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Abstract: The spectrum of the cosmic microwave background (CMB) is known to be extremely close to a perfect blackbody. However, even within
standard cosmology several processes occurring in the early Universe lead to distortions of the CMB at alevel that might become observable in the
future. This could open an exciting new window to early Universe physics. In my talk | will then explain in more detail why the cooling of matter in
the early Universe causes a negative mu- and y-type distortion and how the damping of primordial small-scale perturbations before recombination
could allow placing interesting constraints on different inflationary models.
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Spectral Distortions of the CMB and What We
Might Learn About Early Universe Physics
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Cosmic Microwave Background Anisotropies

Example: WMAP-7 * CMB has a blackbody spectrum in every direction
+ Variations of the CMB temperature AT/T~10-°
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CMB anisotropies clearly have helped us a lot to
learn about the Universe we live in!
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CMB anisotropies clearly have helped us a lot to
learn about the Universe we live in!
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e.g. Komatsu et al., 2011, ApJ, arXiv:1001.4538v1
Dunkley et al., 2011, ApJ, arXiv:1009.0866v1
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COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)
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Mather et al., 1994, ApJ, 420, 439 MAP9900AS Wavelength (cm)
Fixsen et al., 1996, ApJ, 473, 576
Fixsen et al., 2003, ApJ, 594, 67

Only very small distortions of CMB spectrum are still allowed!
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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

T, ~2.725(1+2) K
N, ~ 410 cm-3 (1+2)3~ 2x10° N,

p, ~5.1x107" mec? cm=3(1+2)4 ~ p, x (1+2) / 925
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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 Tv

T, ~2.725(1+2) K
N, ~ 410 cm™3 (1+2)3 ~ 2x10° N,

p, ~5.1x10" mec? cm=3 (1+2)4~ p, x (1+2) / 925

Perturbing full equilibrium by

Energy injection (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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Physical mechanisms that lead to release of energy

Cooling by adiabatically expanding ordinary matter: T, ~ (1+z) < T, ~ (1+z)?
(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011)
» continuous cooling of photons until redshift z~150 via Compton scattering

+ due to huge heat capacity of photon field distortion very small ( Ap/p ~ 10-19-10-9)

electron-positron annihilation and BBN (z~ 108-109)
+ too early to leave some important traces (completely thermalized)

Heating by decaying or annihilating relic particles
+ How is energy transferred to the medium?
+ lifetimes, decay channels, neutrino fraction, (at low redshifts: environments), ...

Evaporation of primordial black holes & superconducting strings
(Carr et al, 2010; Ostriker & Thompson, 1987; Tashiro et al, 2012)

+ rather fast, quasi-instantaneous energy release

Dissipation of primordial acoustic modes
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994)

Cosmological recombination Jhigh* redshifts

' ' : Jow* redshift
Signatures due to first supernovae and their remnants b AR
(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large scale structure formation
(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

SZ-effect from clusters; Effects of Reionization (Heating of medium by X-Rays, Cosmic Rays, etc)
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Physical mechanisms that lead to release of energy

Cooling by adiabatically expanding ordinary matter: T, ~ (1+2) < T, ~ (1+z)?
(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011)
» continuous cooling of photons until redshift z~150 via Compton scattering

+ due to huge heat capacity of photon field distortion very small ( Ap/p ~ 10-19-10-9)
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Heating by decaying or annihilating relic particles
+ How is energy transferred to the medium?
+ lifetimes, decay channels, neutrino fraction, (at low redshifts: environments), ...

Evaporation of primordial black holes & superconducting strings
(Carr et al, 2010; Ostriker & Thompson, 1987; Tashiro et al, 2012)

+ rather fast, quasi-instantaneous energy release

Dissipation of primordial acoustic modes
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994)

Cosmological recombination Jhigh* redshifts
Jow" redshifts

Signatures due to first supernovae and their remnants
(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large scale structure formation
(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

SZ-effect from clusters; effects of reionization (Heating of medium by x-Rays, Cosmic Rays, etc)
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Kogut et al, JCAP, 2011, arXiv:1105.2044
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How does the thermalization process work?
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How does the thermalization process work?
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How does the thermalization process work?
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Some important conditions

Plasma fully ionized before recombination

- 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)

Pirsa: 12090060
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Redistribution of photons by Compton scattering

Compton scattering e+Yy <> e'+y'

-> redistribution of photons in frequency

up-scattering due to the Doppler effect for /.- kT,

down-scattering because of recoil (and stimulated recoil)
for hi kT,

JANZ, 2kT,
Doppler broadening \ .
1 MaC

-> strongly couples (free) electrons to the CMB
photon down to redshifts z~150

Kompaneets Equation - ‘pure’ y-distortion

NI, rer [ e +1 4-| ‘ ‘ !
gl 4
P | ’ |

thermal SZ effect

h /\(7 1em 3mm 1nn
where x—-l;—f— and y = f ; THcd!-:-:1 WaveLength

m.c

i
Sunyaev& Zeldovich, 1980, Ann. Rev. Astr. Astrophy., 18, pp.537
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Adjusting the photon number

Bremsstrahlung €+ 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 105)

Double Compton scattering

(Lightman 1981; Thorne, 1981)
' !
<>
e+y (= ol 80 8 ()
-> 1. order a correction to Compton scattering
= was only included later (panese & pe zotti, 1982)

-> production of low frequency photons

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

Pirsa: 12090060

Comptonization &
free-free emission

DC emission not
yet included

lllarionov & Sunyaev, 1975, Sov. Astr, 18, pp.413
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Adjusting the photon number

Bremsstrahlung €+ 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°)

Double Compton scattering

(Lightman 1981; Thorne, 1981)
' !
<
et (2 i 2
-=> 1. order a correction to Compton scattering
=> was only included later (panese & pe zotti, 1982)

-> production of low frequency photons

- very important at high redshifts (z > 2 x 109)
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Comptonization &
free-free emission

