Future of Cosmology with CMB Spectral Distortions
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Main Goals of the lectures

Convince you that future CMB distortions science will
be extremely exciting and lots of fun!

Explain in detail how distortions evolve and thermalize

Definition of different types of distortions (u, y and r)

Computations of spectral distortions (afterwards you
should be able to do simple estimates yourselr...)

Provide an overview for different sources of primordial
distortions

Show you why CMB spectral distortions provide a
complementary probe of inflation and particle physics



References for the Theory of Spectral Distortions
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Part |I: Theory of CMB spectral distortions
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CMB provides another independent piece of information!
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COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)
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Standard types of primordial CMB distortions

Compton y-distortion Chemical potential u-distortion
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also known from thSZ effect 10 |

Up-SCattering Of CMB phOtOﬂ Sunyaev & Ze7SS, 2, 66
important at late times (z<50000)

scattering inefficient

important at very times (z>50000)
scattering very efficient
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No primordial distortion found so far!? Why are we
at all talking about this then?



Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter

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

Heating by decaying or annihilating relic particles

(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaeyv, 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 & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) #

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

,high“ redshifts

Jow“ redshifts

Signatures due to first supernovae and their remnants

(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large-scale structure formation V

(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)

more 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 Standard sources

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

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

,high“ redshifts

Jow“ redshifts

Signatures 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)

more exotic processes

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



Dramatic improvements in angular resolution and
sensitivity over the past decades!

Planck 20,

~ 7 degree

beam LE FIGARO-fr

~ 0.3 degree ~ 0.08 degree
beam beam



Dramatic improvements in angular resolution and
sensitivity over the past decades!

" BT Rt 4

?y-:. DE(
. - L -
¢ - L P e
’ -~y -

, 5

.
“r ’
‘C
"

4
-

~ 7 degree - i
beam = S - LE FIGARO-fr

~ 0.3 degree ~ 0.08 degree
beam beam




PIXIE: Primordial Inflation Explorer

Angular Scale (Deg)
90 30 10 3 1 0.3

Unpolarized ; 400 spectral channel in the frequency
sonetE range 30 GHz and 6THz (Av ~ 15GHz)
about 1000 (!!!) times more sensitive than
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B-mode polarization from inflation (r = 10-3)
Improved limits on y and y

was proposed 2011 as NASA EX mission
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Enduring Quests
Daring Visions NASA 30-yr Roadmap Study

NASA Astrophysics in the Next Three Decades

published Dec 2013)

How does the Universe work?

"Measure the spectrum of the
CMB with precision several orders
of magnitude higher than COBE
FIRAS, from a moderate-scale
mission or an instrument on CMB
Polarization Surveyor."

New call from NASA
expected end 2016
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Polarlzed Radlatlon lmagmg ands ectroscopy MISSIOVIg Instruments:

* L-class ESA mission
* White paper, May 24th, 2013
- Imager:

- polarization sensitive

- 3.5m telescope [arcmin resolution
at highest frequencies]

- 30GHz-6TH2z [30 broad (Av/iv~25%)
and 300 narrow (Av/v~2.5%) bands]

» Spectrometer:
- FTS similar to PIXIE
- 30GHz-6THz (Av~15 & 0.5 GHz)

Some of the science goals:

+ B-mode polarization from
inflation (r = 5x10-4)

- count all SZ clusters >10"* Msun
ClB/large scale structure

+ Galactic science

CMB spectral distortions
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Ar’fay of Precision Sbe’étror'ne'fers.

for detecting spectral ripples from the
Epoch of RecombmAtlon S S
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The Array of Precision Spectrometers for the Epoch of RecombinAtion -
APSERa - is a venture to detect recombination lines from the Epoch of
Cosmological Recombination. These are predicted to manifest as 'ripples' in
wideband spectra of the cosmic radio background (CRB) since
recombination of the primeval plasma in the early Universe adds broad

) spectral lines to the relic Cosmic Radiation. The lines are extremely wide

b "R because recombination is stalled and extended over redshift space. The

R spectral features are expected to be isotropic over the whole sky.

ree

The project will comprise of an array of 128 small telescopes that are
—T T ‘f purpose built to detect a set of adjacent lines from cosmological

-
c.

