Cosmic Microwave Background,
Part II: Theory
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Main points of the lecture

* Overview (theory and basic framework)
* CMB features (effects, parameter sensitivity)

* BAO oscillations (rigorous proof, math codes, P(k)
behaviour)

* The Cls (SW and ISW), Planck papers, CLASS

* Summary



The hot Big Bang theory redux
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The hot Big Bang theory redux

1) The Cosmic Microwave Background (CMB) is a relic of the hot Big Bang!
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CMB anisotropies and spectrum

2) The CMB is an almost perfect black-body! Note: these are 4006 errors...
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CMB anisotropies and spectrum

3) Planck 2018 CMB maps and power spectrum (1807.06205):

44 GHz

70 GHz

100 GHz

5 :

143 GHz

217 GHz

353 GHz

]

‘-1‘[0

e

30-353 GHz; 8T (Kol

Healpix

TT

5 10 30 50 100

250 500

Multipole

1000

1500 2000

250¢

150

100

50

[uk?]

0+

TE
)

=501

—100 4

—150 =

100

40,0 1
30.0 4
20,0 4

10.0 4

5.0 4
3.04

1.04
0.3

0.1
0.03

DfE [pKz

10 30

100 250 500 1000
Multipole

2000

250
Multipole

=

L

(=}
|

-

o

in
L

10.0 4

(e + 1% izm (107
n
o in

h
in
1

@
=)

Lensing

30

100 250 500
Multipo e

100



CMB anisotropies and spectrum

4) Why all these frequencies (different channels)? The channels can be used to
eliminate (subtract out) the Galactic noise! http://planck.caltech.edu
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CMB anisotropies and spectrum

5) The extra channels also increase resolution, which means we can go to higher

multlp()les ' http://planck.caltech.edu
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The CMB power spectrum

1) TT fluctuations, expand on Legendre polynomials and spherical harmonics

A = AT /T ¥ Temperature anisotropy = the CMB maps!
y

A(Z, 7. 7) :fd?*keiﬁ'fa(a f,7) z/.ﬂsfﬁ'i" SO (i) 2+ 1) Ay(E, ) Pk - 7)
=0

() [ \
AR) =33 @pnYin(h), ap, = (—i)4r / ErYy (k) Ay(E,T) Legendre polynomials

[=0 m=—
Spherical harmonics

2) Properties of the Legendre polynomials

—1< 2 <1
" duPy(z\P. Sppr—2 Fo(z) =1
/;1 X E(I) f’{ﬂ‘) — EE’2€+1 Pl{:l?) —
N 2 _
(£+1)Ppsr(z) = (20+1)zPy(z) — (P () Py() = 3r2 1

3) Properties of the Spherical harmonics 1
A Yoo(6,0) = Py
m

£
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The CMB power spectrum

4) Define two point correlation for the temperature anisotropy

A A ]‘ > - - E 3
C(0) = (A(n) Afo)) = = > (21 +1) G Pi(A1 - ag) ) (Unaimy) = C1ow Smm
=0

5) Consider 1nitial perturbation

—)

G 4?r/d3k Py (k) A2(k. 1)

AR, 7) = iR ) Ak, 7)

)

(Wi(k1) i (ka)) = Py(k) dp (ki + Fo)

6) The Cls compress information! From 5*10"7 pX (nside=2048, npix =12#nside’2) to ~2500 multipoles
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The CMB power spectrum

7) HEALPix (Hierarchical Equal Area isoLatitude Pixelisation). A 2-sphere 1s
tessellated into curvilinear quadrilaterals with the lowest resolution 12 pixels
and the resolution 1s increased by partitioning every pixel into 4 new.

Nsir_lc = 1} 2$ 4: 8

Pixels are distributed on
lines of constant latitude.

The sphere is partitioned,
respectively, into 12, 48,
192, and 768 pixels.

Areas of all pixels at a given Npix = 12 x N2, =12, 48, 192, 768.

