Deconstructing the CMB temperature
power spectrum...
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CMB temperature power spectrum...

CMB photon temperature fluctuations can
be parameterised as:

Ty(x/i, nt,n) =T, M1+ 6(x}, ni,n)]

Position, direction, time
* We can only observe photons here and now (i.e., 7 = 1) and map their

temperatures on a 2D spherical map.

—> So it makes sense to decompose these fluctuations in terms of spherical
harmonics ng(nl).

oo) £
O(x',n',no) = z Z Lo (X", 10) Yom(n') » (AomApm) = g1 6! Co
f=1m=-¢ /‘

Temperature fluctuation power spectrum
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CMB temperature power spectrum...
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How do you calculate C,
from theory?

k = Fourier
wavenumber.
2 (o 2
Co = | kR0 o)
0O(k,nq) = Present-day Fourier-decomposed
temperature fluctuation

... comes from solving numerically the
Einstein-Boltzmann system.

But there is neat way to think about it that pretty much gets all the

gross features of the power spectrum right.
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Photon decoupling...

The most important event in the photon evolution history is decoupling
(T* ~0.25¢eV,i.e., z* ~ 1100 in most cosmological models).

6:-°. 9 -

@
%io ®

® @
Last scattering surface

AtT > T~, photons scatter off free electrons At T < T*, electrons are bound in atoms;

efficiently, performing a random walk - the  photons decouple and free-stream to infinity

universe is opaque to photons as if emanating from a last scattering surface.
81




CMB in two steps...

Relative to photon decoupling (T* ~ 0.25eV,z" ~ 1100), CMB
anisotropies can be understood in two steps:

* What happens up to and at
decoupling?
* |s the k mode superhorizon or
subhorizon?

* What happens after decoupling?

ISW—Tate

Observer
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Superhorizon up to the LSS...

At photon decoupling 7., the effective CMB temperature perturbation
on superhorizon scales is related to the CDM density perturbation via

(0 1
(687 +¥) (k « 3t,m) = == 8c(k,.)

— An observed CMB hot spot corresponds to an underdense region (true
only for adiabatic initial conditions).

underdense - pedshift Blueshift Observer
‘ 7N
overdense Intrinsically 3@)80) =6, Observed photon energy

changed by a factor (1 + V)
due to gravitational redshift



Subhorizon up to the LSS...

Here the photons and baryons are tightly coupled because of Compton

scattering, i.e., k > H, >

* Leads to acoustic oscillations.

* To get acoustic oscillations with baryon loading, the relevant

equations are:

Sy + kv® —3b =0

(O) +.7-[v,§0) kd = R( )EO)

O
Vb

)

) 4 )
8, + kv —4d =0

3
(0)
k[46 +c1>]

Photons

(O _
V

)
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Subhorizon up to the LSS...

Before decoupling, Compton scattering ensures that photon and
baryons system form a tightly-coupled fluid.

There is a similar equation
* Equation of motion for the monopole in this limit: for the dipole.

50, R .0 ©_g, B o K
0y + 17759 + k?ci0, ¢+1+qu_?tp

* A damped and driven harmonic oscillator with sound speed:

2 — 1 R = 3 Qbh2 Baryon-to-
S T30 4+R)— 7T ZQ hZ photon ratio

— The presence of baryons lowers the fluid sound speed.
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Acoustic oscillations: monopole...

Assuming constant
Suppose for now baryons are negligible: R = 0. ® and .

* Take a fixed Fourier k-mode and see how it evolves in time = acoustic
oscillations

ZTNZaN e WA

@c 0 In an overdense region \ ® //

In an underdense region

-2 I i Gravity pulling photons into
i ] dense regions (compression)
—4f ]

......................... L Pressure pushing

0 2 4 6 8 10 12 photons out
time o

L 7




Acoustic oscillations: monopole & dipole...

Suppose for now baryons are negligible: R = 0.

Assuming constant
® and V.

* Take a fixed Fourier k-mode and see how it evolves in time = acoustic

oscillations
[ Effective ]
10 - monopole
o) 0 51 :
>  00f :
=R

S -05
—10

Monopole and dlpole are

W\

In an overdense reglon

8 10
time

exactly out of phase.

12

NN N
NI

Gravity pulling photons into
dense regions (compression)

Pressure pushing
photons out
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Acoustic oscillations: monopole & dipole...

