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[ Evolution of perturbations :l

OUTLINE e Odd and even peaks

e Large-scale anisotropies
* Acoustic oscillations
 Diffusion damping




OBSERVABLES

Primordial perturbations : generated during inflation
Quantum fluctuations = Gaussianity (@ linear level)
Matter & radiation perturbation : descendant of inflaton
Evolutions of matter and photons appear as PSs
Evolutions determined by Einstein-Boltzmann system

“the devil is Id the detail” look simple

inflaton
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link to Measurement Curvature perturbation P
no evolution

(%) =0 : Quantum fluctuation — random distribution
Pl = (6F 6F) : measurements, X : CMB (T, E, B), LSS Jil &
By = (6}, 6, 07) =0 : Gaussianity




* free electrons ﬁ neutral hydrogen

® free protons _
last scattering

~400,000yr Time

PHOTON PERTURBA

Primordial perturbations appear in matter and radiation "$ifjistelitsten
Einstein-Boltzmann system : evolution of photon perturb
Two different evolutions of §, before and after z;;; = 11

Before z;4¢ , ¥, e, p were tightly coupled (the on fluid = regarded as a

After z;. , ¥ free-streamed from surface of last scattering

Fourier modes = perturbations on different scales
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T (x,p,n)=TOM)[1+6(x,p,n)] |f&xpr:bt)= (exp [m] ‘1)

PHOTON
- —citam) k [h/Mpe] = 0.005, 0.02,0.031,0.039 PERTURBATIONS 11
(ACOUSTIC

OSCILLATION)

—-— 1% trough * . - *  Fourier modes = perturbations on different
pfode - . scales

super-horizon : NO causal physics , A > ¢
-—= 1% peak : reaches max @ ls

—— 214 peak

* Evolution of perturbations of photons
before n = n, (effective temperature
perturbation : 0, + V)

* 1) photon perturbations not grow after 1, ({
too weak to trap ys ) = free streaming to us :
preserve perturbations at decoupling

* ii) perturbations of b & DM grows between
N & No

*  Sum of gravitational potential & photon
, = - — = monopole at 7, : present observed photons
0.0 0.2 J.4 J. J. L had to travel out of potentials they were in at

N

* Normalized to {r at the end of inflation (
related to curvature perturbation R )
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Acoustic oscillations pattern
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PHOTON
PERTURBATIONS III P
(ODD, EVEN PEAKS) - e Q= Q10

*  Spectrum of perturbations evaluated @ 7,
* odd peaks > even peaks (due to F)
« 0f +k?c20, = F : forced HO

* Dw= \/% : mass loading of fluid €},

* 1ii1) External force F (potential well generated by
DM) sets asymmetry in odd & even peaks. (The
larger F, and the lower w), the larger the
asymmetry

i) self-gravity & F act in consort leading to
stronger contraction during contraction

* 1v) self-gravity & F act in opposite when
pressure wins leading to an underdensity

* Plots evaluated @ 1, reduced baryons = X
increases m = ,reduced DM = 3 1250
decreases F =




PHOTON PERTURBATIONS
IV (DIFFUSION DAMPING)

* Beyond oscillations, damping on small scales k1o = 500 for low-(,,
e A single fluid approximation is valid only if I' ~ oo

* Reality : ys travel finite distances between scatters (7 : optical depth)

1 1 . ;
Ayrp = — T — ys’ mean free path (a comoving distance btw each scatter)
efT

e # of scatter during H~! interval (total number of steps) : npopH ™!
1

5 SRR el —Ti
Total comoving distance : Ap~Aypp \/Ne0TH Py

* Perturbations on scales smaller than A are washed out because photon diffusing over
Ap restore the mean T, (= damping of high k modes)

e Qpl: nyl,Ap T :stronger damping




PHOTON
PERTURBATIONS V
(FREE STREAMING)

Relate perturbation (0o+W¥)(k, n.) to the present observed
anisotropies

6T (kq1,7m.) : one Fourier mode (a plane-wave perturbation)

Photons from hot & cold spots separated by a comoving
distance 1/ k4 travel to us coming from an angular separation

0 = 1/(x. k1) where .= c(1o-1.)
If decompose 8T into multipole moments ©,, then 8~1/1

Project inhomogeneities on scales k4 onto anisotropies on
angular scales [~0~1 = y, k; = cng ky

But interrupt during free journey
* Gravitational potentials evolve at early (recombination) (due to
radiation) and at late (due to DE) : Integrated Sachs-Wolfe
(ISW) effect

* Not neutral z < 10 due to reionization (damping
anisotropies)

Arc length

hot =

brighter




e Expansion of © in terms of spherical harmonics

o l

O (x,p,n) = Z Z aim (1,%) Yim (D)

=1 m=-1

3k % i R
(1,2 = [ 5 5se [ dov, (9)0 (xp.m)