. . ) side
resolution are identical!
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The CMB power spectrum

8) HEALPix converts CMB maps to Cls!
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The CMB power spectrum

9) Polarization from Thomson scattering (E and B modes)
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10) E mode is caused by thermal over/under-densities
B mode is caused by GWs and dust (due to magnetic fields & imperfect alignment)!
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CMB anisotropies and spectrum

11) Features of the power spectrum (just TT for now)

BAO peaks
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Features of the TT CMB spectrum

1) Baryon Acoustic Oscillations

Peaks at specific multipoles due to competition between baryons and photons

2) Diffusion damping

Damping at small scales (large 1) due to increase in mean free path of photons

3) Primary anisotropies

1) Sachs-Wolfe effect (flat Cls for 1<30)
11) Adiabatic/isocurvature perturbations
111) Doppler shift

4) Secondary anisotropies
1) Integrated Sachs-Wolfe effect (enhances anisotropies at 1<10)
i1) Reionization at z~10

5) Cosmological parameters sensitivities

Features of CMB spectrum depend on parameters like Qm, Qb, QDE, Qk, ns etc



Baryon Acoustic Oscillations

1) Perturbation equations for Baryon-Photon plasma

See Advanced Cosmo class

‘5'? = Eg"r < 49?-5 s (CMB Module) next semester!

> 1

. k? (1&? — J,Y) + k%Y + an.op (0 — g,), i

_ _ 0 =0p/p

o = —9b+3¢ 0 = ikjt}j

6, = ——eb + k26, + ‘; aneor (0~ — Op) + k2

HA BAO_calculations.nb

2) Define S as below and eliminate all except dy: #

1+ R

Voo \

Damping term Oscillatory term “Driving force”

5, —4¢ = 45  wmm) g+ig+kzc§S: (_%2¢_§¢/(1+R))




Baryon Acoustic Oscillations

3) Zero order approximate solution (ignore damping and force):

S+ E22S ~ 0

ci — Sound speed of
3(1+ R) baryon-photon plasma
3 'Qb {1-_3
= ——=——Ry=R
B =1q, =g alto="la

4) Comparison and location of the peaks
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Baryon Acoustic Oscillations

5) More accurate comparison (D 1s distance to recombination) asiro-ph/0006436
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Hot spots vs cold spots

1) Consider perturbed FRW metric with Newtonian potentials ¢,y astro-ph/9506072

ds? = a2(7) {—(1 +20)dr? + (1 — 20)ds'dz; |

2) Photon four momentum, given the FRW metric:

Péo= (@Tp(l—). e (1+0) ) P = a7y~ s

3) Einstein equations (0,0) and (i,J) parts give Poisson equations:

k¢ = —AnGna®pmbm a?
i ‘ Y = —47GN 15 pmdm



Hot spots vs cold spots

50\’&1‘
0 <
4) Definition of over-density /\
5=168 \//\ /\
5civer = 6u11der [\ﬂ{ \/\/\/
5) Given the above this translates to S

redshift for photon trying to escape

| e B
60\?31‘ = (Suﬂder ‘ wwer < q}bunder ‘ ,  Blueshift

1

i

1

60ver !
i

i

1

i

P-:?\FEI } Pl?nder ‘ '\CNEI‘ { )‘under

6) This leads to temperature decrease (coldspot)
between overdensity and underdensity!

AT 1 AT
T?"“a""*f’-} T <0

AT= T

aver Tunder 5’11) - ‘l)-r)over - wunder <0




Derivation of Sachs-Wolfe effect

1) SW effect— photon escapes static potential. To zero order the SW effect
contribution 1s a Spherical Bessel (derive or see Dodelson 8.6) SW cls.nb

ﬂ(ﬁ, T[]) = %’l,b(ff = —ﬁX;Treac) ‘ ﬂg{:k, T} — %Ji(kx} #

2) Assume power-law power spectrum
on. 3 P(S—n}T (2!+n 1)

ALY — 3 n—-4 _ pn—4 =
Fy(k) = A (Rx)™ " oc b — G~ BT (432) T (5= H)A/ !
3) Be careful with notation Ci ~ (872 /9)A/[I(1 + 1)]
5T* 6T 1
C(0) = <? (n)—(n ))nln!:msg = 7 2,20+ 1) Ci Pcos )
5T 1 1 e JGB notes
?(945) = 5‘1’(7315)@ = ERQ(%H?@) = > X & Ym(9,9),
. =2 m=-1

_27r 2r[]r[1——mz+ n-l)
4'?T o0 fjk ‘
e — Pr(k) g (kno) ~ w—p

~ 25 SF[Q—”,I]F[I—kQ 1)
25 U1+ 1)0}53 A



Derivation of Sachs-Wolfe effect

4) Similarly for tensors. They obey the following ODE:

"+ 3H A, + (k*+2K) hy =0

5) The contribution in the spectrum is

S0.6) = [ dr WG — ) Qn(r,6, )

o = [(Z DI D0 +2) Y2 Gikr)
ki mhk?

