Cosmic Microwave Background and Spectral Distortions |I:
Theory of CMB spectral distortions
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*CMB 2 Cosmic Microwave Background



Cosmic Microwave Background Anisotropies

Planck all-sky
temperature map

« CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-5




COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)

SPEcTRUM OF THE Cosmic

MicrRowAVE BACKGROUND
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Theory and Observations
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Part Il: Theory of CMB spectral distortions




Some important conditions and assumptions

Plasma fully ionized before recombination (z~1000)

—> free electrons, protons and helium nuclei
— photon dominated (~2 Billion photons per baryon)

Coulomb scattering e + p <= €'+ p
—> electrons in full thermal equilibrium with baryons
—> electrons follow thermal Maxwell-Boltzmann distribution

- efficient down to very low redshifts (z ~ 10-100)
Medium homogeneous and isotropic on large scales

- thermalization problem rather simple!
—> In principle allows very precise computations

Hubble expansion

— adiabatic cooling of photons [T, ~ (1+z)] and ordinary matter [T ~ (1+z)?]
- redshifting of photons (no distortion...)



Photon Boltzmann Equation for Average Spectrum

dn, Oon, On, dx; On, dp On, dp;

= | : | | : =C
o o ton, @ Tap at T ap @

Isotropy & Homogeneity: — ony Hvu oy _ C[n]
(< average spectrum...) ot Ov
T Cin] dn, dn,, dn,

ollision term: = | |

dt | di |gr dt |pe
Compton Scattering Bremsstrahlung Double Compton
redistribution of photon adjusting

over frequency photon number



Photon Boltzmann Equation for Average Spectrum

dn, Oon, On, dx; On, dp On, dp;

= | L= - | =t =C
o o ton, @ Tap at T ap @
Isotropy & Homogeneity: — ony Hvu oy _ C[n]
ot ov
Collision 1 Cin] dn, dn,, dn,
ollision term: = | |
dt | dt |gp At |pc
Full equilibrium: Cln]| =0 = blackbody spectrum conserved

Energy release: Cln| # 0 = thermalization process starts



Redistribution of photons by Compton scattering

Reaction: ~+e<+— ' +¢




Redistribution of photons by Compton scattering

Reaction: ~+e+— " +¢

—> no energy exchange = Thomson limit

= iImportant for anisotropies




Redistribution of photons by Compton scattering

Reaction: ~+e+— " +¢

—> no energy exchange = Thomson limit

= iImportant for anisotropies

—> energy exchange included

up-scattering due to the Doppler effect for [y < 4KT, Scattering
3 Kernel
down-scattering because of recoil
(and stimulated recoil) for hv > 4KT,
Doppler broadening Av -~ 2K
1% MeC?

Sunyaev & Zeldovich, 1980, ARAA, 18, 537




Important Timescales for Compton Process

Thomson scattering tc = (o1Nec) " ~ 2.3 x 10%° x. ' (14 2) " sec

Last scattering surface
& CMB anisotropies
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toxp = H ' =~ 4.8 x 10" (1 + 2) "% sec
~ 8.4 x 107 (1 + 2)73/% sec

Redshift z
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Important Timescales for Compton Process

Thomson scattering tc = (o1Nec) " ~ 2.3 x 10%° x. ' (14 2) " sec

. kT, -
Comptonization tk = <4m 3 JTNec) ~ 1.2 x 10% x; (T /T,) 1 (1 + 2)* sec

. 4 Nee\ !
Compton cooling t.., = (mp; (‘;2)]$> ~ 7.1 x 10" x N (T, /T,) "1 (1 + 2) " * sec

matter-radiation equality : matter temperature starts

L deviating from Compton
equilibrium temperature
at z = 100-200

Comptonization
becomes inefficient

Comptonization becomes
inefficient at zx = 50000

thermal

decoupling ! . = character of distortion
' ) changes atzxk! u&y

toxp = H ' =~ 4.8 x 10" (1 + 2) "% sec
~ 8.4 x 107 (1 + 2)73/% sec

Redshift z
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Intensity (ergiem? sec sr Hz)
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What are y- and u-distortions?