(alm) =0 , (alma}*’m,) = 5zz'5mm/C(l)

e Relation between the present temperature fluctuations and the primordial one
O (k,p,m) =T (k, ) R(k) = T (k, k- ) R(K)
(6 (,) O (k, b)) = (2m)*6 D (k — K) Pr(W)T (k,k-5) T (k. k-5

C)=2 [~ bk Po(ITE where T (kK- ) = S (-0 + DP(K- BITIH)
l

®1(k, no) =~ [Oo(k, n+) + W (k, n)] ji [k(mo — n+)] monopole

Ji [k(no — m)])

dipole  =3©1(k, 74) (jl—l [k(mo —n)] =+ 1) k(70— 12)

10
ISW  + fo dn e [/ (k, n) — @'k, )] i [k(no — m)].

ANISOTROPIES
FROM INFLATION

* So far, investigate (monoploe &
dipole) perturbations to photons 0, &
0, at n, (i.e., last scattering epoch)

* Need to relate them (0,(n,) &
01(7.)) to ©;(no) at o (present epoch)
in order to use for observables

* Angular power spectrum (PS) of
photon perturbations



CMB POLARIZATIONS

e Polarization tensor I;; :

I+Q U T 5 1.
Iij = ( U I- Q) =I6;5+ I;; where T(1)= /d 0T (0)e"

Ll 1
(1) =2 <l—; - 552-3-) EQM)+ 1571
E(Q) = %IE; (1) = cos 2¢,Q(1) + sin 2¢,U (1)
T =150 — 2%15(1) = cos 2¢;B(1)
B(1) = —sin 2¢;Q(1) + cos 2¢,U (1)
_ (cos2¢; sin2¢y —sin2¢; cos2¢;
Ii:g(l) - (sin 2¢; —cos 2¢l) E®M + ( cos2¢; sin 2¢l) B®)
) eiloomBO

where Stokes parameters I : intensity (67"), @ and U : linear polarization, V' : circular poliza-
tion
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GENERATION OF CMB POLARIZATION I
E-MODE (FROM SCALAR)




Gravitational wave amplitude
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Spacetime distortion
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GENERATION OF CMB POLARIZATION II

B-MODE (FROM TENSOR, GWS)




CMB POWER

SPECTRA I
(NUMERICAL TOOLS)

* List of cosmological Boltzmann codes

 CMBFAST : out of date,
https://ascl.net/9909.004

* CAMB : https://camb.info/ (Fortran
90 , Python)

» CLASS:
https://lesgourg.github.io/class publi
c/class.html (C++, Python)

* Parameter estimation packages

* CosmoMC
* Slick Cosmological Parameter
Estimator (SCoPE)
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Fig.57: Planck 2018 temperature power spectrum. At multipoles £>30 we show the frequency-coadded temperature spectrum
computed from the P1ik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assum-
ing the base-ACDM cosmology. In the multipole range 2 <£<29, we plot the power-spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky (see Sect. 2.1.1). The base-ACDM theoretical spectrum best fit to
the likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in the middle panel. The
vertical scale changes at £ =30, where the horizontal axis switches from logarithmic to linear. The error bars show +1 o~ diagonal
uncertainties, including cosmic variance (approximated as Gaussian) and not including uncertainties in the foreground model at
€>30. The 10 region in the middle panel corresponds to the errors of the unbinned data points (which are in grey). The bottom
panel displays the difference between the 2015 and 2018 coadded high-multipole spectra (green points). The 1 o~ region corresponds
to the binned data errors. The vertical scale differs from the one of the middle panel. The trend seen for £ <300 corresponds to the
change in the dust correction model described in Sect. 3.3.2.


https://camb.info/
https://lesgourg.github.io/class_public/class.html

CMB POWER
SPECTRA II (TE)

o Crg(D) : cross correlation btw T and
E-mode polarization
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Fig. 58: Planck 2018 TE power spectrum. Figure conventions are similar to those of Fig. 57. In the multipole range 2 < £ < 29,
we plot the power spectrum estimates from the SimAl1l likelihood (although this is not used in the baseline parameter analysis
for £<29; see the discussion of Sect. 2.2.6). The bottom panels display the difference between the 2015 and 2018 coadded high-
multipole spectra (green points). The red and orange lines correspond to the effect of the beam-leakage correction and the addition
of the beam-leakage and the polarization-efficiency corrections, respectively. Both corrections were absent in the 2015 data. The
light green points show the difference between the 2015 and 2018 coadded spectrum, after correction of the 2015 data by these two
effects. The difference here is dominated by the leakage correction.



CMB POWER
SPECTRA III (EE)

List of cosmological Boltzmann codes

Parameter estimation packages

Fig. 59: Planck 2018 EE power spectrum. Figure conventions are similar to those of Fig. 57. In the multipole range 2 < £ < 29, we
plot the power spectra estimates from the SimA11 likelihood. The bottom panels display the difference between the 2015 and 2018
coadded high-multipole spectra (green points). The red and orange lines correspond to the effect of the beam-leakage correction and
the addition of the beam-leakage and the polarization-efficiency corrections, respectively. Both corrections were absent in the 2015
data. The light green points show the difference between the 2015 and 2018 coadded spectra, after correction of the 2015 data by
the two effects. The difference in EE is dominated by the polarization-efficiency correction.