Monopole and dipole spectra at decoupling n,: @ and V.
Normalised to initial values of ©,
4 . Peak positions:
[ Effective monopole ]
1.2¢ R=0 nm
. : : 1st peak kpeak =———=,n=123,...
x— 1'0 I ' P Ts (77*)
N_w 0.8: N«
% 06 50 = | dn'esn)
&S 04 d
- 0.2f Sound horizon at decoupling
T = Coordinate distance travelled
0.0bs—stn — by a sound wave since timen = 0.
0 ' k

Assuming constant

* Position of 1°t peak corresponds to the k mode that has completed exactly

one compression at photon decoupling.
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Acoustic oscillations: add baryons...

Assuming constant

Now let’s put the baryons back in, i.e., R + 0. ® and .
105"R”='(j'""Ef'féct'iv'e"'"""'3 105'R”¢'6mmm
Tl monopole ] I

¥ 00 ‘e{ 0.0} 5

& -0.5¢ 5 & —0.5¢ :

~10} Dipole ~10}
T L e T e
time time

* The presence of baryons offsets the midpoint of acoustic oscillations for the
effective monopole, reduces the sound horizon, and alters the oscillation

amplitudes (monopole and dipole).
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Acoustic oscillations: add baryons...

The physical reason is straightforward:

1.0}
o) 0.5;
>  0.0¢
+
& -0.5

vvvvvvvvvvvvvvvvvvvvvvvvv

monopole

1.0}

o I B PR B B B &

O 2 4 6 8 10 12

time

Assuming constant
® and V.

AW

Gravity pulling photons into
dense regions (compression)

¥ Pressure pushing

/ photons out

* A reduced sound speed due to baryon inertia leads to less pressure
resistance — the photon are compressed more and become hotter.
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Acoustic oscillations on the LSS...

Assuming constant
R # 0 monopole and dipole spectra at decouplingn, :  @®andV.
Normalised to initial values of ®,

0 k ) k

* Odd and even peaks how have different heights, where the height ratio
depends on the baron-to-photon ratio R.

* Essential features remain even for time-dependent ® and V.
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CMB in two steps...

Relative to photon decoupling (T* ~ 0.25eV,z" ~ 1100), CMB
anisotropies can be understood in two steps:

* What happens up to and at
decoupling?
* |s the k mode superhorizon or
subhorizon?

» * What happens after decoupling?

ISW—Tate

Observer
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After decoupling...

Photon free-streaming spreads the monopole and dipole solutions on
the last scattering surface to all multipoles £.

@@0) (k,mg) = [@go)(k,n*) + ‘P(go) (k,n*)]j{)[k(no —1n,)] monopole

SING d
_Egg )(k,n*) d_n]{’[k(no —n.)]  dipole
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After decoupling...

Photon free-streaming spreads the monopole and dipole solutions on
the last scattering surface to all multipoles £.

1.0

0.8

0.6

0.4

0.0

-0.4

@1(90) (k,mg) = [@go)(k,n*) + ‘P(go) (k,n*)]j{)[k(no —1n,)] monopole

Spherig

ral Bessel

functions

Jy() ——
J, 00 —==-

J(x) =-=--

-
\

| /NS
Y
/
. / I. \
/ .
N L
/ .
/ /
. !/ .

v\ s [/

S -

15

* jo(x) peaks at x~# (not exactly though)

- 65)0) (k,mo) gets most contribution from
k modes satisfying

— ¥ = Comoving
No — N«  X«+—— distance to the
LSS
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After decoupling...

Photon free-streaming spreads the monopole and dipole solutions on
the last scattering surface to all multipoles £.

@@0) (k,mg) = [@go)(k,n*) + ‘P(go) (k,n*)]j{)[k(no —1n,)] monopole

Where should we expect to * je(x) peaks at x~¢ (not exactly though)
find the acoustic peaks? = @5,0) (k,mo) gets most contribution from

k modes satisfying
fpeak = kpeak X«

NI X « Comoving ke~ ¢ — i X« = Comoving
== sound horizon Mo — N« Xs«<— distance to the
Ts (77*)‘/ up to the LSS LSS
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But there is more: the ISW effect...

The Integrated Sachs-Wolfe effect is an additional contribution from
time-dependent potentials.