DC emission not
yet included

lllarionov & Sunyaev, 1975, Sov. Astr, 18, pp.413
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Compton y and chemical potential (u) distortions

'Late’ Energy Release (z « 50000) 'Early’ Energy Release (z > 50000)
- y-type spectral distortion - u-type spectral distortion

v [ GHz | v | GHz
| 1 I
1 —————rT F——r=rrrrrr '

'I" Scattering ‘inefficient’ T | Scattering ‘efficient’

o
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blackbody
restored / (X)) ~ Wy expl-xy/x)

, f w=10"
Al'l [~ yx?
/] — -

..... e
|

AT/ T~ =2y

/

Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30
lllarionov & Sunyaev, 1975, Sov. Astr., 18, pp. 413

Danese & de Zotti, 1982, A&A, 107, 39-42

1

001 X=h vik T.:‘ |

Page 19/89



Pirsa: 12090060

Compton y and chemical potential (u) distortions

'Late’ Energy Release (z « 50000) 'Early’ Energy Release (z > 50000)
- y-type spectral distortion - u-type spectral distortion
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Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30
lllarionov & Sunyaev, 1975, Sov. Astr., 18, pp. 413

Danese & de Zotti, 1982, A&A, 107, 39-42
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Compton y and chemical potential (u) distortions

'Late’ Energy Release (z < 50000) 'Early’ Energy Release (z > 50000)
- y-type spectral distortion - u-type spectral distortion
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lllarionov & Sunyaev, 1975, Sov. Astr., 18, pp. 413

Danese & de Zotti, 1982, A&A, 107, 39-42
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Comparison of y and p distortion at high frequencies

v |GHz]
10 100

T LB T 1 rrrr

v distortion
w distortion

Definitions such that the photon
number density is conserved
(! Al/hv dv = 0)

cross over
frequency
~ 124 GHz

-
pors
=

*
=

!

~—
-
f
7
=
L
-
=]
=
—

cross over
frequency
~ 217 GHz

1 paa ol

l
x=hv/kT,
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Example: Energy release by decaying relict particle

redshift —___

Y00 T T T |'|F"| /'I'FEI'
b
b
b

difference between
electron and photon
temperature

)y - 141}..1
0.0001 0.001

w5 L Ll
0.0001 0.001

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)

Decaying particles ( 1,

1009443407 I AT I 1 62062 1e-00 Al l_,r 3187500 e-07

5.96467e+06/ [, le+06 )

T \'|I'!| T L LARAS|

L LAl 1 .J.Jl.}l L -1

| 10

today x=102 means v~1GHz

initial condition: full
equilibrium

total energy release:
Ap/p~1.3x106

most of energy
release around:
Zx~2x106

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)
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Example: Energy release by decaying relict particle

: 3 . 96467e+06 e+06
redshift Decaying particles ( 1, = 5.96467¢+06/ f, = 4¢+06 )
— 1 009443407 1| AT 7 1 62062 1e-09 AT T 3 187501 .07

2e-00 | T T TITTm T T T T T T TTTTTT T T SR e
» / initial condition: full
difference between eqwhbﬂum
electron and photon

temperature total energy release:
Ap/p~1.3x106

most of energy

.IAIA..l L

“Bhoor 0.001 o o ' release around:
T T T TT=T"TTTT T™T=T"TTTTT T TTT] T T Zx~2x106

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)

w05 L Ll - Ll Ll il Ll -
0.0001 0.001 | 10

today x=102 means v~1GHz

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)
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Example: Energy release by decaying relict particle

. Decaying particles ( 5.96467¢+06 le+06 )
redshift : X
N L 1.009443e407 | AT /T = 1.680621¢-09 AT I T =-3.187501¢-07

Pe-06 | ™ |'|r~'| T T T T '\'|I"| ™TTTTT] T T T SR 548
» / initial condition: full
difference between eqwhbrlum
electron and photon

temperature total energy release:
Ap/p~1.3x106

most of energy

L AIA..l

“Bboor 0001 T T ‘ release around:
S . B R - : Zx~2x106

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)

w5 L Ll Ll Ll Ll Ll Ll -
0.0001 0.001 | 10

today x=102 means v~1GHz

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)
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Compton y and chemical potential (u) distortions

'Early’ Energy Release (z > 50000)

'Late’ Energy Release (z < 50000)
- u-type spectral distortion

- y-type spectral distortion
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/l Uy I 0

, w=10"
Al I~ yx?
Iy E — —

..... e
|

AT/ T~ -2y

Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30
lllarionov & Sunyaev, 1975, Sov. Astr., 18, pp. 413
Danese & de Zotti, 1982, A&A, 107, 39-42
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001 X=h vik T.:‘ |
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Compton y and chemical potential (u) distortions

'Late’ Energy Release (z < 50000) 'Early’ Energy Release (z > 50000)
- y-type spectral distortion - u-type spectral distortion
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..... e
|
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/

Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30
lllarionov & Sunyaev, 1975, Sov. Astr., 18, pp. 413

Danese & de Zotti, 1982, A&A, 107, 39-42
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Compton y and chemical potential (u) distortions

'Late’ Energy Release (z < 50000) 'Early’ Energy Release (z > 50000)
- y-type spectral distortion - u-type spectral distortion
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| — T — T I
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)
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nnnnn e 1 NSRRI 1
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/

Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30
lllarionov & Sunyaev, 1975, Sov. Astr., 18, pp. 413

Danese & de Zotti, 1982, A&A, 107, 39-42
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Example: Energy release by decaying relict particle

redshift —___

Ye-00 T T T |'|F"| T/I'I'Tll'
b
b
¥

difference between
electron and photon
temperature

006 & sl
0.0001 0.001

T T TTTI

w05 L L auul
0.0001 0.001

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)

Decaying particles ( 1,

1009443407 1| A7 ] 1.6R062 1e-00 Al 11 LIR7500e-07

5.96467c+06 f\ le+06 )