Compton y-distortion / thermal SZ effect

K i tion: d_n Négcﬁ on Ly n(l+n)
ompaneets equation. d- , ~ 2 1 Py i Te

insert: n~n"®=1/(e"-1) = An=yY(x) with y<1

klTe — T, re” e + 1
= Necdt Y(r) = —1
/ / mec?  LoeC () (e —1)2 {wem — 1 }
ifT.=1T, — j—n — 0 (kinetic equilibrium with electrons)
Tlc

if T, <T, = down-scattering of photons / heating of electrons

if T, > 1, == up-scattering of photons / cooling of electrons

for T, > T, —=— thermal Sunyaev-Zeldovich effect (up-scattering)



Intensity in units of 1,(T)

Simplest spectral shapes
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Intensity in units of 1,(T)
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Simplest spectral shapes
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Chemical Potential / y-parameter

d
Limit of “‘many” scatterings — d—n ~ 0
Tlc

Kompaneets equation: —  O,n~ —%n(l n)

- T 22 9g oxr T,



Chemical Potential / y-parameter
dn

Limit of “‘many” scatterings — —| =0
d7 |~
. 1
Kompaneets equation: —  O,n = —%n(l )

for T,=T, = n=n""(z)=1/(e"—1)

any spectrum can be written as:  n(x) = 1/(e*T#®) 1)

T T
— (1—#(9:,3,u):—?7 — w+u:$%+uo

General equilibrium solution: Bose-Einstein spectrum with

T, =T, =T.q and po = const (=0 for blackbody)

Something is missing? How do you fix Te and uo?




Final definition of u-type distortion

initial condition: N., = N®"(T,) and p, = p2°(T})

after energy release = ~ 1.368
AVA 2
bb _ BE ~ bb |
NSP(T,) = NPT o) 2 N3(T,) (1435 = oo )
~ 1.111
AT 90¢(3
Psb(Tw) + Apy = PEE(Te,MO) ~ pr(Tw) (1 -4 T Wi )Mo>
Y
JAN ? Ap
on: —— = ~ (0.456 ~ 1.401 —
Solution T, 13C(3) 140 o and L 0 0.
2 1
— M(x)=G — —
@ =60 e
> 0
o = too few photons / too much energy Ap, _ 4 AN,
no < 0 = too many photons / too little energy pr> 3 NP
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Simplest spectral shapes

Intensity in units of 1,(T)
S o o o o o o o - = =
oL BN N U \G T s R NS R e = N B NSYe !

1
—

Intensity [ MJy sr

—_
=\

v [ GHz ]
1 10 100 1000

i LI l ! ! ! L l ! ! ! L l ! | 'I L l I —
B Blackbody spectrum /'\:: 00
—  ————- Temperature shift X 1/4 ' :"\ ]
TR y-distortion X 1/4 U |
- == — u-distortion X 1.401 : — 300
— 3 3 200 =

r°M(x) = x2°G(x) _
- 100
———r - — ....—:_":_"_.'—.—’ _O
| s / n
= ~. 1
| N, . / — -100

N S -
N ‘< . ./ ]
Uy — Ve 217 GHZ N, 7 -
- - — -200
L — v, ~ 124 GHz ]
i ] ] ] L1 1 11 I ] ] ] L1 1 11 I ] ] ] L1 1 11 I ] | I_ -300
01 0.1 1 10 30 50
x=hv/kT

Io = (2h/c*)(kTy/h)? ~ 270 MJy st~}

|



What about photon production processes?




Adjusting the photon number

Bremsstrahlung e+ p <> e'+p +Y
- 1. order a correction to Coulomb scattering

—> production of low frequency photons

- important for the evolution of the distortion at
low frequencies and late times (z< 2 x 10%)

Zp
/N KA

Comptonization &
free-free emission

Gaunt-Factor
- depends on temperature

DC emission not
_ yet included

- depends on charge

lllarionov & Sunyaev, 1975, Sov. Astr, 18, pp.413

1079 1073 102

F16. 5.—Temperature-averaged free-free Gaunt factor versus # = hv/kT for various values of 1 =
Z2Ry/kT.

