What CMB spectral distortions can teach us about early-
universe and particle physics
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Some of the “big” questions in Cosmology.

o What is the Universe made of?
e How did it start? What are the initial condition?

e How did all the structures form?

A




Cosmic Microwave Background Anisotropies

1" £~200

Huge compression of
information to a few
hundred numbers!

Planck Collaboration, 2015, paper XllI

Planck aII-sky « CMB has a blackbody spectrum in every direction
temperature map « tiny variations of the CMB temperature AT/T ~ 10~




CMB Sky - Cosmology

N, (z) is an important input

CMB Sky Power spectra
(temperature & polarization)
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Cosmological (Joint) analysis 1 - il o
Parameters large scales Multipole moment (1) small scales
Qtota Qma Qb! QA,
h.t. n Other cosmological Datasets:

) 3y (FALL

Supernovae, large-scale structure/BAO,
Lyman-o forest, weak lensing, ...



CMB anisotropies (with SN, LSS, eftc...) clearly
taught us a lot about the Universe we live in!

Standard 6 parameter concordance cosmology with parameters
known to percent level precision

Gaussian-distributed adiabatic fluctuations with nearly scale-
iInvariant power spectrum over a wide range of scales

cold dark matter (“CDM?)

Dark Matter

accelerated expansion today (“/\")

Standard BBN scenario — Netf and Yp

Dark Energy

Standard ionization history — Ne(2)

TT+lowP TT+lowP+lensing TT+lowP+lensing+ext TT,TE,EE+lowP  TT,TE.EE+lowP+lensing TT,TE,EE+lowP+lensing+ext
Parameter 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits

0.02222 £ 0.00023  0.02226 + 0.00023 0.02227 £ 0.00020 0.02225 £ 0.00016 0.02226 £ 0.00016 0.02230 £ 0.00014
0.1197 + 0.0022 0.1186 + 0.0020 0.1184 +0.0012 0.1198 + 0.0015 0.1193 £ 0.0014 0.1188 + 0.0010

1.04085 £ 0.00047  1.04103 + 0.00046 1.04106 + 0.00041 1.04077 £ 0.00032 1.04087 + 0.00032 1.04093 + 0.00030
0.078 £ 0.019 0.066 +0.016 0.067 +0.013 0.079 £ 0.017 0.063 +0.014 0.066 + 0.012
In(10"°4g) . . . .. ... 3.089 + 0.036 3.062 = 0.029 3.064 +0.024 3.094 + 0.034 3.059 +0.025 3.064 + 0.023
0.9655 + 0.0062 0.9677 + 0.0060 0.9681 + 0.0044 0.9645 + 0.0049 0.9653 + 0.0048 0.9667 + 0.0040




Lots of amazing progress over the past decades!

WMAP

VSA, DESI, MAXIMA,
Keck Array, BICEP,
Polarbear, EBEX,
and many more...



What are the main next targets for CMB anisotropies?

CMB temperature power spectrum kind of finished...

E modes cosmic variance limited to high-/
- better constraint on 7 from large scale E modes
- refined CMB damping tail science from small-scale E modes

- CMB lensing and de-lensing of primordial B-modes

= CORE
primordial B modes = PIXIE
- detection of r ~ 103 (energy scale of inflation) = [ itebird
- upper limit on nt < O(0.1) as additional ‘proof of inflation’ = CMB S4

CMB anomalies
- stationarity of E and B-modes, lensing potential, etc across the sky

SZ cluster science

- large cluster samples and (individual) high-res cluster measurements

A bright and exciting future with lots of competition!




Cosmic Microwave Background Anisotropies

« CMB has a blackbody spectrum in every direction

tions of the CMB temperature AT/T ~ 10-°

Iny varia

o t

Planck all-sky

temperature map




CMB provides another independent piece of information!

COBE/FIRAS

Tp = (2.726 £ 0.001) K

Absolute measurement required!

One has to go to space...

Mather et al., 1994, ApJ, 420, 439

i!xse“ eztofgg 1:’9?’ %ZJ’G“;?” 576 » CMB monopole is 10000 - 100000 times
ixsen, , ApJ, < .
Fixsen, 2009, ApJ, 707. 916 larger than the fluctuations



COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)

SPECTRUM OF THE CosMmic

MicrRowAvVE BACKGROUND
Frequency (GHz)

100 200 300 400 500

Theory and Observations

ﬁ Error bars a small fraction
5. of the line thickness!
=
=
V)
c
4(3
T,=2.725+0.00l1K [
s Average spectrum
y| = 1L.5x10 Nobel Prize in Physics 2006!
-5
M| = 9x10 0.1 0.07
Mather et al., 1994, ApJ, 420, 439 VAP990045 Wavelength (om)

Fixsen et al., 1996, ApJ, 473, 576
Fixsen et al., 2003, ApJ, 594, 67



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+2) K
NY ~ 411 cm3 (1+2)3 ~ 2x10% N, (entropy density dominated by photons)
p, ~5.1x107" mc® 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
limits on the thermal history of our Universe!