'\'|l'!| T ™7 LARAN|

L L LAl 1 .J.Jl.}l L Ld

| 10
today x=102 means v~1GHz

initial condition: full
equilibrium

total energy release:
Ap/p~1.3x106

most of energy
release around:
Zx~2x108

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)

Page 29/89



Pirsa: 12090060

Example: Energy release by decaying relict particle

redshift —___

Y00 T T '|'|F"| |/'|'r||'
b
b
b

difference between
electron and photon
temperature

)y - - 141}..1
0.0001 0.001

-0 L L nul
0.0001 0.001

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)

Decaying particles ( 1, = 5.96467¢+06 / f, le+006 )

1000443407 I AT T T 1.6R062 Le-00 Y 31875001 e-07

'\'|I'Y| T ™7 LARAS|

L L LAl 1 .J.JI.II A -

| 10
today x=102 means v~1GHz

initial condition: full
equilibrium

total energy release:
Ap/p~1.3x106

most of energy
release around:
Zx~2x108

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)
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Example: Energy release by decaying relict particle

redshift —__

Y00 T T T |'|F"| /'I'Fll'
b
b
b

difference between
electron and photon
temperature

)y - 141}..1 e Ll
0.0001 0.001

T T TTTm T TTTITIT

-0 L L nul bl bl
0.0001 0.001

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)

Decaying particles ( 1, = 5.96467¢+06

1.009443¢407 Il AT /T = 1,680621¢-09 AT 1T

T =TT

L Ll iiill 1 .J.Jl.}l L I -

| 10
today x=102 means v~1GHz

initial condition: full
equilibrium

total energy release:
Ap/p~1.3x106

most of energy
release around:
Zx~2x108

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)
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Example: Energy release by decaying relict particle

redshift Decaying particles ty 5.96467¢+06 le+06 )
— 2 000000402 1| AT 1T 1 47888001 AT T

2e-06 [ T T T T T T T TT=TTTT] T T E -
» / : initial condition: full
difference between eqwhbrlum
electron and photon

temperature total energy release:
Ap/p~1.3x106

most of energy

saanul T——Y

8001 0.001 ' release around:
AR T AR S, - Zx~2x1068

positive y-distortion

late (z<103) free-free
absorption at very
low frequencies
(Te<Ty)

w5 L sl - . Ll Ll -
0.0001 0.001 | 10

today x=102 means v~1GHz

Computation carried out with CosmoTherm
(JC & Sunyaev 2011)
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Spectral distortion caused by the cooling of ordinary matter

adiabatic expansion
= T, ~(1+2) & T, ~ (1+2)?

End of HI recombination
e

y photons continuously cooled /

down-scattered since day one
Electrons & baryons always of the Universe!

slightly cooler than photons
Compton heating balances

adiabatic cooling
latp, .8
=2 ~ _HkonTy o (1 + 2)°
a’dt " '

at high redshift same scaling
as annihilation (x N¥ )
no distortion

with distortion =4 Cance”at|0n pOSS|b|e

effective photon temperature

Ll
|
10

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012
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Spectral distortion caused by the cooling of ordinary matter

A adiabatic expansion
RO — 7. ~ (1+2) < T, ~ (1+z)?
photons continuously cooled /

down-scattered since day one
of the Universe!

Compton heating balances
adiabatic cooling

l 1 ) -
( nl P~ ~ —Hfl'n-],"]‘ﬂj o :)h
atdt

at high redshift same scaling
as annihilation (x N )

= cancellation possible

i -} i TERE TS .
| 10 100

today x=10"? means v~1GHz

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012
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Spectral distortion caused by the cooling of ordinary matter

adiabatic expansion
= T,~(1+z) & T, ~ (1+2)°

No energy imjection

photons continuously cooled /
down-scattered since day one
of the Universe!

Compton heating balances
adiabatic cooling

latp, .8
220 o _HkonT, x (1 + 2)8
atdt : : '

at high redshift same scaling
as annihilation (x N )

™~ = cancellation possible

TR negative u and y distortion

today x=10"? means v~1GHz

late free-free absorption at

direoto very low frequencies
~ —6 x 10

Distortion a few times below
PIXIE's sensitivity

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012
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Spectral distortion caused by the cooling of ordinary matter

AT

/)H" J

ue~14d

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012

~ -3 x107"

No energy imjection
RSe-01 YR

.

~,
N,

il

- Ll
10 100

today x=10"? means v~1GHz

~ —6 x 10710

adiabatic expansion
= T, ~(1+2) & T, ~ (1+2)?
photons continuously cooled /

down-scattered since day one
of the Universe!

Compton heating balances
adiabatic cooling

(lu.‘1 P

o g \6
T —Hkon T (1 + 2)

at high redshift same scaling
as annihilation (x N )
= cancellation possible

negative u and y distortion

late free-free absorption at
very low frequencies

Distortion a few times below
PIXIE's sensitivity
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Cancellation of cooling by heating from annihilation

v [GHZz]
10 100 1000 2000 - TRETPT) .
b kit fann = a@nnihilation efficiency
(Padmanabhan & Finkbeiner, 2005; JC 2010)

da lpﬂ:

~ f, Viz(1 4 -)55 CMB anisotropy constraint
atdit e "

fann $2 x 10™%3eVs™?

(Galli et al., 2009, Slatyer et al., 2009;
Huetsi et al., 2009, 2011)

Limit from Planck satellite

will be roughly 6 times

Cancsllation for stronger — more precise

fann ~2x10% eV /s prediction for the distortion
no annihilation will be possible

} g =l . .
fun =10 V'8 uncertainty dominated by
i = 2% 1076V particle physics
,.IHII 4 X ]t] " /

£, =5x10" possible limits from PIXIE
several times weaker

JJ]]Jl]l i _..IJIJ

0.1 10

Jann = 1.1 X 10

Mxc® | 011 | 3% 10~26cm3 /s

JC & Sunyaev, 2012
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Cancellation of cooling by heating from annihilation

v [GHZz]
10 100 1000 2000 — H 2 .
T T T T T T T I fann - annlhllatlon effICISI']CY
(Padmanabhan & Finkbeiner, 2005; JC 2010)

|
da”p, ~ fo Ny(14 _):': CMB anisotropy constraint
atdt S )

<92 x 10 %3eVs™!