2
6) A similar calculation gives:
cf) - Qf (—DI+1)+2) [ %Pg(k) 2,
= R =

JGB notes
SW_cls.nb

*

4872
385

i(1+1)cP = %(1 i e

B, = (1.1184,0.8789, . . ., 1.00) for I = 2,3,...,30.



The Integrated Sachs-Wolfe effect

1) ISW effect — photon escapes time-varying potential due to accelerated
expansion caused by DE — late time effect at large scales (1<20)! T

&T o i i o 2 :
i e /; (t;fv—l—’g':) dn ‘ Ay = Lﬂ e " (c;i—l—w) Je [R(no —n)dn
\ Optical depth,

o
i / dnneora(n)
see later

TEC

2) The Cls depend strongly on DE!

.. dk e O k3P, 3
(:}ESW& = 47 J/P ————JréSEA (iﬁ):?EEEi'?E;;EEL“--§§’_g;%i? il

e | Astro-ph/0610532
( ) 50y | & 1811.02469

v/

Transfer function, see
Eq (7.71) in Dodelson

k

(¥
=]
=
=
T

I+1)C]2m (UK2)

IV (k) = Q/dzgj,g{k r(2))

\G{a,k}: O(a, k) +V(a, k)

1000

O(ini, k) + V(ain;, k) L L L
10 100 1000



Other effects

1) Diffusion damping= Damping at small scales (large 1) due to increase in mean
free path of photons

) ? . 2 =
S+ _E g + k228 = (—%w — 3@5/(1 - R))

1+ R
Damping term Oscillatory term “Driving force”

2) Damping term gives rise to exponential suppression
in Cls (Dodelson 8.4/pg 230)

2 ]
0, =~ cos(krs(t))e *b ‘
k—Q B /T dni R2 & g %2000_
b= J, 6(1+R)neora(y) |[1+R 9 TR

0 - T T T T T T T T T T
2 5\ 10 30 50 100 250 500 1000 1500 2000
Multipole

SW platean and I[SW

2500



Other effects

3) Adiabatic/isocurvature perturbations. Consider volume with equal distribution
of matter and radiation. Two ways to perturb:

1) Change volume adiabatically (conserve entropy)— number density the same

ny ~ I° s 5T

51(:5!9'}':5?1’}“‘ _: 7/3~5 3_

Py Ty

i1) Perturb entropy, keep energy density the same pmom=py dy:
o7
0y = 3— + const.
* z
4) Doppler shift (dipole):

1) Plasma had non-zero velocity at recombination
1) Milky Way moves at 600km/h wrt CMB




Other effects

5) Reionization at z~10:

From quazar spectra we know Universe reionized at z~[6,20] — more scattering with electrons (Thomson
scattering). This affects modes within the horizon at the time of re-ionization or 1>>1 (small scales) by
reducing the Cls:

4::0 red  phofon

recail electron

6) Cosmic Variance:

For each | we have 21+1 aim coefficients, of which we can only predict the distribution not actual values, ie
they are random variables

Mlb 41! 3 * (1 M
=100 — 201 am (good for statistics!) Um = (=1) 4W/d kY (k) Ak, 7)

=2 — 5 am (not good for statistics!) (@tm ) = C1 0 S



Cosmological parameters

b\

Qk=[-0.05, 0, 0.05]

1) Curvature changes distances:

Main effect 1s on the location of
the 1% peak ~distance to recombination ™

ni
kp -
Te E—
(a=nD/s.
In =fa(m — @)

r 0.1
~ 0.267 (—)
¢ 03




Cosmological parameters

2) Spectral index ns affects normalization

G 4w/d3k Py (k) A2 (k. 7)

—

Py ~ k™!