(9;0) (k,mg) = [@go)(k,n*) + ‘P(go) (k,n*)]j{;[k(no —1n.)] monopole
3 d

% 01" (k,n.) d—njf[k(no —n.)]  dipole

No

" f dne T [W(k,m) + bk, n)]jolk(ne —m]  1SW
0
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Sachs-Wolfe effect:

Gravitational
potential

Y=0 -~

********************* Wi/CMB\/

AT AT
— =— + W

T observed T intrinsic

Redshift Blueshift

photon Observer
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AT AT

Sachs-Wolfe effect: — = +Y
T observed T intrinsic
Gravitational _ _
potential Redshift Blueshift
O XS N Ao YN/
e photon Observer
Integrated Sachs-Wolfe effect (potential decay after decoupling):
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ./_,,v
o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S T W
. AT o .
time — = J dne |K|(”)[‘P(k,n) + CD(k,n)]
T 1sw .

* In the time-dependent case, photons suffer less gravitational redshift than in
the case of constant ® and W - Larger observed temperature fluctuation
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Early and late ISW...
Except deep in matter domination, the ISW effect is always present.

* Early ISW effect: due to transition from
radiation to matter domination

e Effects mainly around the first acoustic
peak

* Late ISW effect: due to transition from
matter to dark energy domination. SW—T
e Contributions mainly left of first peak
Observer
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Let’s put it back together...

0% (k,no) = [0 (k,n.) + Wi (k,n.)] jelk (o — )]
3

d
~ 707 (k) gojelk(no = )]

Mo
+ f dne MW [W(k,n) + d(k,n)]jolk (Mo — )]
0

SW—Tame

Observer
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CMB TT power spectrum deconstructed...

PR RN ERECRE] &L Naive projection (peak of the spherical Bessel function)

" Freestream Monopole ]
L P / [@0 + ‘P] (k=¢/(no —n.),m.) Comoving distance
- S S0 SN T » Y o tothelss
L,/ t o » Position of the p A
E - N . peak
l L1 l L.ll Ll I 11 fIrSt peak

T
s \ Comoving sound horizon
up to the LSS

1(1+1)C,

Proper free-streaming (full spherical Bessel function) in
fact shifts peaks a little from their naive positions.

0 (k,mo) = [0 (k,n.) + W (e, n.)] e[k (np — .)]

3 d
=707 (k) elemo = n.)]

200 400 600 800 1000

l 101

No
+f dne MWk, n) + ¢k, n)]j, k(e — )]



CMB TT power spectrum deconstructed...

1(1+1)C,

-

-

=~/
4

p ’ \ ’ A

llTﬁlllllIlllIlll

Freestream Monopole

-
/’ \\ N AR N

-
1lllllll Illll;

—
-

JLlllIllllllllll_L
o=

Add Dipole

,=
N ~~
/ N 7 N /f~\
7/ N\
d \ N s \ -1

/ No 7 -

200 400 600 800 1000
]

Monopole and dipole add incoherently (because
of property of spherical Bessel function); adding
dipole makes the troughs less prominent.

05" (k,no) = [0 (k,n.) + ¥ Ue,n.)| ek (o — )]

3 d
=707 (k) el —n.)]

No
+j dne MWk, n) + ¢k, n)]j, k(e — )]
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CMB TT power spectrum deconstructed...

1(1+1)C,

llTﬁlllllIlllllll

Freestream Monopole
B /,’\\\ “N A R

/ _ \
-/

- A
4
1lllllll lllll;

Add Dipole

N oy

1
-l

N

e

llllllllllll/l(
/

L/ -

/
; Add ISW

- —

JlllLIl]llLJlllll

200 400 600 800 1000

1

ISW effect adds in phase with the monopole

05" (k,no) = [0 (k,n.) + ¥ Ue,n.)| ek (o — )]

3

d
=707 (k) elemo = n.)]

No
+f dne MWWk, n) + ok, ) ]je[k(Mo — )]
0
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CMB TT power spectrum deconstructed...

llTﬁlllllIlllIlll

Freestream Monopole } One more thing: Diffusion damping
- // (N /,\\\ /// \\ |
/ / N_~ N
=~/ /’A‘ ~ - 7
4
U"‘ 1 L1 1 l 11 1 L1 l L1 4 6000;
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Diffusion damping...

Previously, we invoked the tightly-coupled limit, which assumes
Compton scattering keeps photons and baryons moving as one fluid.

* In reality this is never exactly true.
* Photons random walk between scattering, leading to diffusion.