Jann ~J

(Galli et al., 2009, Slatyer et al., 2009;
Huetsi et al., 2009, 2011)

Limit from Planck satellite

will be roughly 6 times

Cancsllation for stronger — more precise

fann ~2x10% eV /s prediction for the distortion
o ilihion will be possible

i = 106V 8 uncertainty dominated by
S = 2X 107 eV particle physics
4x 107 eV
sx10% possible limits from PIXIE
several times weaker

ann

ann

JJ]]JJ][ 1 _.llJl]

0.1 10

./'«'um = 1.1 X 10

Mxc? | 0.11 | 3 x 10~26cm3/s

JC & Sunyaev, 2012
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Cancellation of cooling by heating from annihilation

v [GHZ]

T ™17 'Hrl;' T T THIw[}]” T T ||'I||,T[M Jll;]“ fann E annihilation efﬁCienCy

(Padmanabhan & Finkbeiner, 2005; JC 2010)

da’p- _ _ . - |
”-I(“I = ./:mn N I ( | | ‘,) CMB anlsotropy constraint

o ¢ ...) I
fann S 2 x 10™%%eVs™?

(Galli et al., 2009; Slatyer et al., 2009;
Huetsi et al., 2009, 2011)

Limit from Planck satellite

will be roughly 6 times

Cancsllation for stronger — more precise

fann ~2x10% eV /s prediction for the distortion
no annihilation will be possible

fu =107V 8 uncertainty dominated by
i = 2% 1076V particle physics
[ =4x 107 eV

£, =5x10" possible limits from PIXIE
several times weaker

JJ]]JJ][ 1 _.llJl]

0.1 10

./'.'11:11 — bbbl

Mxc? | 0.11 | 3 x 10~26cm3/s

JC & Sunyaev, 2012
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Cancellation of cooling by heating from annihilation

v [GHz]
10 100 1000 2000 - TP .

T T T T T T T l fann = annlhllatlon effICISI']CY

(Padmanabhan & Finkbeiner, 2005; JC 2010)

da ]pﬂ:

~ f. Ny(l+ 2 )»”= CMB anisotropy constraint
atdt S "

- ¢ ...) T
.I;mn S_, 2 x 10 i(‘\’ﬁ ]

(Galli et al., 2009, Slatyer et al., 2009;
Huetsi et al., 2009, 2011)

Limit from Planck satellite

will be roughly 6 times

Cancsllation for stronger — more precise

fann ~2x10% eV /s prediction for the distortion
no annihilation will be possible

fu =107V 8 uncertainty dominated by
" i = 2% 1076V particle physics
[, =4x107 eV

[, =5x107" possible limits from PIXIE
several times weaker

JJ]]JJ][ 1 _.llJl]

0.1 10

forn = 1.1 x 10

Mxc2 | 011 | 3x 10~26cm?/s

JC & Sunyaev, 2012

Pirsa: 12090060 Page 40/89



The dissipation of small-scale acoustic modes
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Cosmic Microwave Background Anisotropies

undamped
pol. env 2P

Silk damping is
equivalent to
energy release!

full calculation
undamped x 27

1000 2000
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Energy release caused by dissipation process

‘Obvious’ dependencies:
Amplitude of the small-scale power spectrum
Shape of the small-scale power spectrum

Dissipation scale — kp ~ (Ho Qrel"? Ne,0)"2 (1+2)32 at early times

not so ‘obvious’ dependencies:

primordial non-Gaussianity in the squeezed limit
(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012)

Type of the perturbations (e.g., adiabatic « isocurvature)
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Energy release caused by dissipation process

‘Obvious’ dependencies:
Amplitude of the small-scale power spectrum
Shape of the small-scale power spectrum

Dissipation scale — kp ~ (Ho Qrel'? Ne,0)'? (1+2)%2 at early times

not so ‘obvious’ dependencies:

primordial non-Gaussianity in the squeezed limit
(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012)

Type of the perturbations (e.g., adiabatic < isocurvature)

Pirsa: 12090060

Page 44/89




Dissipation of acoustic modes: ‘classical treatment’

energy stored in plane sound waves

Landau & Lifshitz, ‘Fluid Mechanics', § 65 = Q ~ ¢s2 p (5p/p)?

expression for normal ideal gas where p is ‘mass
density’ and ¢s denotes ‘sounds speed'

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ
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Dissipation of acoustic modes: ‘classical treatment’

energy stored in plane sound waves

Landau & Lifshitz, ‘Fluid Mechanics', § 65 = Q ~ ¢s2 p (dp/p)?

expression for normal ideal gas where p is ‘mass
density’ and ¢s denotes ‘sounds speed'

photon-baryon fluid with baryon loading R << 1

(co/c)=[3 (1+tR) ]~ 1/3
p—py=arTt
6p/p — 4(6 T[)/T) = 4@0 only perturbation in the

monopole accounted for

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ
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Dissipation of acoustic modes: ‘classical treatment’

energy stored in plane sound waves

Landau & Lifshitz, ‘Fluid Mechanics', § 65 = Q ~ ¢s2 p (dp/p)?

expression for normal ideal gas where p is ‘mass
dens#‘fy and CS denOteS SOUNdS Speed ‘minus’ because decrease in ©
at small scales means increase

photon-baryon fluid with baryon loading R << 1 for average spectrum

(co/cy2=[3 (1+R) "' ~ 113
p—py =ar T* = (a%p,)"! da?Qad/dt = -16/3 d<O@¢2>/dt
6p/p — 4(6 To/T) = 4@0 - only perturbation in the

monopole accounted for
can be calculated using first
order perturbation theory

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ
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Dissipation of acoustic modes: ‘classical treatment’

energy stored in plane sound waves

Landau & Lifshitz, ‘Fluid Mechanics', § 65 = Q ~ ¢s2 p (dp/p)?