3) Dark energy— late time effect (z<1) at
large scales (I<10) — ISW effect

CISW _ 4 d—;fgs“’(k}

23 kﬂp{:
25 22

IPWV(k) = 2fdzgjg{kr(z}]

IHDC]T2m (UK2)

1000 =

i
=
=2
=
T

P L MR | L M |
10 100 1000



Cosmological parameters

Qm=[0.2038, 0.2538, 0.3038] and HO=70

4) Qm affects DM potentials
Qmh"2=[0.099862, 0.124362, 0.148862]

(deeper potentials — less BAO) -

2

{1
Y = —ATGN 15 pmm >

o' e n gy

. Qb= 0.0362'0.0462 0.0562] and HO=70
5) Qb affects height of peaks 100362, 0.0462, 00562  an
Qbh"2=[0.017738, 0.022638, 0.027538]

B R . .22 2 -2
S+ ——8+EkcS = | ——vY—-—¢/(1+R
RS Ras = (<Hv-Seam)

0 200 400 600 800



Behaviour of the power spectrum P(k)

1) Matter power spectrum 1s an important quantity, affectmg the CMB

P(k) = (|ox[*)

2) The potential can be written as
O(k,a) = D,(k) x T(k) x 6(a)

T

Transfer function

(I’(k, alate)

Initial value from inflation

2 —37m.—1 k) =
{®p> ~ kk ( ) (I)large(kaalate)

3) With these, express P(k) as

P(k) = (53)
= E{®,)T(k)*5(a)’
~ kik—Ekns—lT(k)ﬂ
~ kn_gT(k)E

MD CD~const
104 RD-&~const -

1000}

P(k)

100

10¢

1 L | |
1074 0.001 0.010 0.100 1 10
k (h/Mpc)

key = 0.073Qm0h (h/Mpc)

q

k>>keg =0 ~const - ®~1/k* =T ~1/k* = P(k) ~ k™3

k<<key—®~const—=56~k*=T~1— Pk)~k



Behaviour of the power spectrum P(k)

4) Behavior of transfer function 10¢| MP->®-~const RDosé~const
2 . : , ,
T(k) = L/E=, k >> ke 21000 i _
15 k<< keq 5 : ~k3
100} !
10} keg
5) Behavior of P(k) :
1% 0001 0010 0100 1 10
3 . . k (h/Mpc)
P(k) = L/k>, k >> keg
k, b << kg keq = 0.073Q,,0h (h/Mpc)

6) Fourier transform of P(k) 1s (1),

. . . i BAO peak
the correlation function (~prob of galaxies atr)  °% ]

1 o0 [|'.4;

§(r) = P(k)jo(kr)k?dk

2
24 Jq

B = i = (—5)




Discussion of Planck papers

1) Main Planck papers (for us!): 1807.06205, 1807.0629, 1807.06211

Planck 2018 results. .
Overview, and the cosmological legacy of Planck

Planck 2018 results. VI. Cosmological parameters

Planck 2018 results. X. Constraints on inflation

2) Main characteristics and frequencies

Frequency [GHz]

Property 30 44 70 100 143 217 353 545 857
Freguency [GHZ]* ... ... ..o o .. 254 41 T4 100 143 217 353 545 837
Effective beam FWHM [areminl® . ... ... ... .. 3229 7.94 13.08 0.66 7.22 4.90 492 4.67 412
Temperature Sensitivity [uKpywg degl . ... ... .. .. 25 27 35 1.29 055 078 2.56

[kKJysridegF .......... 078 072
Polarization Sensitivity [pKyp deg]® .. .. .. ... . 35 40 5.0 1.96 1.17 1.75 7.31
Dipole-based calibration uncertainty [%]° ... ... .. 017 0.12 0.20 0,008 0021 0.028 0024 ~1 ‘
Planet submm inter-calibration accuracy [%]° ... . .. ~3
Temperature transfer function uncertainty (& ..... .25 0.11 Ref. Ref. 012 036 0.78 43
Polarization calibration uncenainty [%J8 . ... ... .. <0M% <001% =<=001% 1.0 1.0 1.0 .
Zodiacal emission monopole level [pKems]® ... ... i) ] 0 0.43 0.04 iR 340

[MIysr i oL . 0.04 012

LFI zero level uncentainty [wKepm]* - . -0 .o ... =07 +0.7 E2113 e e tan
HF1 Galactic emission zero level uncertainty [Mly st~ s e e 00008 00010 00024 00067 00165 =0.0147
HFI CIB monopole assumption [Mlyse'F .0 L 00030 0079 0033 013 035 064

HFI CIB zero level uncertainty [Mlysr']' ... ... .. 00031 00057 0016 0038 =0066 =007