Standard types of primordial CMB distortions

Compton y-distortion Chemical potential u-distortion

'a—2.7°K black-body
radiation
,’ b—3.3°K black-body
radiation
¢—3.3°K Bose-Einstein
radiation with m =0.3
d—spectrum predicted
by formula (3),
T=33°K, m=0.3,
Q=03
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Sunyaev & Zeldovich, 1980, ARAA, 18, 537

also known from thSZ effect
up-scattering of CMB photon
important at late times (z<50000)
scattering inefficient

Wavelength (cm)
Sunyaev & Zeldovich, 1970, ApSS, 2, 66

important at very times (z>50000)
scattering very efficient
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Measurements of CMB spectrum will open a new &

unexplored window to the early Universe!
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Example: Energy release by decaying relict particle

redshift —_ Decaying particles ( ty = 5.‘.)()4()70-4-()()/_/;\, = 4¢+006) Tal |t|a| Cond|t|on ful/
¢ =1.009443¢+07 || AT/ T,=1.680621¢-09 I| AT, /T =-3.187501e-07 Il y_=3.611625¢+02 T
[ il - equilibrium

2e-006

total energy release:
difference between

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

most of energy

Zx~2x106

-le-06
(.0001 0.001

positive y-distortion

high frequency
distortion frozen
around z=5x10°

-de-05

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

50001 0.001 0.1 | 10 low frequencies
' today x=2 x 102 means v~1GHz (Te<Ty)

-Se-05

Computation carried out with
(JC & Sunyaev 2012)



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

: 6
temperature-shift, z > few X 10

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

: : 4
y-distortion, z, < 10
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Response function: S

Distortion contains much more

Information than previously thought!
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hybrid distortion probes
time-dependence of
energy-release history

1000

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




Transition from y-distortion — pu-distortion

| IIIIIHI | llllllll I llllllll | | I I T T

_ Thermalization: y Lo
- z,=1.9 x10°

Photon production
neglected

y—distortion

u—distortion

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

—0.2

| | lIlIlll 1 | Illlll | IlIlIII | | lIlllIl 1 1 |
10-3 10-2 10-1 101 102
p/T,




Distortion noft just superposition of y and y-distortion!

Computation carried out with
(JC & Sunyaev 2011)

Final distortion not just
\ | M+ y! More information!

z=88x10
z=352x10
z=3.1x10
z=19x10
z=1.1x10
z=6.7x10

z=4.0x10
z=14x10
z=24x 1()3
z=8.7x 103
z=5.2x lO3
z=3.1x 10
z=19x 10

z=11x10
z=200

R T o L S

First explicit calculation that showed that there is more!
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COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)

SPECTRUM OF THE CosMmic

MicrRowAvVE BACKGROUND
Frequency (GHz)

100 200 300 400 500

Theory and Observations

ﬁ Error bars a small fraction
5. of the line thickness!
=
=
V)
c
4(3
T,=2.725+0.00l1K [
s Average spectrum
y| = 1L.5x10 Nobel Prize in Physics 2006!
-5
M| = 9x10 0.1 0.07
Mather et al., 1994, ApJ, 420, 439 VAP990045 Wavelength (om)

Fixsen et al., 1996, ApJ, 473, 576
Fixsen et al., 2003, ApJ, 594,67 Only very small distortions of CMB spectrum are still allowed!



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

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

Signhatures 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 distortions

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 & Sunyaev, 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 /

(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!

: WMAP 2003

Pla - 0 13

~ 7 degree
beam

~ 0.3 degree ~ 0.08 degree
beam beam



PIXIE: Primordial Inflation Explorer

Angular Scale (Deg)

SR ; o ‘ 400 spectral channel in the frequency
sonetE range 30 GHz and 6THz (Av ~ 15GHz)
{ o about 1000 (') times more sensitive than
COBE/FIRAS

B-mode polarization from inflation (r = 10-3)
improved limits on y and y

was proposed 2011 as NASA EX mission
100 (i.e. cost ~ 200 M9)
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NASA 30-yr Roadmap Study

published Dec 2013)

How does the Universe work?