— Fiducial cosmology

CMB POWER SPECTRATV |

* Large scale mode : enter horizon only recently

e Measure Ics (Inflation)

* Neglect dipole & almost constant PS

* Acoustic peaks

Oy + ¥
---- add dipole
—-—-add ISW

Ok, n0) = @0k, nx) + W (k, n4)] ji [k(no — n,)] monopole
Ji[k(mo — )]
k(no — n«)

10
ISW  + fo dn e~ [W'(k, n) — ©'(k, )] ji [kno — )]

2 e .
CO™ ~ /0 dkk? Pr (k)| [k(mo — )] |2

I[l+ 2 — 1] T[I3 — n,]
L[l — 2% + 2|22 - %

~ 22 A, (oky) "
i % 5(770 ‘p)
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o5 As7 thus D(l) =1(1+1)C(I)




INTERPRETATION CMB T'1' SPECTRUM I
(EFFECT OF COSMOLOGICAL PARAMETERS)

Qg = 0.07

Qx = 0.03

Qk = 0.00
/i W Qg = —0.03
e Qk = —0.07
dg = ————sinh |4/ |QK H()X =3 i \“\ K
\/ |QK [ ] ) A lr;" \\“\‘

wherex. = ¢ (10 — 14) ~ cmo

200 400 600 800 1000
l

O = —K/(aH)’ L~ 1/6
positive negative decrease | ~1/0 = kd 4. Thus for the same k, I 1 as d4 |.

0 0 fiducial k : wavenumber (scale) & K : (Gaussian) curvature
negative positive increase




INTERPRETATION CMB T'1' SPECTRUM I1
(EFFECT OF COSMOLOGICAL PARAMETERS)

e Effectoft(6<z< 1))
» Effect of A and ng

e Reionization : CMB y scatter off free e~
again & wash out primordial anisotropies

CSW ~ 25% /O°° dik? P (k) 1 [k (o — 1] 2 (isotropy restored)

ns 1 _
1—ng F[l + D) 2] F[l?) ns] T (1 + @) e—Trei + T (1 _ e—Trei) — T (@e—Trei)

escape reionized region  scattered into the beam present T

[l — % + 31122~ %]

thus D(l) =1(1+1)C(I)

Trei = 0.028

—- Trei = 0.043
— T3ei = 0.057
Trei = 0.071

Trei = 0.085

C(l) 1+ as As 1

AC(l) by (I/l,)* if ng = ns + «

400 600 800 1000
l




INTERPRETATION CMB T'1' SPECTRUM 111
(EFFECT OF COSMOLOGICAL PARAMETERS)

Oph? = 0.018
Oph? = 0.020
—— % = 0.022
Oph? = 0.025
Oph? = 0.027

« Effect of () h?

 Assume flat Universe

Tx
ok = koo = mmo/ra(m) , Ta(7e) = / dnes(n)
0

1 3pb NeOTA
csm)=4]——  R=2P o~
)=\ 30+ &) 10, P

As Qp 7T

e Rt,cs |,rs ~Lalp 1

® hodd/heven T : increasing effective mass (fall deeper)

e n. 1,kp 1 : damping moves smaller angular scales

1500




INTERPRETATION CMB T'1' SPECTRUM 1V
(EFFECT OF COSMOLOGICAL PARAMETERS)

« Effect of Qpyh?
* Assume flat Universe , > = 0.107
/ \ Oh2 = 0.119
— Q.h*=0.131
O.h% = 0.143

As Q. 1

® 2¢q T ~more growth

o &' | : less early ISW

800
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LARGE SCALE
STRUCTURE

power spectrum P(k) (h=' Mpc)?
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LARGE SCALE STRUCTURE
(MATTER POWER
SPECTRUM)

GHAHEY RF HPH

future work

l u}o]o%@y_ 1494

P, = KTHR) Gz Q

A AR : - wEAA Lo 7247948
S84, 2AE - BAO ZL A HYAHE
(H(z),Da(2)) + Alcock-Paczynski &

25 FYAHEYH S o] § LFE LR HE FAHE & A= &



——k = 1Mpc!

BARYON ACOUSTIC
OSCILLATION I

* DM is the main matter component : T(k)
» Still about 16% baryon : affect to T(k)

* Baryon overdensity suppressed compared
to DM because of coupling

* Lead to small oscillations in T(k) around N o
kNOl h/MpC \ — = 2Xm,, = 0.06 eV

———Ym,=02¢eV
* Roughly form cos(kry) where r; = 105
Mpc/h : sound horizon at recombination
(a standard ruler)

* This feature was imprinted only baryon at
early universe, but transferred to late time
PS of matter due to coupled by gravity

k [hMpc ]




BARYON

ACOUSTIC
OSCILLATION 11

AS A STANDARD'RULER, ONE CAN DERIVE
BOTH H AND DA