Discussion of Planck papers

3) Position of peaks

Ex tremum Multipole Amplitude [pl(z] 6000
TT power spectrum 50004
Peak 1......... 2206+ 0.6 5733 =30
Trough1 ..... 4163+ 1.1 1713 +£20 — 4000+
Peak 2......... 5381+ 1.3 2586 +£23 ‘%
Trough2 ... .. 6755+ 1.2 1799 +14 30004
Peak 3......... 8008+ 1.0 2518 =17 - ks
Trough3 ... .. 10011+ 1.8 1049 = 9 2000
Peak 4......... 11478+ 2.3 1227 = 9
Trough4 ... .. 12000+ 1.8 4T = 5 1000
Peak 5......... 14468 = 1.6 799 = 5 |
Trough5 ... .. 16238+ 2.1 300 =+ 3 0= T T T T T T T T T T
Peak 6......... 1779 = 3 378 = 3 2 5 10 30 50 100 250 500 1000 1500 2000 2500
Trough6 ... .. 1919 + 4 249 + 3 Multipole
Peak 7......... 2075 + B 221 =+ 6
TroughT ..... 2241 =M 120 = 6
4) Six-parameter ACDM model and P(k) | | |
Parameter Planck alone  Planck + BAD 1041 |
R o 0.022383 0.022447
O 012011 0.11923 =
1000y oo 1040000  1.041010 7 107} |
T 0.0543 0.0568 & /
(1040 oo 3.0448 30480 1 —
Mo ooeeeeeee e, 0.96605 0.96824 =
= 10< ¢ E
Hylkms 'Mpc™'] ... 67.32 67.70 &
a, e e 0.6842 0.6804 = b Planck TT
T B & g "I" Planck EE
Q. 03158 03106 101t - Planck 0 4
Ol 0.1431 0.1424 i SDSS DR7 LRG
BOSS DR9 Ly-a forest
Qub® i 0.0964 0.0964 "+ DES VI cosmic shear
i 08120 08110 100 " \_3 |_2 |_1 |0
oy Qa /0305 L. 0.8331 0.8253 10 10 W 10 - th B 10
P 7.68 7.90 avenumber k [ Mpe ] See Planck papers

Age[Gyr] ......... 13.7971 13.7839 for more details!




Boltzmann codes

Calculating all the previous stuff is tedious!
There are a few codes though (CAMB, CLASS etc)

Wi+1)g,

Code for Anisotropies in the Microwave Background

by Antony Lewis and Anthony Challinor

Pros: Code in 90, fast, recently updated, forum support. = Code in C++, recently updated, very modular
Documentation a bit confusing sometimes

Cons: Code in 90, not very modular...

For now we focus in CLASS



Quick tour of CLASS

Compile/run CLASS (Reqs: make, gcc)
The various files (.c, .ini etc)

The equations are in both synchronous & conformal
Newtonian gauge (see Advanced Cosmo next semester).



Quick tour of CLASS

1) Get CLASS from :
https://lesgourg.github.io/class_public/class.html
https://github.com/lesgourg/class public

2) Unzip with a tool (WinZip, 7 Zip etc) or on Macs, Linux:
tar xtv CLASS.tar.gz

3) Navigate to the CLASS directory and have a look at the files
i) cd CLASS

i) on Windows just navigate to the folder!


https://lesgourg.github.io/class_public/class.html
https://github.com/lesgourg/class_public

Quick tour of CLASS
oW W Wl

output python

d Wl

ReaISpaceInterfa scripts

include main notebooks

L ——
# '--EAE
. | - i
external Pk

bbn cpp
: l_ : _L ! r ——
4 i i
—_—
CPU.py explanatory.ini Makefile

hyrec

%ﬂ

source test tools .gitignore base_2015_plikH  base_2018_plikH cl_permille.pre cl_ref.pre CPU
M_TT_lowTEB_len ~ M_TTTEEE_lowl_|
sing.ini owE_lensing.ini
myselection.dat pk_ref.pre plot_CLASS outp  psd_FD smgle da README.md
utm

myevolution.dat

\source: Folder with c files that numerically solve CMB equations

explanatory.ini: File with cosmological parameters
\doc: Folder with manual you **SHOULD** read!!! DISCUSS

* pre: Files with higher-precision settings
\bbn, \main, \tools, \hyrec, \python: Folders with Utilities
\output: output files are saved, python

