
and thus, for example, the Helium abundance.



From eV to Inf3ation

! "I "2
- dk " o L
Cix 1 =41 T3 ?A% (B)w  d" S (k" Y k(Mo ! "))
0



From eV to Inf3ation

Initial Conditions Late time evolution

N\ / .

Physics of Recombination

Geometry



From eV to Inf3ation

So far, these are initial conditions for the system of
equations that governs the evolution of the universe from

around few keV to the present

In this limit, the system has 5 solutions that do not decay,
one OadiabaticO solution and 4 Ois%gjréy@[g%gy LSRlHons.

Experimentally, only the adiabatic solution seems excited for
which’R Is constant.



From eV to Inf3ation

What generated these perturbations?

H A
k/a

+ >
Qrec a

To generate the perturbations causally, they cannot have been
outside the horizon very early on, requiring a phase with

d k
dt a|H]|

< 0 (inBation or bounce)



Inf3ation

nf3ation, a phase of nearly exponential expansion, was
oroposed as a solution to the horizon, 3atness, monopole
oroblem.

Horizon problem

S dt S dt

d, = + Bl
"TA FepHE! b))t a()

This becomes

d = +d
"7 &, a H h 1+27 H

andd;, > d 4 for sufbciently larg&” = H (t, ! t;)



Inf3ation

Inf3ation and the horizon problem

Today

causally connected Last Scattering Surface

A\

Big Bang Surfac



Inf3ation

Inf3ation and the horizon problem

Today

causally connected

Last Scattering Surface

Inflation




Inf3ation

We know that vacuum energy gives rise to exponential

expansion, but we need this period to end. So we need a
clock

|
S: / (TR gd4x [u %‘gul ' M||! !n 1) V(Il)
In FLRW
. 1. 1 .
— 3y a3 TR T (" 1)2 |
S dtd°x a’(t) > 1)“1 V(1)

with equation of motion

, ]_"
M+ 3H Ul o 2l +V'(1)=0



Inf3ation

For a homogeneous beld in and FLRW spacetime the
equation of motion becomes

m+3HIU+ vi(1)=0

For the beld equations we also need the energy density
and pressure

p=0¢"+V (o)
p=121 V()
So the equations of motion can be taken as

_8a,
3

m+3HIU+ Vi(1)=0

H2



Inf3ation

Recall that we are interested in nearly exponential
expansion or nearly constaht
I

5
H2

RN
| | 1
With
M= | 47T(3(b'[Z
This becomes )
|LP
. 1 1
I+ V(1)
or
v

In this casg !~ ! as desired.



Inf3ation

If we want this to be an extended period, we also want

I_'|1
2HH |

|

) 7
| @
The equations of motion are then

_ 8'3(3\/( )

3H!IU+ V(1)=0

H2

This Is referred to as single-beld slow-roll inf3ation.



Inf3ation

Slow roll parameters

=1 B 5=
H 2 2HH
It is also convenient to introduce
I\ 2
= 1 V
16'G \V
. 1 V"
VTGV
In the slow-roll approximation
L1y l ~ "y — #



Inf3ation

The inf3aton is a quantum Peld and 3uctuates

The claim is that the quantum Ructuations in this
Peld are the source of primordial perturbations
III

= | - q
Rq=!H-—

To compute the spectrum, we canonically quantize

The quadratic action for the Buctuations schematically is

1 1

S = /dtd3xa3(t) [%!"’2! i )21 5\/”(..)!.. 2



Inf3ation

As usual, we expand the beld in creation annihilation
operators

1" (t, x) = - dq

. 7
(253 " q(t)e9%a(q) + h.c.

so that the mode functions obey

, q2
M+ 3H!I'0+ L1 &0
a2

Oscillatory at early times, constant at late times.



Inf3ation
For \
a(g),a (q) =!)>"(q! q)

the Peld then obeys canonical commutation relations if at
early times the positive frequency modes approach

.. ]
SO S =P #'q/ at)

and it is typically assumed that the modes are in the
Bunch-Davies state

a(q)|0! =0



Inf3ation

Ignoring slow-roll corrections, we can give the mode
function in terms of elementary functions

H i 1 -
S t) = oy e|q/aH
¢CI( ) \/Z] q aH
This has the correct limit at early times, and approaches
1] 11 iH
" q(0) ! 203! 2
at late times so
H?H?

R,|? —



Inf3ation

This formula remains correct if we keep the slow-roll
corrections provided we evaluate it at horizon crossing

H2 H2

R,[%!

q= aH

Frequently one uses %(g) debned by

| 2
R, =21 20 20

q3

Explicitly in terms of slow-roll parameters

' R(@)="!&(a)

with

ng" 1

q

q

ng=11 4I, 1 2%



B-mode search

Just like the inf3aton, the graviton 3uctuates.The
corresponding power spectrum is

2H 2 (ty)
2

(k) =

T

A measurement of the tensor contribution would provide a
direct measurement of the expansion rate of the universe
during inf3ation, as well as the energy scale

1/4 _ |
V.. " =1.06! 10'° GeV 501

with r= —*+



B-mode search

In addition to the density perturbations, inf3ation also
predicts a nearly scale invariant spectrum of gravitational

waves

M@+ ey (DL @) 1 (0 )

= (1 2D, () +1(O)! (@,H) "o! (D)7 (@D

LI(T q . =~ (T =~ (T
M (a, ) + ey CHOFRm @Y IR (A

=1 L) (@) "0t Le® S (a,t)

with
1 . 1"'_ 3 14—
(@)= 75 T al@ )+ STEa )+ 2571
3..'_ T 6u'— T 3 - (T
! z 'é,&(q,t)+ 7 'é,g)(q,t)! %'é,i(q,t)
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Tensor-to-scalar ratio (rp.om)
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B-mode search

JIRE

TT,TE,EE+lowE+lensing
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Natural inflation
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B-mode search
Stage Ill: now-2020

POLARBEAR/
Simons Array
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B-mode search
Stage 1l1.5: soon-2020
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B-mode search
Stage IV: 2020-2030

Potentially Space Missions

LiteBIRD, PIXIE



B-mode search

CMB-S4 would detect r=0.01 at high signibPcance

CMB-S4 Science Book (http://www.cmbs4.org)

0.1} N _ 1
: — ] CMB-S4
= > %. 3O0ODQFN
0.03 B O\QD VO( , 6 -
0 2 ,
0.0l B \q) d - V()tanh 0 i
~ —  W®? 47<N, <57
0.003 | T — & 47<N,<57 A
% — O 7N <57
0.001 F nggs =57 i
R? N, =50
31074} -

0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990 0.995 1.00


http://www.cmbs4.org
http://www.cmbs4.org

Potential of a future space mission
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B-mode search
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Beyond B-modes

* The CMB provides a unique opportunity to study
the physics of the universe

* at the time when Hydrogen forms
* through lensing at much later times

e and at much earlier times when the
perturbations were generated

e Polarization measurements on small scales can

provide tight constraints on light relics, neutrinos, ...



Beyond the CMB

* Galaxy redshift surveys similarly provide a wealth of
information about our universe




Beyond the CMB

* Some of the biggest questions remain

* How was the baryon asymmetry generated!?
* What is dark matter?

* What is dark energy!?

* How were the primordial fluctuations
generated!

* Many new experiments are beginning to take data
and will perhaps shed more light



Thank you