Karzas & Latter, 1961, ApJS, 6, 167




Adjusting the photon number

Bremsstrahlung e+ p <= €'+p + Y

- 1. order a correction to Coulomb scattering

—> production of low frequency photons

- important for the evolution of the distortion at
low frequencies and late times (z< 2 x 10%)

Comptonization &

Double Compton scattering free-free emission

(Lightman 1981; Thorne, 1981)
DC emission not

e+y < e'_|_'Y '+Y , _ yet included

- 1. order a correction to Compton scattering

- was Only Included later (panese & De zotti, 1982)

9 prOdUCtl()n Of IOW frequency phOtOnS lllarionov & Sunyaev, 1975, Sov. Astr, 18, pp.413

—> very important at high redshifts (z > 2 x 109)



Final Set of evolution equations

Photon field
of 6. 0 0 T Kgre e . Kpce x
E%?%ﬁ[a—f‘F%f(l‘Ff)]"‘ 3 L= f(e*™ —1)]+ 3 1= f(e* —1)]+5(7,z)
o A2 %Y%)
Kpp = Jom o 2 > ZiNiga(Zi, T, Ty, we), Kpc = 5~ 05 Lac gac(Te, Ty, 2)
G (1) ~ @1}(1(2:;25) for x. <0.37 e 1+%£E—|—§Z$2—|— iéx?’%— 152 4.
© 1 otherwise ’ © 1 +19.7390., — 5.57970,
Iqc = /a;4f(1 + f)dx ~ 47 /15
Ordinary matter temperature
dpe _ A(T/T,) _ t2Q 47y, 4,
dr dr and. on 12 Pe] an DC,BR(Pe) — T Pe
3 3 eq _ edq
kan = S[Ne + Nit + Nite] = SkNull + fire + X pt =TT,
4 4
_ ) ea o JEfA+fde _ b1+ f)dy
py = o/ mec Y =y X Sy YD
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CosmoTherm: a new flexible thermalization code

Solve the thermalization problem for a wide range of energy release histories
several scenarios already implemented (decaying particles, damping of acoustic modes)
first explicit solution of time-dependent energy release scenarios

open source code

will be available at www.Chluba.de/CosmoTherm/

Main reference: JC & Sunyaev, MNRAS, 2012 (arXiv:1109.6552)

v [GHz]
0.02 0.1 1 10 100 10°
100 Illl : : g i | T ||||||| T T ||||||| T |||| T T |||||| T T |||||||
E - — z=41x10° - =40x10" —
o no energy r:lease —;, 8x10 - A ke mmmemmeees s=24x 10‘; ————— —14x10
g End of HI recombination 2y =3x10 3 S =15x10, - 2'4XX 10
- _ 5 - - //. | N : s :
10-2 :g z, =5x 105 ?E 6><1()_8 | ,‘I/ e U z s i
S N z,=1x10 : I S S Ry v e R
-3 s 5
=\ 2, =5x10 3 4
3 -8
C _ 4 1 4x10 [~
10_4 L Zy = 1x10 = ‘_.‘
s C hotter than photons ] g |
) @) -
107 = 2x107° -
6L N\ A=z ~
10 E T = L '
O B‘ B —-—~~\~"“—\-':;:':_‘ _______
a0 077
107 E o
sl L
10%E 5 S
-2x10 P
-9 / i .
10 ;o : \ strong low frequency evolution
C g fo at low redshifts
10" 4x10™ | _
| { ‘:I ul m | | [
-1 n . _ ]
10 S y : - , 2x10% 107 10° 10" 1 10 20 50
10 10 10 10 10 X

Electron temperature evolution Evolution of distortion



Example: Energy release by decaying relict particle

Decaying particles ( ¢, = 5.96467e+06/ [, = 4¢+06 )

redsmft\::1.00()443;-+07 Il AT /T =1.680621e-09 | AT /T, =-3.187501e-07 Il y_=3.611625¢+02 initial condition: full
2-06 A equilibrium

difference between total energy release:
_ feslo electron and photon

temperature Ap/p~1 .3x10-6

“le-8%001 0.001 : Zx~2x106

most of energy
released around:

positive y-distortion

high frequency
distortion frozen
around z=5x10°

-de-05

5605 late (z<103) free-free

66-05 absorption at very low
0.0001 0.001 0.1 1 10 frequencies (Te< Ty)

today x=2 x 10-2 means v~1GHz

Computation carried out with CosmoTherm
(JC & Sunyaev 2012)



Is there a simple way to include the effect of
photon production at low frequencies?