K recombination in the spectrum of the radio sky in the 2-6 GHz range. The
g 28 1 radio receivers are being designed and built at the Raman Research

g 26|~ : Institute, tested in nearby radio-quiet locations and relocated to a remote
;‘ 2a |- i site for long duration exposures to detect the subtle features in the cosmic
= oal- i radio background arising from recombination. The observing site would be
N ol i appropriately chosen to minimize RFI from geostationary satellites and to
8 | — wtlemision i be able to observe towards sky regions relatively low in foreground
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Why should one expect some spectral distortion”?

Full thermodynamic equilibrium (certainly valid at very high redshift)

CMB has a blackbody spectrum at every time (not affected by expansion)
Photon number density and energy density determined by temperature TY

I, ~2.726(1+z) K
NY ~ 411 cm3 (1+2)3 ~ 2x10° N, (entropy density dominated by photons)
p, ~9.1x10" m,c® cm= (1+2)* ~ p, X (1+2) / 925 ~ 0.26 eV cm= (1+z)*
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Perturbing full equilibrium by

Energy injection (interaction matter <-> photons)
Production of (energetic) photons and/or particles (i.e. change of entropy)

- CMB spectrum deviates from a pure blackbody
-> thermalization process (partially) erases distortions

(Compton scattering, double Compton and Bremsstrahlung in the expanding Universe)
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Full thermodynamic equilibrium (certainly valid at very high redshift)

CMB has a blackbody spectrum at every time (not affected by expansion)
Photon number density and energy density determined by temperature TY

I, ~2.726(1+z) K
NY ~ 411 cm3 (1+2)3 ~ 2x10° N, (entropy density dominated by photons)
p, ~9.1x10" m,c® cm= (1+2)* ~ p, X (1+2) / 925 ~ 0.26 eV cm= (1+z)*

Perturbing full equilibrium by

Energy injection (interaction matter <-> photons)
Production of (energetic) photons and/or particles (i.e. change of entropy)

- CMB spectrum deviates from a pure blackbody
-> thermalization process (partially) erases distortions

(Compton scattering, double Compton and Bremsstrahlung in the expanding Universe)

Measurements of CMB spectrum place very tight
constraints on the thermal history of our Universe!
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This is a necessary condition if you do not want to distort the CMB!

Energy release inevitably creates distortions (need additional photons)



Another simple example: d-function photon injection
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Another simple example: &-function photon injection
JAVAY
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photons over energy and adjusting their number!




Another simple example: &-function photon injection

AVAY
Assume: AN, = - = Lo(v —wy) = Ap, = hyy AN,
Ap AVAY hvg AN. 4 AN. hv
Then S L= T — =~ 3.6
pbb — MO hb T T 9 7R, NP T 3 NDD kT,

Ve >~ 3.6 kT, /h ~204.5 (1 + z) GHz
Injection at v = v. = only need to redistribute photons over energy
Injection at v < v. = need more energy /absorb photons

Injection at v > v. = need to add photon / cool photon field

The thermalization problem really is about redistributing
photons over energy and adjusting their number!

Question: Is there enough time to restore full equilibrium?




How does the thermalization process work?




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 <> e'+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+2)?]
- redshifting of photons
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Photon Boltzmann Equation for Average Spectrum
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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 Hv oy _ C[n]
ot ov
PN Cin] dn, dn, dn,
ollision term: = | |
dt | dt |gg At |pc
Full equilibrium: Cln]| =0 = blackbody spectrum conserved

Energy release: Cln| # 0 = thermalization process starts
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Redistribution of photons by Compton scattering