expression for normal ideal gas where p is ‘mass
deﬂSffy and Cs denOteS SOUNdS Speed ‘minus’ because decrease in ©
at small scales means increase

photon-baryon fluid with baryon loading R << 1 for average spectrum

(co/c)=[3 (1+tR) '~ 113
P T = (a%p,)! da*Qac/dt = -16/3 d<Ou2>/dt
6p/p — 4(6 To/T) = 4@0 : only perturbation in the

monopole accounted for
can be calculated using first
order perturbation theory

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ
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Dissipation of acoustic modes: ‘classical treatment’

energy stored in plane sound waves

Landau & Lifshitz, ‘Fluid Mechanics', § 65 = Q ~ ¢s2 p (dp/p)?

expression for normal ideal gas where p is ‘mass
de”S’ty and CS denOteS SOUNO’S Speed ‘minus’ because decrease in ©
at small scales means increase

photon-baryon fluid with baryon loading R << 1 for average spectrum

(cs/cye=[3 (1+R) "'~ 1/3
0—py =ar T* = (a%p,)"! da?Qad/dt = -16/3 d<O@g2>/dt
6p/p — 4(6 To/T) = 4@0 - only perturbation in the

monopole accounted for
can be calculated using first

Simple estimate for the total energy release does order perturbation theory
not capture all the physics of the problem: —

» detailed treatment with Boltzmann equation shows
that the total energy release is 9/4 ~ 2.25 times larger!

» also only 1/3 of the released energy goes into

distortions while 2/3 only adiabatically raise the
average CMB temperature

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ
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Dissipation of acoustic modes: ‘microscopic treatment’

after inflation: photon field has spatially
varying temperature T

average energy stored in photon field at
any given moment

<py>=ar <T*> =ar <T>4[1+ 4<0> + 6<0?>] -
==( E.g., our snapshot at z=0

JC, Khatri & Sunyaev, 2012
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Dissipation of acoustic modes: ‘microscopic treatment’

after inflation: photon field has spatially
varying temperature T

average energy stored in photon field at
any given moment

<py>=ar <T*> =ar <T>*[1+ 4<0> + 6<0?>] -
==0 E.g., our snapshot at z=0

JC, Khatri & Sunyaev, 2012
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Dissipation of acoustic modes: ‘microscopic treatment’

after inflation: photon field has spatially
varying temperature T

'r'-. hy
o 2
g _‘0

! ‘3],' .&'x;_‘c'_ o

average energy stored in photon field at # s
any given moment

-

<py>=ar <T*> =ar <T>*[1+ 4<0> + 6<0?>] -
== E.g., our snapshot at z=0

= (a%p,)"! da*Qac/dt = -6 d<@2>/dt

Monopole actually drops out of the equation!

In principle all higher multipoles contribute to the energy release

JC, Khatri & Sunyaev, 2012
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Dissipation of acoustic modes: ‘microscopic treatment’

after inflation: photon field has spatially
varying temperature T

average energy stored in photon field at
any given moment

<py>=ar <T*> =ar <T>4[1+ 4<0> + 6<0?>] .
==0 E.g., our snapshot at z=0

= (a%p,)! da*Qac/dt = -6 d<@2>/dt
Monopole actually drops out of the equation!

In principle all higher multipoles contribute to the energy release
At high redshifts (z 2 104): et

» net (gauge-invariant) dipole and contributions from
higher multipoles are negligible

» dominant term caused by quadrupole anisotropy

= (a%p,)" da*Qaddt = -12 d<@p2>/dt

JC, Khatri & Sunyaev, 2012 9/4 larger lhian classical estimate
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Where does the 2:1 ratio come from?
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Superpositions of blackbody spectra

T T IIIIIII T T IIIIIII lllll]l

T TTTIm

AT/To=0.4

L] lllll[l

LI l”ll1

n)

T Illlﬂl]

-
t
=
"7
=
)
bt
=
—

L] IllIIl'I

LI lllllll

Blackbody T1=To-AT

\
\

\
\
\

|
|

llll]ll | lIIIlIII 1 1 ll]illl

10" 10° 10

x=hv/ kT

Zeldovich, lllarionov & Sunyaev, 1972
JC & Sunyaev 2004
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Superpositions of blackbody spectra

T llllllll T T I'ITIIII T T ]l]lll]

T TTTT

I llllllll T IIIIIII|
L 1illl

n)

LI IllIlII

Average spectrum is NOT
a blackbody at the
average temperature Ty !

s
!
-
A —
(7}
=
]
)
=
=

1 lIIIIlI

temperature shift y-distortions

— 2hv°
T %

- xe’ . o xe”
—_ [71)3 {Hl(i YSZ(.L) —_— ((

» L

vl it

w1 T TTIT

tIIIIII L ]]IIIII| Il]IilI

10" f 10
x=hv/kT

Zeldovich, lllarionov & Sunyaev, 1972
JC & Sunyaev 2004
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Superpositions of blackbody spectra

IIII]]] T T I']TIIII T T ]l]lll]
r 3 ‘ 0

2he” [npb + G (©2) + 1Ysz (©2)]
4(0%)\_ /2(8?%)

(py) = 4m ’ (1) dv ~ ppy (1)) [1 + 6 (92)] /’

T TTTT

11111l

”
”

rd

> 2/3 of the stored energy ’,

s

appears as temperature shift ../, -

T Illllll

s
”

> 1/3 as y-distortion!

LI IllIlII

\
Average spectrum is NOT
a blackbody at the
average temperature Ty !