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

PIXIE was proposed to
NASA in Dec 2016.
Decision this year!




Ar’fay of Precision Sbe’étror'ne'fers.

for detecting spectral ripples from the
Epoch of RecombmAtlon S S

HOME PEOPLE

) rr— u;om!w-: T <: s o CORE ) About APSE Ra

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

i NS BEPA T | LV brightness.
\\ i 3 5 10 20 30

e\ v [GHz]



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 distortions

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 & Sunyaev, 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 /

(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)
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°

* Huge ‘foreground’ signal!

» makes it ‘hard’ to use y-distortion
part of primordial signals!
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°

PIXIE sensitivity ........................

Should be considered as an
“effective” sensitivity that
includes estimate of the

foreground removal penality
(Kogut et al. 2011)

— requires more work...

6 10 30 60 100 300
v [GHZzZ]

600 1000 3000
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°

PIXIE sensitivity ........................

Signal detectable with very
high significance using
present day technology!

= relativistic corrections

measurable! il et al. 2015)

6 10 30 60 100 300 600 1000 3000
v [GHz]
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°
--------- relativistic correction to y signal
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Dissipation of small-scale acoustic modes
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Dissipation of small-scale acoustic modes

— —undamped
———pot. env 2P,

Silk-damping is
equivalent to
energy release!

— full calculation
---undamped x 27

Hu & White, 1997, ApJ




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'? Ne0)'? (1+2)%? at early times

not so ‘obvious’ dependencies:

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

Tvpe of the perturbations (adiabatic < isocurvature)
(Barrow & Coles, 1991; Hu et al., 1994; Dent et al, 2012, JC & Grin, 2012)

Neutrinos (or any extra relativistic degree of freedom)

CMB Spectral distortions could add additional numbers beyond
just’ the tensor-to-scalar ratio from B-modes!




Distortion due to mixing of blackbodies

Blackbody spectra

Photon mixing

Blackbody + y-distortion

T1< T2

To = (T1+T72)/2

Intensity

Intensity

\
\
\
\
\
\

y-type distortion /

visible in the Wien tall

\
\
\
\
\
\
\
\
\

Photon Energy

Photon Energy
JC, Hamann & Patil, 2015




Which modes dissipate in the y and y-eras?

Energy Release for the Standard Power Spectrum with a Sharp Feature

Single mode with
———— 0o mdn 0 wavenumber k
dissipates its energy at

-1
k; = 200 Mpe

'(142)dQ / dz x 10°

Modes with wavenumber

dissipate their energy
during the p-era

].IHHIHMI Il Modes with

Ll cause y-distortion

.
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JC, Erickcek & Ben-Dayan, 2012
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°
relativistic correction to y signal
Damping signal

Computed directly
with CosmoTherm

(with description of JC, Khatri
& Sunyaev, 2012 for heating)
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Al [Jy sr_l]

Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°
relativistic correction to y signal
Damping signal

Computed directly

v [GHz]

with CosmoTherm (b&\
(with description of JC, Khatri 6‘0‘ negative
& Sunyaev, 2012 for heating) ff}\\\\ branch
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Distortions provide general power spectrum constraints!

CMB distortions Allowed regions

=== Ultracompact mimhalos (gamma rays, Fermi-LAT)
s Ultracompact minihalos (relomsation, WMAPS5 7, )

Primordial black holes

CMB et al.

P |

10-8 Probe extra —— CMB, Lyman-a, LSS and other cosmological probes

~10 e-folds .
10—° ~ of inflation! 10
|_ | 1 | I [ (N N N N N N N N N N . (U

-

1077107 1 110 40 A0 A0* AP A0® 40T 40P 0P 10 10 10" 10" A0 10 10M° 10 10" 10"

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

Amplitude of power spectrum rather uncertain at k > 3 Mpc™’
iImproved limits at smaller scales can rule out many inflationary models

CMB spectral distortions would extend our lever arm to k ~ 10* Mpc'’
very complementary piece of information about early-universe physics

e.g., JC, Khatri & Sunyaev, 2012; JC, Erickcek & Ben-Dayan, 2012; JC & Jeong, 2013



Spatially varying heating and dissipation of acoustic
modes for non-Gaussian perturbations

Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)
— distortion practically the same in different directions

Spatially varying heating rate (e.q., due to ultra-squeezed limit non-Gaussianity or cosmic bubble collisions)
— distortion varies in different directions

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016



Spectral distortion caused by the cooling of ordinary matter

adiabatic expansion

No energy injection = TY <. (1 +Z) < Tm g (1 +Z)2

z = 3.960000e4+07 I AT /T = -1.497247e-12 I Ar /T = 1.5385450e-09 I y.= 7.675988¢+00

photons continuously /
since day one
of the Universe!