Reaction: v +e+—~ +¢

—> no energy exchange = Thomson limit

= iImportant for anisotropies

—> energy exchange included

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

Sunyaev & Zeldovich, 1980, ARAA, 18, 537
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Fokker-Planck expansion: >
MeC 1%
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Compton Collision Term / Kompaneets Equation
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Compton Collision Term / Kompaneets Equation

dn, N 2
dn = / [ (”7) P(Te,v —v)ny(1+mn,) — P(Te,v— v')n,(1+ n,,/)}du’
T lc
K1 JAN
Fokker-Planck expansion: > <1 and = <1
MeC %
_ dn, 1 0 ,| Kl On, h n,(1+n,)
~ 5oV - 1% 1%
dr | v?0v MeC? OV  MeC?
change of variables: Vv — = N and 6, = uzk
kT, Mo C?
dn 0. O ,|On 1T,
— dr |, 27 oz {83} T, g —I—n)}

Kompaneets equation (A.s. Kompaneetz, 1956, JETP, 47, p. 1939)



Compton Collision Term / Kompaneets Equation

dn, N 2
dn = / [ (”7) P(Te,v —v)ny(1+mn,) — P(Te,v— v')n,(1+ n,,/)}du’
T lc
K1 JAN
Fokker-Planck expansion: > <1 and = <1
MeC 1%
_ dn, 1 0 ,| Kl On, h (1+n,)
~ —S 37V - Ty 1%
dr | v?0v MeC? OV  MeC?
change of variables: Vv — = N and 6, = uzk
kT, Mo C?
— | =~ S5 a. - 1
dr |, 27 oz {8:13 T, g —I—n)}

Kompaneets equation (A.s. Kompaneetz, 1956, JETP, 47, p. 1939)

Initially developed to describe repeated scattering of thermal neutrons
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Important Properties of Compton Collision Term

. 5 d
Conservation of photon number: / 7 d—nda: =3
T
. 5 d d 4p~k
Energy exchange with electrons: / 23 dy — P — 2P Te — Toq
dr dr M C?

[ z*n(1+ n)dx

T, =1T.
4 K 4 [ z3ndx

Comptonization timescale (energy transfer e — y):

kT, -
tx = (4 2aTNec> ~ 1.2 x 10 xo (T /T,) " (1 + 2) " * sec
MeC

Compton cooling timescale (energy transfery — e):

4,07 O'TNeC — 19 —4
booo] = ~71x10 T /T )1 (1
1 (m <3/2>N> < 07X (Te/T) ™ (1 + 2) ™ sec

I = B A I o e Te ~ Ty ~ Teq




Important Timescales for Compton Process
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Important Timescales for Compton Process

Thomson scattering  tc = (o1Nec) '~ 2.3 x 102 xJ1(1 + 2) 3 sec

L kT, !
Comptonization ti = (4 20TNec> ~ 1.2 x 10% x; ' (To/T,) 1 (1 + 2) " * sec
MeC

- 4p O'TN C 1 _
Compton cooling +t,. ., = 7 c ~ 7.1 x 10Y¥ v NTo/T 4
p g teon (mecz(g/zw) 7.1 x 1019y (T Ty) " (1 + 2)~ sec

matter-radiation equality

toxp = H ' =~ 4.8 x 10" (1 4+ 2)"?sec
~ 8.4 x 107 (1 + 2)73/% sec
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Important Timescales for Compton Process

Thomson scattering  tc = (o1Nec) '~ 2.3 x 102 xJ1(1 + 2) 3 sec

L kT, !
Comptonization ti = (4 20TNec> ~ 1.2 x 10% x; ' (To/T,) 1 (1 + 2) " * sec
MeC

4,07 O'TNeC
mec? (3/2)N

Compton cooling

tcool —

) ~ 7.1 x 10" xS N (T, /T,) "1 (1 + 2) " * sec

matter temperature starts
deviating from Compton
equilibrium temperature
at z = 100-200
N
%o .
thermal

o
%
decoupling 3

toxp = H ' =~ 4.8 x 10" (1 4+ 2)"?sec
~ 8.4 x 107 (1 + 2)73/% sec
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Important Timescales for Compton Process

Thomson scattering  tc = (o1Nec) '~ 2.3 x 102 xJ1(1 + 2) 3 sec

L kT, !
Comptonization ti = (4 20TNec> ~ 1.2 x 10% x; ' (To/T,) 1 (1 + 2) " * sec
MeC