Makefile: Main compiler options



Quick tour of CLASS
VY

background.c input.c lensing.c nonlinear.c output.c perturbations.c primordial.c spectra.c thermodynamlcs transfer.c

background.c: Solves background aka Friedmann equations.

input.c: Reads the parameters from the ini files.

lensing.c: Applies CMB lensing to spectra.

nonlinear.c: Applies non-linear corrections to P(k) at k>0.1 h/Mpc.
output.c: Writes the final spectra to txt files.

perturbations.c: Solves perturbation equations!!!

primordial.c: Contains the primordial power spectrum P(Kk) from inflation.
spectra.c : Calculates the spectra Cls.

thermodynamics.c: Does the recombination stuff etc.

transfer.c: Calculates transfer functions T(K).



Run: make class

fcyadrive/c/Users/Savvas/Desktop/class_public-2.9.0

'class_public-2

-ffast-math
include

-ffast-math
./include -I.

pubTi i -ffast-math
Jinclude -I.

-ffast-math
include -I.

04 -ffast-math
include -I.

-ffast
include -I

1 -ffast-math
Jinclude -I../

-ffast-math
Jinclude -I.

-O4: Optimization O, 02, 03,04
-fopenmp: parallelization (export OMP _NUM_ THREADS=4)
-ffast-math: do fast math optimizations!

-fopenmp
rec -c

-fopenmp
rec -c

-fopenmp
rec -c

-fopenmp

R

-C -0

AdaU
_ndf15

-fPIC -D_ CLASSD
perspherical

Compilation



Run: ./class ./explanatory.ini

fcygdrive/c/Users/Savvas/Desktop/class_public-2.9.0 — Oa *

Lambda =

1 time = 112.322
-- Budget equation

explanatory.ini File containing

the cosmological parameters etc

Discuss the file!

«— Various results

[ explanatory00_cl.dat E3 ‘

\# dimensionless total [1(1+1)/2pi] C 1's
# for 1=2 to 3000, i.e. number of multipoles equal to 2999

#
# -> if you prefer output in CAMB/HealPix/LensPix units/order, set 'format' to 'camb' in input file
# -> if you don't want to see such a header, set 'headers' to 'no' in input file
# -> for CMB lensing (phi), these are C_1*phi-phi for the lensing potential.
# Remember the conversion factors:
- :1mputir1:‘1 thermod 4 C 17dd (deflection) = 1(1+1) C_1”phi-phi ) )
inati . - b'l]'lt\ functi t C_1%gg (shear/convergence) = 1/4 (1(1+1))"2 C_1*phi-phi
- - L .
Fgrrefpu1d1n? o Mpc $1:1 2:1T 3:EE 4:TE :BB
with comoving nd hori 2 1.495437883318e-10 7.309026172212¢-15 4.81517119813%-13 0.000000000000&+00
a meter distance = 12 3 1.409365941810e-10 1.238791651610e-14 6.068719691435¢-13 0.000000000000e+00
4 1.324622779164e-10 1.446512635826e-14 6.277976520644e-13 0.000000000000e+00
5 1.257504771174e-10 1.337853519781e-14 5.879551646450e-13 0.000000000000e+00
6 1.208053896034e-10 1.032310747877e-14 5.173990840385e-13 0.000000000000e+00
tz= . 1 i 1.173297567911e-10 6.841600365737e-15 4.365335860679%-13 0.000000000000e+00
orresponding y conformal time = 2 8 1.150037082721e-10 4.042374146265e-15 3.576623509953e-13 0.000000000000e+00
with ¢ i nd horizo = 9 1.135829021421e-10 2.336357197455e-15 2.880590507426e-13 0.0000000000008+00
reioniz optical de;}t}1 10 1.128526855214e-10 1.571653533762e-15 2.317799678437e-13 0.000000000000e+00
corres 11 1.126728139692e-10 1.345905907873e-15 1.905574136941e-13 0.000000000000e+00
12 1.129346488028e-10 1.288312421471e-15 1.640636552601e-13 0.000000000000e+00
13 1.135181551011e-10 1.200674797498e-15 1.505300359639%e-13 0.000000000000e+00
14 1.143248480530e-10 1.054790799694e-15 1.474046702054e-13 0.000000000000e+00
15 1.153611533224e-10 9.105397353921e-16 1.516730195347e-13 0.000000000000e+00
! 16 1.165881733448e-10 8.293959335366e-16 1.602914704804e-13 0.000000000000e+00
putir 17 1.179228800749e-10 8.287731570392e-16 1.707806930138e-13 0.000000000000e+00
mletir 18 1.193693326096e-10 8.811664402440e-16 1.812740695758e-13 0.000000000000e+00
19 1 209354AR4AAG~-10 9 R3RGIAARANA3GR-TA 1 0079102682766--13 0 0NNNNNNNNNNNA+NN




The Cls and the correlation function

Result 1s txt files with the Cls...

