Why CMB spectral distortions are so cool
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Cosmic Microwave Background Anisotropies

Planck all-sky
temperature map

« CMB has a blackbody spectrum in every direction

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




Cosmic Microwave Background Anisotropies

Planck all-sky
temperature map

Huge compression of
information to a few
hundred numbers!

Planck Collaboration, 2015, paper XIlli

1500 2000

« CMB has a blackbody spectrum in every direction

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




CMB provides another independent piece of information!

DSOUTE measurement requirea.
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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

!
/

) 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=3.3°K, m=0.3,
0-=0.3
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Sunyaev & Zeldovich, 1980, ARAA, 18, 537 restored

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



COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)

SPEcTRUM OF THE Cosmic

MicRowAVE BACKGROUND
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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)



PIXIE: Primordial Inflation Explorer

Angular Scale (Deg)
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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




Energy release distortions primer
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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°




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)



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

Distortion Green'’s function for energy release

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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Distortion Green'’s function for energy release

Intensity signal for different heating redshifts
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: 6
temperature-shift, z > few X 10

: : 5
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Distortion Green'’s function for energy release

Intensity signal for different heating redshifts
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: 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: &L

Distortion contains much more
information than previously thought!
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Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter Standard sources

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011) Of dISl‘OI’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)
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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°
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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...
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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!
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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)
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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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Average CMB spectral distortions

low redshift y-distortion for y = 2 x 10°
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Average CMB spectral distortions

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



RAMAN RESEARCH INSTITUTE, BANGALORE

July 11-16, 2016

CMB SPECTRAL DISTORTIONS FROM COSMIC BARYON EVOLUTION

Main
Poster
Programme
Logistics

Accommodation

Venue: Raman Research Institute, Bangalore, India

This joint discussion forum aims to bring together theorists and
experimentalists, both ground based and space based, working on the theory
and detection of spectral distortions in the CMB, including those from
recombination and reionization.

The scope of the forum is primarily all-sky or global or monopole component
spectral distortions in the CMB of

1. mu, y and free-free types arising from standard and non-standard (e.g.
particle decay, primordial magnetic fields) models for cosmology and
structure formation,

2. spectral distortions from cosmological Helium and Hydrogen
recombination,

3. redshifted 21-cm distortions expected from Dark Ages and Cosmic
Dawn all the way down to the end of reionization.

However, we do expect some talks on the spatial structure in these
distortions, particularly when detection of the spatial distribution is
necessary for decomposing the global into components from different
origins, and when detection of the global is of significance to the
understanding of detections of spatial fluctuations.

The plan is to review the theory, discuss experimental methods and have
presentations on proposals and on-going experiments. The goal is to
encourage collaborations between experimentalists with complementary
strengths, and better align the configurations and products of experiments
to be motivated by realistic and plausible theoretical models, which are based
on and consistent with current understanding of cosmology and galaxy
formation and evolution.

The space physics group of the Indian Space Research Organization (ISRO)

List of participants:

If you wish to participate but do not find

your name listed below please contact one
of the SOC members.

e Eric Switzer (Goddard)

e Chris Sheehy (Chicago)

e James Colin Hill (Columbia)

e Daniel Grin ( Kavli Institute, Chicago)

e José-Alberto Rubifo-Martin (IAC, Tenerife, Spain)
® Yacine Ali-Haimoud (Johns Hopkins)

e Rishi Khatri (TIFR, Mumbai)

e Anastasia Fialkov (Harvard)

e Harish Vedantham (Caltech)

e Jeffrey Peterson (Carnegie Mellon)

e Joseph Lazio (NASA) TBC

e Lincoln J. Greenhill (Harvard)

e Jonathan Pritchard (Imperial College, London)
e Subir Sarkar (Oxford/NBI, Copenhagen)

e Mathieu Remazeilles (Manchester)

e Aaron Chippendale (CASS)

e Jack Singal (Richmond University)

e Francois Bouchet (IAP)

e Leon Koopmans (Kapteyn Astronomical Institute)
e Tzu-Ching Chang (ASIAA)

e Suzanne Staggs (Princeton)

e Raul Monsalve (Arizona State University)

e Nipanjana Patra (UCB)

e Xuelei Chen (NAOC)

e Rennan Barkana (Tel-Aviv University)
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New detailed and fast computation!
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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
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_ -MB spectral distortions will open a new window to
. thg/eaﬁy Universe

* new probe of the inflation epoch and particle physics

» complementary and independent source of
information not just confirmation

* In standard cosmology several processes Iead to
early energy release at a level that ot Lt
will be detectable in the future

- extremely interesting future for
CMB-based science!
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all this information! Radts el
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Silk & Chluba, Science, 2014