 Diffusion washes out temperature differences on scales smaller than the
diffusion length:

Hubble rate

_ 1
Ap = /NscatterAMFP ~ i ~ a few Mpc at decoupling
neO-TH

Photon mean Free-electron / \ Thomson scattering
free path density cross-section

105



,,,,,,,,,,,,,,,,,,, S ——
a WMAP 7- year
- ~ACBAR
%‘1000, QuUaD | CMB temperature
- « ACT ] measurements
<l\:1 «SPT : here are foreground-
: dominated.

N
35 ¢
100 . |
. o !
— @ o ¢ 0

100 v MR NEPEITTTTT FYTTTTTITY FUTTTTTTT FETR FPTTY [INTTTTTTT FRTTTTTIT Lassssansy Lissisnss [FRRTTTTT] POPPTIT |

10 100 1000 2000 3000 4000 5000 6000 7000 8000 9000

p Baryon-to-photon ratio

UE /
. dn’ [R*+(16/15)(1 +R)
ra (M) —J [

Damping scale: a(nDnyor 6(1 + R)?2
/ v\Thomson scattering
Free electron number density cross-section
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Where cosmological parameter
constraints come from...

1.0}
. 0.8}
§ 0.6 -
a 04+
0.2}

0.0

1.0F
o8}
o 06
< 04f
0.2}

0.0
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1 N\
0.0220  0.0225
Q,h?
I 1

Z |

0.120
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T
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- 1 Il
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Il 1
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Cosmological parameters...

Some standard parameters of interest:

Matter density (including dark matter): w,, = ,,h?

Baryon density: w, = Q,h?

Hubble parameter, spatial curvature, dark energy: h, Qx, Q5

Inflation parameters: scalar fluctuation amplitude A, spectral index n

Others: number of neutrino families N.¢, neutrino mass sum ), m,,

* The CMB temperature anisotropies do not measure these
parameters per se, rather some combinations thereof.
* Let’s see how that works.
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Odd-even peak heights: baryon-photon ratio...

We have seen earlier that the

baryon-to-photon ratio R causes 20
uneven fluctuation peak heights {5t
in the CMB TT spectrum. & |
30y 3 Qbhz 5 1.0

=15, “a0,n2° E

'0)/ Photon energy g

O
in

density

* Since ), h?is known, measuring the
odd-to-even peak ratio gives Q, h?.

o
=)

* Probably the most robust (i.e.,
model-independent) parameter
measurement from the CMB.
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Odd-even peak heights: baryon-photon ratio...

40—
! .
Increasing the baryon
- i . ‘ density enhances the
% ” \ uneven odd and even
E _ peak heights (note
< > especially the first two
| Q K=0.134,Q,=0,h=0.7 peaks)
g, n,=0.96,4,=fixed -> Measures the
Q, h*=0.022 baryon-photon ratio R.
Q, h*=0.044
sl Q,/7’=0.011

05 10 15 20 25 30
log1

110



Early ISW effect: matter-radiation equality...

Decaying potentials during transition
from radiation to matter domination

enhance the 15t peak.

e The ratio of the 15t to 3™
early ISW effect.

* The parameter that controls this transition

peak probes the

1(1+1)C,

is the redshift of matter radiation equality,

Zeq-

- 2
— =~ 24x%x10°
Q,.h? .

Photons + massless neutrinos

1+ 2eq =

Effective number

2 of neutrinos
m

1+ 0.2271N¢f

- If Nogg is known, then early ISW yields €, h?.

/
7 Add ISW

_lLllLllllllllllll

]
g

-

-

200 400 600 800 1000

1
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Early ISW effect: matter-radiation equality...

Changing the matter
density modifies the
early ISW effect.

» Keeps 15t to 2"d peak ratio
largely unchanged but
alters the 1t to 3" peak

| ratio.

Q,h*=0.022,Q,=0,h=0.7
25t n,=0.96, 4, =free

log((+1) C;/2x/[uK>])

* Good for measuring the
redshift of MR equality.

Q h’=0.112
Q h*=0.150 * (Upturn at low £ is due to
| Q h’=0.090 _ the late ISW effect.)
05 10 15 20 25 30
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Angular sound horizon...

We have seen that the position of the
15t acoustic peak is given roughly by

Comoving distance to
7'[(770 - T]*) the last scattering surface

o — N« = x(1.)