T'(Z,p,n) =T(n) 1+ 6(Z,p,n)]

=> Z @i (%, ) Yim (D)

=1 m=-I

(aim) =0 ; (@im Q) = Ol Oy C

. and the matter power spectrum P(k)

S p(Z) — (p) = (|6,
(7) ) P(k) = {|0x[*)
() = (6(93’)6(5:’ + 7)) <\Correlation function:
sin(k ) 2 Denotes probability to find
(r) = (Qﬂ / P(k) Ark2dk p Y

galaxy at position r



The variables and the equations

1) Friedman equations in GR (dot is conformal time) For more details see
Advanced Cosmo
class next semester!

o 2 8
a 3
A A7 _
— (—) = Py . R
i X 3

2) More than one ways to perturb the FRW metric!

1) Conformal Newtonian gauge: ds? = a%(7) {_(1 Fo)dr? + (1 — gé)dﬁidmi}
if) Synchronous gauge: 05 = a2(r){—dr? + (33, + hy)dadat)

CLASS implements both synchronous and conformal gauges \ (V) /



The variables and the equations

3) The perturbation equations in Conformal Newtonian gauge For more details sce

Advanced Cosmo

d 1 I Y Class next semester
k2 + 3= (c_b i ‘Eq) = 41Ga®dT%(Con), “oerextsemesier

k2 (rp + Eﬂ;) = 47Ga*(p + P)§(Con),

0]

. Bom . s g oy, uE., . 7 B
¢ + E(i,fﬁ +20) + (2; - ?) W+ g(cﬁ —) = ?Ga 0T (Con),
k(¢ —1v) = 12nGa®(p+ P)o(Con),
4) The perturbation equations in Synchronous gauge
la.

k%n — aah = ArGa*6T%(Syn),

k2 = AnGa®(p+ P)6(Syn),
h+ 233'1 —2%%n = —8wGa%sT%(Syn),

h + 6ij + 2¢ (h + 6?’}) —2%%n = —247Ga?%(p+ P)o(Syn).
a



6273
6274
6275
6276
6277
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The potentials

For more details see
Advanced Cosmo

k2(¢> —) = 127Ga? (p+ p)U(COﬂ) ; class next semester!

/* equation for psi */
ppw->pvecnetric[ppw->index mt psi] = y[ppw->pv->index pt phi] - £.5 * (a2/k2) * ppw->rho plus p shear;

/* equation for phi' */
ppw->pvecmetric[ppw->index mt phi prime] = -a prime over a * ppw->pvecmetric[ppw->index mt psi] + 1.0 * (a2/k2)
* ppw->rho plus p theta;

k2 ((;9 - gﬁ}) = 4nGa?®(p+ P)#(Con),

Etc for the rest...



Basic code flowchart

1) User inputs main cosmological parameter Qm, Qb, ns, Ho etc

2) Calculate background evolution H(z) and a(t)... E=MC 2

Energy = My Coffeé

3) Wait for code to solve perturbation equations of Boltzmann [ 4= 5
hierarchy and mulitpoles Al(k) for grid of values of k, = ol
usually in k— [0.0001,10]h/Mpc

4) Calculate matter power spectrum P(k) = (|0x|?) andC; = 4x f d°k Py (k) A2 (K, T)
Also include other secondary effects as discussed earlier.

5) Output results or feed to MCMC code to estimate best-fit parameters!



Summary

1) CMB revolutionized modern cosmology, helped transition to precision science
2) Main features of CMB: primary and secondary anisotropies
3) BAO is the main feature of CMB and contains most of information.

4) Planck papers are the pinnacle of several years worth of hard work. Contain all
info on experiment and results of analysis.

5) Boltzmann codes (CAMB, CLASS) do the heavy lifting of calculating the
spectra.

6) Outlook: Tons of things to do with CMB: tensors and BB spectra, more
accurate polarization, spectral distortions etc.
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