—
=
=
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!
-
o
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&
=
]
)
=
-

L | lIIlIlI

temperature shift y-distortions
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.$ | |
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Zeldovich, lllarionov & Sunyaev, 1972
JC & Sunyaev 2004
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Distortion caused by superposition of blackbodies

JC & Sunyaev, 2004
JC, Khatri & Sunyaev, 2012

COBE/DMR: AT = 3.353 mK

average spectrum

() o
Yy D) T ~ o X
ATNE
AT il = ~ 4.4nK
1] i

known with very high precision

CMB dipole ( Bc ~ 1.23x103)

(32 s
y~ —~26x10""

6

2

il .
ATyp 2T 52 ~ 144K

electrons are up-scattered

can be taken out at the level
of ~10°
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Effective energy release caused by damping effect

Effective heating rate from full 2x2 Boltzmann treatment (uc, khatri & sunyaev, 2012)

[>3

I da’Qac 30:1-06)2 9 _, 1 P P b
RP R A P AT il e B B e R0 e oy (S B e B 2] + 102
ol I(T|f\l.{< - +50; 2()_(()“ +O5) 4 E (21 +1)©;

= - )
O 9 / ()(ﬂ)] {(l’)(lﬂ gauge-independent dipole effect of polarization

higher multipoles

" k2dk
{.\')')/ — P(k)X (k)Y (k)

2m

Primordial power spectrum

JC, Khatri & Sunyaev, 2012
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Effective energy release caused by damping effect

Effective heating rate from full 2x2 Boltzmann treatment (c, khatri & sunyaev, 2012)

[>3

A 30:1-06)2 9 _, 1 P P )
— ¥8 — 40~N.c P2 — ZE-(OF + O . 2] 4+ 1)O%
PR 1(T|,\l.(< E t 593 2()u(()“ + O5) 4 E (21 4+ 1)©;

Bl - )
O 9 / ()(ﬂ)] ¢ (ﬂ)(lﬂ gauge-independent dipole effect of polarization

higher multipoles

" k2dk
(.\')')/ — P(k)X (k)Y (k)

2m

Primordial power spectrum

JC, Khatri & Sunyaev, 2012
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Effective energy release caused by damping effect

Effective heating rate from full 2x2 Boltzmann treatment (sc, khatri & sunyaev, 2012)

da?Q,

, 30, -08)% 9 ., 1 , : ‘ 5
= m,.‘:\(.«<_ + 563 - 5(—).”,((—)f, +05) + Z(z/ +1)6?2

|
a'p, 3 T

G O(p) Pe(pe)dp . ; :
: £ (’ ) {(l ) l’ gauge-independent dipole effect of polarization higher multipoles

4

ns = 0.96

Primordial power spectrum Units: Ac H/ ot Ne ¢

quadrupole dominant at high z

net dipole important only at
low redshifts

polarization ~5% effect

contribution from higher
multipoles rather small

Source term

107
Scale factor a=1/(1+2)
JC, Khatri & Sunyaev, 2012
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Which modes dissipate in the y and y-eras?

Energy Release for the Standard Power Spectrum with a Sharp Feature

T T T T T L e e Single mOde With
standard 'er spectru
S Ll
dissipates its energy at

ky =200 Mpe” z ~ 4.5x105(k Mpc/103)2/3

]

(1+2)dQ/dzx 10

Modes with wavenumber
50 Mpc' < k < 104 Mpc!
dissipate their energy
during the p-era

o
U
=
g

Effective heating

Modes with k < 50 Mpc''
cause y-distortion

JC, Erickcek & Ben-Dayan, 2012
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Our computation for the effective energy release

T LI L

Amplitude of the distortion
depends on the small-
scale power spectrum

‘balanced’ energy release
scenarios « adiabatic
cooling effect is canceled
by acoustic damping
process — u~ 0

standard power

spectrum with running Computation carried out
ny 1027 8 iy =008 with CosmoTherm
1027 & n =-0034 (JC & Sunyaev 2011)
1027 & n 0.01

imn

g
-
N
SH
=

X
+
a
)
=
=2
]
v
=
v
>
I
D
-
=
-—

-
A
£

Hell —> Hel

free streaming

i 1 IIIL\.I ioded 11 Ll A L LLllll

10 10° 10°

P‘:(k) — _JTZ ,‘1‘:}\' J(A/kn )Hr" 1+ %rrm“ In(k/kg)

JC, Khatri & Sunyaev, 2012
3~ —0.0336[1 + 5.22(ng — 1) + 0.58(ng — 1)°]

mn
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Our computation for the effective energy release

(1+2)dQ/ dz

a
%)
=
=2
v
=
v
>
’J
D
=
=
—

-
A
g

free streaming

i 1 llI\\.I

10

JC, Khatri & Sunyaev, 2012
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T LI e L

Hell —~> Hel

standard power
spectrum with running
Y7 &
ng=1027&n
1.027 & n

nn
1027 & n
n

mn

imn

Ll

0.05
0.034
001

LLllll

]‘:)h

Amplitude of the distortion
depends on the small-
scale power spectrum

‘balanced’ energy release
scenarios « adiabatic
cooling effect is canceled
by acoustic damping
process — u ~ 0

Computation carried out

with CosmoTherm
(JC & Sunyaev 2011)

P‘:(k) — _JTZ :1‘:}\' J(A/kn )Hr" 1+ %rrm“ In(k/kq)

P~ —0.0336[1 + 5.22(ns — 1) + 0.58(ng — 1)*]

mn
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Our computation for the effective energy release

)
-
-
SH
=
¥)
+
a
&
=
Sl
]
v
=
v
>
]
o
=
-
—

-
A
g

free streaming

i 1 llll\.l

JC, Khatri & Sunyaev, 2012
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Hell —> Hel

standard power
spectrum with running
Y7 &
ng=1027&n
1027 & n

nmn

1027 & n
n

mn

imn

Ll

107

0.05
0.034
0.01

LLiLll

I“n

Amplitude of the distortion
depends on the small-
scale power spectrum

‘balanced’ energy release
scenarios « adiabatic
cooling effect is canceled
by acoustic damping
process — u~0