4,07 O'TNeC
mec? (3/2)N

Compton cooling

tcool —

) ~ 7.1 x 10" xS N (T, /T,) "1 (1 + 2) " * sec

matter temperature starts
deviating from Compton
equilibrium temperature
at z = 100-200

L Comptonization
o\ - becomes inefficient
2 ,

%", Comptonization becomes
QN ~_ - inefficient at zx = 50000
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%
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Important Timescales for Compton Process

Thomson scattering  tc = (o1Nec) '~ 2.3 x 102 xJ1(1 + 2) 3 sec

L kT, !
Comptonization ti = (4 20TNec> ~ 1.2 x 10% x; ' (To/T,) 1 (1 + 2) " * sec
MeC

- 4p O'TN C 1 _
Compton cooling +t,. ., = 7 c ~ 7.1 x 10Y¥ v NTo/T 4
p g teon (mecz(g/zw) 7.1 x 1019y (T Ty) " (1 + 2)~ sec

matter-radiation equality matter temperature starts
: deviating from Compton
equilibrium temperature
at z = 100-200

Comptonization
o becomes inefficient . .
% o Comptonization becomes
BN ~_ - inefficient at zx = 50000

o

thermal

o : :

2. : . .
decoupling % N = character of distortion
' | changes atzx! u&sy

toxp = H ' =~ 4.8 x 10" (1 4+ 2)"?sec
~ 8.4 x 107 (1 + 2)73/% sec

Recombination

Redshift z



What are y- and u-distortions?
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Compton y-distortion / thermal SZ effect

K i tion: d_n N%gaz‘l on Ly n(l+n)
ompaneets equation. d- , ~ 2 O Py i Te

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

k| T. — T
y:/ | 7] orNecdt

MeC?




Compton y-distortion / thermal SZ effect

K i tion: d_n N%gaz‘l on Ly n(l+n)
ompaneets equation. d- , ~ 2 O Py i Te

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

kT —T,] xre” e’ + 1
= Necdt Y(z) = —4
/ / mec? 1 (@) (e* —1)2 {x e® — 1 }




Compton y-distortion / thermal SZ effect

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

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

kT —T,] re” e’ + 1
= Necdt Y(x) = — 4
/ / mec? 1 (@) (e* —1)2 {x e® — 1 }
ifT.=T, — j—n — 0 (thermal 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)
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Chemical Potential / y-parameter

d
Limit of “‘many” scatterings — =0
d7 |~
L T,
Kompaneets equation. — On=~——n(l+n)

(S

for T,=T, = n=n""x)=1/("—1)

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

1 1
— (1—|-(9g;,u):—?7 — :E—I—,LLZQS%-I—MO

General equilibrium solution: Bose-Einstein spectrum with

T, =T, =Tq and po = const (= 0 for blackbody)

Something is missing? How do you fix Te and uo?
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initial condition: N. = Nsb(T ) and p, = psb(Tv)

after energy release = ~ 1.368
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Final definition of u-type distortion

initial condition: N. = Nsb(T ) and p, = psb(Tv)

after energy release = ~ 1.368
AVA 2
N};b(T,y) — NEE(Teﬂuo) ~ Nfl}?b(T,y) <1 + 3 T — 6<(3) ,U())
k ~ 1.111
AT 90((3)
L) + Aoy = o5 (T po) ~ 2T (144 - 2o )
Y

AVA T Ap

on: — =~ ~ 0.456 ~ 1.401 —
Solution T, 18¢(3) 140 o and Lo o

= | M(z) = G(z) {18722(3) _ ﬂ




Final definition of u-type distortion

initial condition: N. = Nsb(T ) and p, = pgb(Tv)

after energy release = ~ 1.368
AVA 2
bb _ BE ~ bb |
NEP(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
AVA T Ap
on: —— = ~ (0.456 ~ 1.401 —2
Solution T, 13C(3) 140 Lo and | g 0 o
2 1
— M(z) =G — —
@ =60 |3,
> ()
o = tfoo few photons / too much energy Ap, _ 4 AN,
no < 0 = foo many photons / too little energy p° 3 NpP
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What about photon production processes?