Sound horizon ’epeak ~
atdecoupling ____ ————» 7‘5(77*)

1(1+1)C

* Had we allowed for spatial curvature:

sin[y(n.)] K =+1
x(m.) - sinh[x()] K = —1

* More generally, the 1% peak position is
described by the angular sound horizon:

T B a(n)rs(n,)  Ansulardiameter

= distance to the last
s e
£1% peak da(n.) scattering surface

Os

-

-

=~/
4

Illllllllllllllll

Freestream Monopole

/

200 400 600 800 1000

]
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Angular sound horizon...

For fixed Q,h? (from odd-even peak ratios) and Zeq (from early ISW), the
main parameter dependence of 85 goes something like this:

o _ 4@ (O h?) =12
L =
dA(n*) Zx dZ
J JOQh2a=3 4+ Qgh?a2 + (h? — O, h% — Qi h?)

* Thus, if (0_h?is known (because N is known), then the remaining
unknown parameters in 6 are (), and h, which are degenerate.

* If (L _h#is not known (because Nggs is not known), then there is a 3-way
degeneracy and there’s still more work to do. More on this in a bit!
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Angular sound horizon...

Changing the spatial
geometry alters the

% way the acoustic peaks
§ on the LSS are
S \ projected onto ¢ space.
e h’=0.134,Q,h*=0.022,h=0.7 * Shifts the positions of
€25t n,=0.96, 4, =fixed | ] the peaks.
Q,=0 ”
Q,=0.1
200 QIK.:‘_.O"I lllllllllllllllllll
0.5 1.0 135 20 29 30
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Angular sound horizon...

Same effect if we keep the
geometry flat but vary the
Hubble parameter h.

* This means it is not
possible to pin down
,‘ both h and Q at the
e same time using 0, alone
(parameter degeneracy).

Q h’=0.134,Q,h°=0.022,Q, =0 |
250 1,=0.96, A, =fixed |+ However, h and (g have
very different late ISW

log((1+1) C;/2x/[ uK?])

h=0.7
h=04 effects, and so can be
h=1.0 distinguished using CMB
20 : -
T R T R temperature data.
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Angular damping scale...

First measured by ACT and SPT; now also measured by Planck and

ground-based successors to ACT/SPT.

ACDM
] dns/dlnk=—0.075

AN

2000

i ¥ilos
~ 1500

\

|3(|+ 1)C,/2m (mK
o
o
(@]
T

500 __ WMAP 7yr

O i | 1 1

4 -
} I ACT 148 GHz _|
<A\ )

100 500 1000 2000
Multipole moment |

3000

Dunkley et al. [ACT] 2010
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Angular damping scale...

Like the angular sound horizon, for fixed Q,h? (from odd-even peak ratios)
and zqq (from early ISW), the main parameter dependence of 6 is:

9. = a(m.)ra(n.) o (Qph?)~H*
4=
dA(n*) Zx dZ
Js JOQh?a=3 + Qh?a=2 + (h? — Q,,h? — Qh?)

x (th2)1/495 <— Angular sound horizon

- The ratio of 84 and 8, measures (),,,1* independently of dark energy,
spatial curvature, Hubble rate, etc.

o If thz is not already known from early ISW, (because Ng¢f is not known),
this 8,;/6, measurement also allows us to measure the effective number of

neutrinos Ng¢s!
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Irreducible signature of Ng¢s...

=

18 v N = 2.00
C\’I_| : :\\‘\ Ne" = 3.00 N
X 3 \ ——— Ny = 3.85 ]
E 14 '-— —— Ne" = 5.00 1
© - 74 \ —— N, = 6.00 7
— -_ 3
I: 5
a 10F 3
Sk :
) 3 Caoo(Net) = Cioor E
:'_: 6F fixing Q,h% 2gq, 05 4,8
> — f ; :
°, 18f¢ 04 = 2266x107F

6s = 1.039x1072

14 ‘ R 6, = 1.630x107% ]
- ) _:
10 F -
3 C4oo(Nen) = CESS‘ _
6F fixing Quh% zgq, Os, O, i,
500 1000 1500 2000 2500 Hou, Keisler, Knox et al. 2011
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Take-home message...

Uniformity is good, but fluctuations are even better.

e Statistical properties of the CMB fluctuations are strongly dependent
on

* The redshift of matter-radiation equality (15t to 3 peak heights)
* The baryon-to-photon ratio (odd-to-even peak heights)

* The sound horizon at decoupling (peak positions)

* The distance to the last scattering surface (peak positions)

* The damping scale at decoupling (damping tail)

* The late ISW effect (low-£ multipoles)

e Understanding how various cosmological parameters affect these
physical quantities enables us to constrain them.