Computation carried out

with CosmoTherm
(JC & Sunyaev 2011)

P‘:(k) - _JTZ ,‘1‘:}\' J(A/kn )Hr" 1+ %rrm“ In(k/kq)

nea ~ —0.0336[1 + 5.22(ns — 1) + 0.58(ns — 1)*]

mmn
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Our computation for the effective energy release

(1+2)dQ/ dz

a
&
=
=2
]
v
=
v
>
]
D
=
=
—

-
A
g

free streaming

L 1 IIIL\.I

JC, Khatri & Sunyaev, 2012
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Hell —> Hel

standard power
spectrum with running
Y7 &
ng=1027&n
1027 & n

mn
1027 & n
n

mn

imn

Ll

0.05
0.034
0.01

Ll

I“n

Amplitude of the distortion
depends on the small-
scale power spectrum

‘balanced’ energy release
scenarios « adiabatic
cooling effect is canceled
by acoustic damping
process — u~0

Computation carried out

with CosmoTherm
(JC & Sunyaev 2011)

P(K) = 272 Ak~ (k ko)'s ™1+ drmm i)

Moy & —0.0336[1 + 5.22(ng — 1) + 0.58(ns — 1)°]

mn
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Our computation for the effective energy release

v [GHz] ‘
1 10 100 10° 2000

I!IIIIT] lI]IlTli T T IIIIIW] T IIIIIIII ]

ng 1027 & non 001

ne 1027 & n 0034
nn

n,=1027&n_ =-005
un

no dissipation

1 ol 1 el 1 el

0.1 | 10
A

JC, Khatri & Sunyaev, 2012

Amplitude of the distortion
depends on the small-
scale power spectrum

‘balanced’ energy release
scenarios « adiabatic
cooling effect is canceled
by acoustic damping
process — u~0

Computation carried out

with CosmoTherm
(JC & Sunyaev 2011)
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Our computation for the effective energy release

v [GHz] ‘
1 10 100 10" 2000

IlIIIIT] lI]IITI! T T lIl|l1] T Illlllli ]

Amplitude of the distortion
depends on the small-
scale power spectrum

‘balanced’ energy release
scenarios « adiabatic
cooling effect is canceled
by acoustic damping
process — u ~ 0

Computation carried out

with CosmoTherm
n,=1027&n_ =-001 (JC & Sunyaev 2011)

ne 1027 & n 0034
nn

ng = 1027 & non= 005
n

no dissipation

1 el 1 el

0.1 10

JC, Khatri & Sunyaev, 2012
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Constraints on the standard primordial power spectrum

possible constramts from p

Fdi

§ 001 (SRR

; H)."--.,‘I

Ectiignes
002§ ""-.._'?’ﬂ

5 ~
003§

10 lower limit

3 -
- 0] “‘\\\ :
. —

\ . T

| ||‘ o

WMAP?
ACT
SP1
I, =1

Ul | WMAPZwith running
T I

For any given power spectrum very precise
predictions are possible!

The physics going into the computation are
well understood

For the standard power spectrum PIXIE
might detect the u-distortion caused by
acoustic damping at ~1.50 level

PIXIE could independently rule out a scale-
invariant power spectrum at ~2.50 level

Most currently favoured models with
running are close to balanced injection
scenarios, for which PIXIE will only give
upper limits

y-distortion will be more hard to measure,
since there are many other astrophysical
processes that could cause y-distortions at
low redshift

JC, Khatri & Sunyaev, 2012
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Constraints on the standard primordial power spectrum

possible constramts from p

WMAP?
ACT
SPT
I, =1

possible constramts from y

002 1 T
o PN o WMAP?
\\ ACT

TSP

0.01
.

\\
0 o N ]

-

E 9
F WMAPF?
B .

~

0.02F -\\h_hh% | S
} P »
| *-.,_uﬁ'f,,’ {
-"‘. 5 .
0.03p i ..nf?:‘ A 4

004"
09

For any given power spectrum very precise
predictions are possible!

The physics going into the computation are
well understood

For the standard power spectrum PIXIE
might detect the uy-distortion caused by
acoustic damping at ~1.50 level

PIXIE could independently rule out a scale-
invariant power spectrum at ~2.50 level

Most currently favoured models with
running are close to balanced injection
scenarios, for which PIXIE will only give
upper limits

y-distortion will be more hard to measure,
since there are many other astrophysical
processes that could cause y-distortions at
low redshift

JC, Khatri & Sunyaev, 2012
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Is this already all one can look at?
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Power spectrum constraints

Allowed regions
e 1']11;1----|u]m~-l mimhalos (gamma rays, Fermi-LAT)
lather ,
' Moge . ,
del [I(‘\‘)””[]‘(‘ Ultracompact mimhalos (reionisation, WMAPS5 r,)

nt
=== Primordial black holes

= CMB, Lyman-a, LSS and other cosmological probes

| | G SO D | S

W0 AR 400 A0 0P 0h T P

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 k (Mpc™1)

Amplitude of power spectrum rather uncertain at k > 3 Mpc™’
improving limits at smaller scales would constrain inflationary models
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Primordial power spectra with ‘step’ at small scales

Energy Release for the Standard Power Spectrum with a Step T —
) rr]
o
COBE upper limit from ‘v_.',:p,-
L0 'y
o f

standard power spectrum
" 0.96, and n

10 Mpe *
k =200 Mpe”!

1.1
.= 1.05
g =1
=095
=09

100 1000 10000
km Mpe

3200 effective uy and y-parameter

k ) I[ ' k "H‘””* simple formula to compute the

2.2] Po(k) cxp( e
S in

} dInk. COBE/FIRAS = amplitude of the

small-scale power spectrum can’t

: change by more than ~2x10 at
Integral constraint on small-scale power wavenumber k ~ 1 Mpc-!