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 prOdUCtlon Of IOW frequency phOtOnS lllarionov & Sunyaev, 1975, Sov. Astr, 18, pp.413

- very important at high redshifts (z > 2 x 10°)



Example: Energy release by decaying relict particle

initial condition: full
equilibrium

total energy release:
Ap/p~1.3x10°

most of energy
release around:

zx~2x1068
positive y-distortion

high frequency
distortion frozen
around z=5x10°

late (z<103) free-free
absorption at very

low frequencies
(Te<Ty)

Computation carried out with CosmoTherm
(JC & Sunyaev 2012)



Example: Energy release by decaying relict particle

redshift —_ Decaying particles ( ¢, = 5.96467e+06/ f, = 4¢+06 ) |n|t|a| COﬂdItIOﬂ fUll

= 1.009443¢+07 || AT /T, =1.680621¢-09 I AT /T =-3.187501e-07 Il y_=3.611625¢+02

equilibrium

2e-006

_ total energy release:
difference between

electron and photon Ap/p~1 3x1 0-6
temperature

most of energy
release around:

i lc-(()() ZX~2X1 06

).0001 0.001

positive y-distortion

high frequency
. distortion frozen
5 S around z=5x10°
e late (z<103) free-free

absorption at very
-0e-05

0.0001 0.001 0.1 l 10 low frequencieS
" today x=2 x 102 means v~1GHz (Te<Ty)

-Se-05

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 p-distortion




Analytic Approximation for y-distortion

dn dn

_ - QJJO
d7‘cJr dr

Comptonization efficient! ——

em /abs



Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

em /abs

Comptonization efficient! ——

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



Analytic Approximation for y-distortion

dn dn

_ %O
dr

em /abs

Comptonization efficient! ——

low frequency limit & small distortion —  p(x,z) ~ po(z)e %)/

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

critical frequency
T. ~ 1072

10° 10"
x=hv/kT,




Analytic Approximation for y-distortion

dn dn

Comptonization efficient! — —| + —

~ 0
dr o dr

em /abs

low frequency limit & small distortion —  p(x,z) ~ po(z)e %)/

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

“Blackbody”
restored (u=0)

critical frequency
T. ~ 1072

10° 10"
x=hv/kT,




Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

Comptonization efficient! ——

em /abs

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

Bose-Einstein
spectrum with
M = const

“Blackbody”
restored (u=0)

critical frequency
T. ~ 1072

10° 10"
x=hv/kT,




Analytic Approximation for y-distortion

dn dn

_ %O
dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ po(z)e %)/

(e.g., see Sunyaev & Zeldovich, 1970, ApSS, 7, 20; Hu 1995, PhD Thesis)
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Analytic Approximation for y-distortion

dn dn

_ %O
dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ po(z)e %)/

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

—_
o

)
=
8
o)
O
B
=
£ -20
=
o]
=
&
~
&
<

Temperature dip
at pretty low
frequencies

v = H7x GHz
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Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ po(z)e %)/

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

For future /

observations high
frequency part
more relevant
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Temperature dip
at pretty low
frequencies

v = H7x GHz
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Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

em /abs

Comptonization efficient! ——

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

[ast step: How does Lo(z) depend on z?




Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ 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



Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ 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/IOv)
dz’

— g R 1.4/ T (z")dz’

ZK



Analytic Approximation for y-distortion

dn dn

_ _ %O
d7‘C+ dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ 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/IOv)
dz’

— g R 1.4/ T (z")dz’

ZK

u-distortion visibility function: Ju(z) ~ e~ G/#” with 2, ~ 2 x 108



Analytic Approximation for y-distortion

dn dn

_ _ %O
d7‘C+ dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ 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/IOv)
dz’

— g R 1.4/ T (z")dz’

ZK

u-distortion visibility function: Ju(z) = e~ /72 with 2, ~ 2 x 108



Analytic Approximation for y-distortion

dn dn

_ _ %O
dTC+ dr

Comptonization efficient! ——

em /abs

low frequency limit & small distortion —  p(x,z) ~ 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/IOv)
dz’