Analytic Approximation for u-distortion

dn dn

B . ~ 0
d7‘cJr dr

em /abs

Comptonization efficient! ——

low frequency limit & small distortion —  (x,2) =~ po(z)e " (2)/z
(e.g., see Sunyaev & Zeldovich, 1970, ApSS, 7, 20; Hu 1995, PhD Thesis)

Bose-Einstein
spectrum with
M = const

“Blackbody”
restored (u=0)

1

critical frequency n =

eT+u(z,z) _ 1
T. ~ 1072

10° 10"
x=hv/kT,




Analytic Approximation for u-distortion

Comptonization efficient!

i dn
o dr

dn

— —_—
dr

em /abs

~ 0

low frequency limit & small distortion —  j(x,2) =~ po(z) o~ Tc(2)/

(e.g., see Sunyaev & Zeldovich, 1970, ApSS, 7, 20; Hu 1995, PhD Thesis)

]
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S
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S

For future /

observations high
frequency part
more relevant

Temperature dip
at pretty low
frequencies

v = H7x GHz

10"
x=hv/k TY

1

~ ertn(@e) _ 1



Analytic Approximation for u-distortion

dn dn

_ _ %O
d7‘cJr dr

em /abs

Comptonization efficient! ——

low frequency limit & small distortion —  j(z,2) =~ po(z)e " (2)/
(e.g., see Sunyaev & Zeldovich, 1970, ApSS, 7, 20; Hu 1995, PhD Thesis)

Last step: How does lo(z) depend on z?




Analytic Approximation for u-distortion

dn dn

_ _ %O
d7‘cJr dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  j(z,2) =~ po(z)e " (2)/
(e.g., see Sunyaev & Zeldovich, 1970, ApSS, 7, 20; Hu 1995, PhD Thesis)

Use u(x, z) to estimate the total photon production rate at low
frequencies = determines at which rate o reduces

> d(Q/py)
dz’

AV
P~

1o =~ 1.401 — Uy & 1.4/ T (z")dz’

ZK

\5 /2

u-distortion visibility function: J,(z) = e~ ¥/ 5= with  z, ~ 2 x 10°

Transition between u and y modeled as simple step function



Classical approximations for u and y




y - distortion u-y transition u - distortion

..}..).i..}.l.{. BOOO00000 200000000 DO OO LMD

- v [GHz]
100 o | 100

y-distortion Y(x) — — — — udistortion M(x)

Scattering 'inefficient’ Scattering efficient’

3

Intensity (~ x™ n)

Intensity (~ X n)
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Visibility

y - distortion u-y transition u - distortion
| 1 llllll' | | lllllll I 1 llllll' | | lllllll ] 1 L
1Apy _ 1 (= d(Q/py) /OO d(Q/py)
~ = = _ dz’ ~ 1.4 ! 2" dz

j,u(z) ~e ( T8 x100 )5/2

redshift z

Blackbody fully :::
i restored by i3
i thermalization




Visibility

y - distortion u-y transition u - distortion
| 1 llllll' | | lllllll I 1 llllll' | | lllllll ] 1 L
1Ap, 1 [ d(Q/py) ., /OO d(Q/p~) e,
~ — = — dz ~ 14 Ju (2 )dz
Y= P~y 4 /Zrec dz’ 2y 47 u(7)

redshift z

: Blackbody
= “photosphere”

e

(Bond, Les Houches
i Lectures, 1996) ”

)5/2




Visibility

y - distortion u-y transition u - distortion

| 1 | lllll' | I 1 llllll || 1 llllll' | I 1 llllll ] 1 | LA
1Apy _ 1 (= d(Q/py) < d(Q/py)
~ — = — dz’ ~ 1.4 ! Nd 2

j,u(z) ~e ( 1.98f< 106 )5/2

= Very simple way to estimat
- the spectral distortion fora
: given energy release history! ::

redshift z



Distortion visibility for BR and DC

| e f o
I | gch gzbr
I : :  Original estimates
081 ; ; ] only included the
= » N g . effect of BR
2 [ Jbola) =exp (—la/al?)\ PN ;
E o6l SN ; | e Double Compton
> | ; \ ; il P :
£ Tor(z) = exp (—[zn/200] %) 5 N 1 emission was first
& : \ | included by Danese
> B \ _ .
osl 200~ 198 % 10° \ - & de Zotti, 1982
- \ -
Z e A 5.27 x 106 -\ {  * DC changes the
=0 A\ ; distortion visibility
02 ———=—= Double Compton ; \.\ — quite Strong|y
- === Bremsstrahlung : .
i CosmoTherm \.\
I N
0 L ! ! ! Lo | \'\
5x10° 10° 10° 10’ 2x10’
Redshift z

Double Compton emission is really crucial !!!
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What about the u-y transition regime?
Is the transition really as abrupt?