o /‘
{).4{ Pkyexp|-|=—
‘Lm:‘ ‘]()

JC, Erickcek & Ben-Dayan, 2012
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Primordial power spectra with ‘step’ at small scales

Energy Release for the Standard Power Spectrum with a Step
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. change by more than ~2x10 at
Integral constraint on small-scale power wavenumber k ~ 1 Mpc-’
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JC, Erickcek & Ben-Dayan, 2012
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Primordial power spectra with ‘bend’ at small scales

Energy Release for the Standard Power Spectrum with a Kink

T T T T T T T T T T T T

standard power spectrum
n, =096, and n 0
1 un

| 142)dQ/dz x 10"

l"l-\“' it

from | -
1"*"‘“"“ L mn

a
v
ol
=
v
>
]
s
ol
o

TR W, /1
100

1
k, m Mpe

55 {““7,‘“) Hp( k )-—cxp[ '}—f—)’“”d]n/\ COBE/FIRAS = spectral index at

5400 k ~1 Mpc' cannot change by

kT more than An~1

0.4 { P(kyexp|- T dInk,
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PIXIE will place very tight
Integral constraint on small-scale power constraints onsuchimodsals

JC, Erickcek & Ben-Dayan, 2012
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Modified p-distortion in the squeezed limit

(a) squeezed triangle

Modes that dissipate energy have k1 = ko >> k3 (k =k, >>k )

Non-Gaussian power spectrum — presence of positive
long-wavelength mode enhances small-scale power

More small-scale power — larger p-distortion

— Spatially varying u-distortion caused by non-Gaussianity!
(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012)

Non-vanishing u-T correlation at large scales

Might be detectable with PIXIE-type experiment for fy. > 103

II‘IK)Uh(I‘
| Ganc & Komatsu, 2012

Requirements

precise cross-calibration of
frequency channels
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higher angular resolution does Tl e funcion el
not improve cumulative S/N T

[ ==+ Sachs-Wolfe approx
0.00025
ki
{ full transfer function (Pixie)
0000204
0 60 80 100 120 140
T
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What about the cosmological recombination epoch?
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Simple estimates for hydrogen recombination

Hydrogen recombination:

per recombined hydrogen atom an energy
of ~13.6 eV in form of photons is released

at z~1100 -> Ae/e ~ 13.6 6V N, / N, 2.7kT, ~ 10-2-108

-> recombination occurs at redshifts z < 104
- At that time the thermalization process does not work anymore!

- There should be some small spectral distortion due to these
additional photons!

(Zeldovich, Kurt & Sunyaev, 1968, ZhETF, 55, 278; Peebles, 1968, ApJ, 153, 1)

- In 1975 Viktor Dubrovich emphasized the possibility to
observe the recombinational lines from n>3 and An<<n!
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100-shell hydrogen atom and continuum
CMB spectral distortions

100

n :
I __ bound-bound & 2s:

-TrTTTTT T T TI'I T T T LI Tll
— free-bound emission ) - atv>1GHz: distinct
bound-bound transitions + 2s spectrum 2 [ features

sum ol all =
u : : fron N2 - slope ~ 0.46

free-bound:

- only a few features
distinguishable

- slope ~ 0.6

Al

Total:

f-b contributes ~30%
and more

Balmer cont. ~90%
Balmer: 1y per HI

L 1 Il L Ll l] ]
1000 in total

— 10 AV ARR SR '
7 . . [
N J " .
T
oS
=
E 3 8

Balmer cont.

v [GHz]
JC & Sunyaev, 2006, A&A, 458, L29 (astro-ph/0608120)
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100-shell hydrogen atom and continuum
CMB spectral distortions
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Total:
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and more
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100-shell hydrogen atom and continuum
Relative distortions

"Im's Hz st )

FrTr 11771

= total emission
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JC & Sunyaev, 2006, A&A, 458, L29 (astro-ph/0608120)

1000

Wien-region:
- L, and 2s distortions

are very strong
- but CIB more dominant

@ CMB maximum:

- relative distortions
extremely small

- strong v-dependence

RJ-region:

- relative distortion exceeds
level of ~10-7 below v ~
1-2 GHz

- oscillatory frequency

dependence with ~1-10
percent-level amplitude:
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Cosmological Time in Years
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Cosmological Recombination Spectrum
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What would we actually learn by doing such hard job?

Cosmological Recombination Spectrum opens a way to measure:
- the specific entropy of our universe (related to 2, h?)
- the CMB monopole temperature T,
> the pre-stellar abundance of helium Y,

= If recombination occurs as we think it does, then the lines can be predicted
with very high accuracy!

B

Pirsa: 12090060 Page 87/89




What would we actually learn by doing such hard job?

Cosmological Recombination Spectrum opens a way to measure:
- the specific entropy of our universe (related to 2, h?)
- the CMB monopole temperature T,
> the pre-stellar abundance of helium Y,

= If recombination occurs as we think it does, then the lines can be predicted
with very high accuracy!

=

Pirsa: 12090060 Page 88/89




Conclusions

CMB spectral distortions open a new window to the early Universe
complementary source of information not just confirmation

simplicity of thermalization physics in principle allows making very
precise predictions for the distortions caused by different processes

in standard cosmology several processes lead to early energy
release at a level that could be detectable in the future

measurements of uy & y-distortions help placing strong limits on the
small-scale power spectrum at very small scales, corresponding to
wavenumbers 1 Mpc' < k < 104 Mpc’

this places an integral constraint on different inflationary models

constraints on primordial non-Gaussianity in the squeezed limit
might be obtained by considering the spatial variation of p

JC, Rishi Khatri & Rashid Sunyaev, ArXiv:1202.0057
JC, Adrienne Erickcek & ldo Ben-Dayan, ArXiv:1203.2681
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