— g R 1.4/ T (z")dz’

ZK

u-distortion visibility function: Ju(z) = e~ /72 with 2, ~ 2 x 108

Transition between u and y modeled as simple step function



Classical approximations for u and y



y - distortion u—y transition u - distortion

10
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Visibility

y - distortion u—y transition u - distortion
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Visibility

y - distortion

u—y transition

u - distortion

I IIIIIIIl I IIIIIII|

Tu(z) & e_(

z

1.98x 106

)5/2

redshift z




Visibility

y - distortion

u—y transition

u - distortion

I IITIIII| I L

i Blackbody fully ::
| restoredby i
I::: thermalization

)5/2

redshift z




Visibility

y - distortion u—y transition u - distortion

I IIIIIII| I IIIIIII| I IITIIII| I IIIIIII| I LR

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

~ Blackbody
i “photosphere” :

(Bond, Les Houches
+: Lectures, 1996) '
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Visibility

y - distortion

u—y transition

u - distortion

IIIIII| I IITIIII| I I N

j,u(z) ~e ( 1.98§< 106 )5/2

_ Very simple way to estimate
: the spectral distortion fora
: given energy release history! :

redshift z







Distortion visibility for BR and DC

1 ——1--|-l'|-q—-|= ________ ! T T I: I I
: éZdC éZbr :
08— ]
| N : T
.5 : . 5/2 Y : :
s | Ipc(zn) = exp ( —|zn/2dc] \ : ]
£ 06 \ ; B
>
= B _ 1.328 : -
= [ Jer(zn) = exp (=[en/2m] %) ; _
:§ B . : .
: i 6 \ .
S04 Zde 1.98 x 10 \: _
S - \ |
Z [ 2527 x 10° N\ .
I : ]
02— ————- Double Compton SN |
- == Bremsstrahlung \.\ .
i CosmoTherm « -
i . |
B | | | 0\. —
0 | | L 1 5 | | | | | | L | . l - —]
5x10 10 10 10

Redshift z

* Original estimates
only included the
effect of BR

* Double Compton
emission was first
iIncluded by Danese
& de Zotti, 1982

 DC changes the
distortion visibility
quite strongly



Improved shape for the distortion visibility function

Distortion visibility

Distortion visibility

1'_
0.93
0sf : — correction from
- T———— photons being stuck
: : at low frequencies
E important here
osf. Simplest
[ approximation
" Ten(2) x e @ o
osf U ) e Approximation given in terms of
02f  — ﬁgiiﬁii?fiﬁ?m simple integrals
ME e Evaluation very fast and precise
1.0>|<105| |5.0>|<105| | |1.0>|<106| | |1.5>|<106| | |2.0>|<106| | |2.5>|<106| | I3.O><106 ° time_dependent and relativistic

Redshift z

corrections can be included

e will be available as part of the
CosmoTherm package

: visibility is off by
- a factor of ~2 with
simplest approximation
0% —----- Ipe
F Full approximation
107 ;_ * numerical result
10—8 i | ] ] ] | ] | | | | ] ] | ] ] ] Khatri & Sunyae\/’ 2012
1x10° 2x10° 3x10° 4x10° 5x10° 6x10°

Redshift z JC 2014, ArXiv:1312.6030



What about the u-y transition regime?
Is the transition really as abrupt?



Temperature shift < y-distortion < p-distortion

''''' — Temperature shift G(x)
y-distortion Y(x)

— — — — udistortion M(x) X 5.6 (same Ap) //
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Temperature shift < y-distortion < p-distortion

..... — Temperature shift G(x)
y-distortion Y(x)
— — — — udistortion M(x)

Q
~—
Q
<
Gy
o
72l
=
o=
o
=
o —
&~
&~
<
ﬂ-

Same as before but as AT* _ An(z)
effective temperature T G(z)




Transition from y-distortion — p-distortion

B | T TTTTI | | TI[ L lll I IIIIIIII
_Thermalization: y to wu
- z,=1.9 x10°

Photon production
neglected

y—distortion

/ /fj:? /

/
[/

L il z/;/l'."‘l"{/ Ll
10~ 10-1 1 101
p/T,

| IlIIlIII

Figure from Wayne Hu’s PhD thesis, 1995, but see also discussion in Burigana, 1991




Transition from y-distortion — p-distortion

B | T TTTTI | | TI[ L lll I IIIIIIII
_Thermalization: y to wu
z,=1.9 x10°

Photon production
neglected

y—distortion

/ u—distortion

hybrid distortion is not
just superposition of y-
and u- case!l!!