Quasi-Exact Treatment of the Thermalization Problem

For real forecasts of future prospects a precise & fast method for
computing the spectral distortion is nheeded!

Case-by-case computation of the distortion (e.g., with CosmoTherm, JC &
Sunyaev, 2012, ArXiv:1109.6552) Still rather time-consuming

But: distortions are small = thermalization problem becomes linear!

Simple solution: compute ‘“response function” of the thermalization
problem = Green'’s function approach (Jc, 2013, ArXiv:1304.6120)

Final distortion for fixed energy-release history given by

> d(Q/p~)
Al, ~ / i /
-/0 Gin(v, 2") g dz

Fast and quasi-exact! No additional approximations!

CosmoTherm available at;: www.Chluba.de/CosmoTherm



What does the spectrum look like after energy injection?

Intensity signal for different heating redshifts

: 6
temperature-shift, z > few X 10

Response function:
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JC & Sunyaev, 2012, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120




What does the spectrum look like after energy injection?

Intensity signal for different heating redshifts

: 6
temperature-shift, z > few X 10

: : 5
u-distortion at z ~ 3 X 10

Response function:
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JC & Sunyaev, 2012, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120




What does the spectrum look like after energy injection?

Intensity signal for different heating redshifts

| | I I l
: 6
temperature-shift, z > few X 10

: : 5
u-distortion at z ~ 3 X 10

: : 4
y-distortion, z, < 10

Response function:

2.
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energy injection = distortion S Q
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JC & Sunyaev, 2012, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120



What does the spectrum look like after energy injection?

Intensity signal for different heating redshifts

| | IIIIIII | | IIIIIII | IIIIIII
.t

: 6
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Explicitly taking out the superposition of T, y & y distortion

R(v) at z < 38000
R(v) at z ~ 38000
R(v) at z > 38000
Residual (non-p/non-y)

distortion = more info!
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Allows us to distinguish different energy release scenarios!

JC & Sunyaev, 2012, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120; JC, 2013, ArXiv:1304.6121; JC & Jeong, 2013



Transition from y-distortion — p-distortion
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Figure from Wayne Hu’s PhD thesis, 1995, but see also discussion in Burigana, 1991




Distortion not just superposition of y and y-distortion!

v [GHz]
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(JC & Sunyaev 2011) First explicit calculation that showed that there is more!
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Visibility

y - distortion u-y transition u - distortion
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Visibility

y - distortion

u-y transition

u - distortion
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Green’s function for photon injection
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Photon injection Green'’s function gives even richer phenomenology
of distortion signals

Depends on the details of the photon production process for
redshifts z < few x 10°

difference between high and low frequency photon injection

JC 2015, ArXiv:1506.06582
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Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter Standard sources

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011) Of dISl‘OI’tIOI’)S

Heating by decaying or annihilating relic particles

(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

Evaporation of primordial black holes & superconducting strings

(Carr et al. 2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

Dissipation of primordial acoustic modes & magnetic fields

(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaeyv, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) A

Cosmological recombination radiation

(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009)

pre-recombination epoch

,nigh® redshifts

Jow® redshifts

Signhatures due to first supernovae and their remnants

(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large-scale structure formation Y

(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

post-recombination

SZ-effect from clusters; effects of reionization

(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

other exotic processes

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)



Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011)

Heating by or relic particles

(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

(Carr et al. 2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

Dissipation of primordial acoustic modes & magnetic fields

(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaeyv, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) ﬁ
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Shock waves arising due to large-scale structure formation Vs
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SZ-effect from clusters; effects of reionization §

(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)



Different regimes for photon injection
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Regime with very few scatterings
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Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter Standard sources

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011) Of dISl‘OI’tIOI’)S

Heating by decaying or annihilating relic particles

(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

Evaporation of primordial black holes & superconducting strings

(Carr et al. 2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

Dissipation of primordial acoustic modes & magnetic fields

(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaeyv, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) A

Cosmological recombination radiation

(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009)

pre-recombination epoch

,nigh® redshifts

Jow® redshifts

Signhatures due to first supernovae and their remnants

(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large-scale structure formation Y

(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

post-recombination

SZ-effect from clusters; effects of reionization

(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

Additional exotic processes

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)



To be continued...