Compton heating balances
adiabatic cooling

% da4p7

a*dt

at high redshift same scaling

as annihilation (< N% ) and
acoustic mode damping

= partial

~ —Hkap T, oc (1 + 2)°

0.001 T M and )4 distortion

late free-free absorption at
very low frequencies

Distortion a few times below

p S
¥ Ty PIXIE’s current sensitivity

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°
--------- relativistic correction to y signal
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——————— cooling effect

Damping signal
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cooling effect
(JC & Sunyaeyv, 2012)
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Distortion constraints on DM interactions
through cooling effect

10—23

10—27

10—31 B

max (o) [cm?]

10—35

10—39
0001 0010  0.100 I 10 100 1000

Ali-Haimoud, JC & Kamionkowski, 2015
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u Shifts in the line positions — -
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B Another way to do CMB-based cosmology! 7
Direct probe of recombination physics!
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New detailed and fast computation!

-26
10
—————— HI spectrum
Hel spectrum
————— Hell spectrum
Total distortion
Total distortion /w feedback
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10
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JC & Ali-Haimoud, arXiv:1510.03877 v [GHz]



AIv Im?*s*Hz' sr’]

CosmoSpec: fast and accurate computation of the CRR

: Q =0.02
10 b

10 10

AIV [J m?2s! Hz! sr']

102 1028

1000 0.1 1 10 100 1000

0.1 1 10 100
v [GHz] v [GHz]

* Like in old days of CMB anisotropies!
 detailed forecasts and feasibility studies

* non-standard physics (variation of q,
energy injection etc.)

CosmoSpec will be available here:

JC & Ali-Haimoud, arXiv:1510.03877


http://www.Chluba.de/CosmoSpec
http://www.Chluba.de/CosmoSpec

Importance of recombination for inflation constraints

| |

\
o \

Without improved recombination
modules people would be talking
about different inflation models!
(e.g., Shaw & JC, 2011) \
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Planck Collaboration, 2015, paper XX

Analysis uses refined recombination model (CosmoRec/HyRec)
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Cosmological Time in Years
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Singly ionized
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CMB-Anisotropies :
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Dark matter annihilations / decays

10 shell Hydrogen & 10 shell Helium atom

bound-bound HI recombination spectrum

reference model

pre-recombinational

signal from interaction

with He I
Lya line
from z ~ 600

[a—

=3
S
~J

'
17
.
N
T
o
wn
aQ
=
p—
-
<]

o p JC, 2009, arXiv:0910.3663
Additional photons at all frequencies

Broadening of spectral features

Shifts in the positions






Latest Planck limits on annihilation cross section

m—=  Planck TT,TE,EE+lowP

WMAP9
. CVL %

Possible interpretations for: AMS/Pa_meIa .

AMS-02/Fermi/Pamela : models in tension

Fermi GG but interpretation
model-dependent
Sommerfeld
enhancement?

Thermal relic 2

clumping factors?
annihilation
channels?

100 1000 10000

Planck Collaboration, paper Xlil, 2015

For current constraint only (weak) upper limits from distortion...




Distortions could shed light on decaying (DM) particles!

ix
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Direct measurement
of particle lifetime!
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JC & Jeong, 2013




Distortions could shed light on decaying (DM) particles!

ix
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10 x PIXIE sensitive CMB anisotropies!

to lifetime over < . >
even wider range!

Estimated 10 detection
limits for PIXIE
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JC & Jeong, 2013




Green’s function for photon injection

-~ z=15x10°
z,= 10°

g8
o (=]

g

o

n

m
G.(v.v,z) [10°Wm?Hz st ]

—
—"t-n
w
'N
jan)
aQ
=)
®
(=)
p—
—
~
v
>
>
N’
&)

4
o

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



Photon injection at later times
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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 distortions

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 & Sunyaev, 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 /

(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) ,T

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

Signhatures 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)

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)



What can CMB spectral distortions add?

CMB spectral distortions will open a new window to
the early Universe

new probe of the /nflation epoch and particle physics

complementary and independent source of
iInformation not just confirmation

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

extremely interesting future for o

CMB-based science! v

We should make use of ey | W) i
all this information! o
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