- g

/i

L 1 11111 o A L]
10~ 10-1 1 101
p/T,

Figure from Wayne Hu’s PhD thesis, 1995, but see also discussion in Burigana, 1991




y - distortion u—y transition u - distortion
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y - distortion u—y transition u - distortion

. Extreme cases _
i reached at slightly -
- different times! g

" Pointed out already by:
i Burigana et al., 1991 g

“ Hu, 1995, PhD .

redshift z



y - distortion u—y transition u - distortion

ERRRRRRREN IanoIn S S R ol i 10 ¥ pecnnnonms Booens: SOns pan 3% e o0 R T T T T Rt I .|_ _|. . |_ |. |_ |. — - -1 - 1 1 IFT171T

_Thermalization: y to
- 7,=1.9 x10° ] :::::::::::::::::::::::::::::::::::::::

| T T T

y_distortion 7 e

/ p—distortion | e

.........
''''''''''''''''''

! reached at slightly
: different times! -

Pointed out by:
3 Burigana et al., 1991 -
2| 555- Hu, 1995, PhD -

TNl

redshift z



Thermalization from y — u at low frequencies

100

amount of energy

< amplitude of distortion

<> position of ‘dip’

Intermediate case (3x10° = z = 10000)
= mixture between y & y + residual

A\ e details at very low frequencies change

100 , _ Burigana, De Zotti & Danese, 1991, ApJ
Burigana, Danese & De Zotti, 1991, A&A




Distortion not just superposition of y and y-distortion!

v [GHz]

¢ 0.02 0.1 1 10 100 10°
2)(10 B llllllll [ IIIIIII| I IIIlIIIl IIlIIIIl

Decaying particle with
lifetime tx ~ 2.4 x 10° sec

1x10°

> 2x10°

3x10°°

5]

T | ll T T | T I I I I T

3]

4x10°

NN

NN

|

-6 1 lllllll | | lllllll | | lllllll
-5%10 - - i
2x10% 107 107 10"

X

Computation carried out with CosmoTherm First explicit calculation that showed that there is more!
(JC & Sunyaev 2011)




Distortion not just superposition of y and y-distortion!

v [GHz]

¢ 0.02 0.1 1 10 100 10°
2)(]0 B lIIIIIIl [ IIIIIII| I lIIlIIIl I IIlIIIIl

1x10°
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> 2x10°
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NoNNN
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3x10°°

5]

3]

4x10°

NN NN

-6 1 lllllll | | lllllll | | lllllll |
-5%10 - - i
2x10% 107 107 10"
X

Computation carried out with CosmoTherm First explicit calculation that showed that there is more!
(JC & Sunyaev 2011)




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, ~ ! 72 dz!
/0 Gin(v, 2') e dz

Fast and quasi-exact! No additional approximations!

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


http://cosmos.astro.uiuc.edu/rico
http://cosmos.astro.uiuc.edu/rico

What does the spectrum look like after energy injection?

Intensity signal for different heating redshifts

: 6
temperature-shift, z > few X 10

Response function:

energy injection = distortion
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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

Response function:
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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

: 6
temperature-shift, z > few X 10

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

: : 4
y-distortion, z, < 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

| | | | L Il | | | | Tl Il | | | | I I Il
v
N,

: 6
temperature-shift, z > few X 10

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

: : 4
y-distortion, z, < 10

Response function:
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hybrid distortion probes
time-dependence of
energy-release history
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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
temperature-shift, z > few X 10

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

: : 4
y-distortion, z, < 10

IS
§

AL

Response function: ‘é;‘

Distortion contains much more
information than previously thought!
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JC & Sunyaev, 2012, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120




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!

v

_"$-c
7
'N
-
(\ll
g
=
o
[
—~—
<]

Allows us to distinguish different energy release scenarios!

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



Is there a simple way to model u and y during
transition regime?



Simple estimates for the distortion y- and y-
parameters caused by energy release

e Generalization of classical approximations:

1 Ap”}/ 1 foo / d(Q/p’y)<~ / Energy release history
= - —| = Z Z
A S d
0= 1401 22| = 1.401f T2 (Q/f)y) d7
Py |, 0 dz




Simple estimates for the distortion y- and y-
parameters caused by energy release

e Generalization of classical approximations:

1 A 1 i / d( / )(‘ / Energy release history
p?’ f jy(z ) Q py dZ

y B Z ; y - Z dz’ /
A o d

w=1401 22| = 1.401f T.)NCE) 4
Pry [ 0 dz

e Differences in the approximations are due to visibility functions

 An overview can be found in ArXiv:1603.02496



Simple estimates for the distortion y- and y-
parameters caused by energy release

e Generalization of classical approximations:

1 Ap”}/ 1 foo / d(Q/p’y)<~ / Energy release history
= - —| =~ Z dz
YTy py |, 4 J(&) dz’ /
A > d
w=1401 22 :1.401f T.)NCE) 4
Py |, 0 dz

e Differences in the approximations are due to visibility functions

 An overview can be found in ArXiv:1603.02496

e One commonly used approximation (e.g., see Hu&Silk, 1993):

1  step-function transition between

for zec <7<2
Ty (2) = « W u and y around z, = 5 x 10

\O otherwise o
e accounts for thermalization

(
T (g = 4 Tw@ forz, <z efficiency with distortion visibility
ﬂ S otherwise. Ton(2) = e @ 7y ~ 1.98 x 10°




Visibility

y - distortion u—y transition u - distortion

I IIIIIII| I IIIIIII| I IITIIII| I IIIIIII| I LR

j,u(z) ~e ( 1.98§< 106 )5/2
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y - distortion u—y transition u - distortion

I I [ ||||| I I 1 |||| I I I I I |||| I I 1 |||| I I LA
1Apy, 1 (= d(Q/py) ., 5 < d(Q/py)
~ = — lpu~14 ! Nz’
Y 4 P~ 4 /zrec dz’ dz : s /zuy dz’ j’u(z )dz

Visibility

i -
= — approximately models o

s the transition era
¥ 1 neglecting r-distortion

JC, 2013, ArXiv:1304.6120 redShift <



Distortions created by photon injection



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’tlonS

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

,high“ redshifts

Jow“ redshifts

Signatures 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 & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) ﬁ

pre-recombination epoch

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

,high“ redshifts

Jow“ redshifts

Signatures due to first supernovae and their remnants

(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large-scale structure formation V

(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)

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)
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Comparison of energy release and photon injection

Energy release scenario:
Medium is heated (or cooled)
Enerqgy transfer to photons via Compton scattering

Photon number remains unchanged by the energy release process

1A JAN
Low redshift: Y~ — Py High redshift: u~14 £y
4 py Py
Photon injection scenario:
| - 201 0370 2
Photons directly added to photon field p- -~ ‘N,
Means both energy injection and addition of photons
Medium is affected by Compton scattering (heating/cooling)
AVA'S
Low redshift: rich spectral shape | High redshift: p~ 0.52 [z; — 3.60] N
Y

Net u-distortion can vanish or be negative!
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Photon injection in the u-era

Approximation for z. = 2 X 10°
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Photon injection in the u-era

Approximation for z. = 2 X 10°

Improved approximation for z. =2 X 10°
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Photon injection in the u-era

Approximation for z. = 2 X 10°
Improved approximation for z. =2 X 10°
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Different regimes for photon injection
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Different regimes for photon injection
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Different regimes for photon injection
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Photon injection at later times
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Regime with very few scatterings
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