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The early universe picture

v' BIG BANG (“beginning of time”):
Universe started as very hot and dense. It expands and cools down since then.

v" INFLATION (t ~ 1073° sec):
Universe underwent ultra-rapid accelerated exponential expansion (60 efolds!)

Intrinsic quantum fluctuations of the vacuum are amplified to macroscopic scales,
giving rise to primordial density perturbations and primordial gravitational waves

Primordial density perturbations = initial seeds of cosmic structures formed later by
gravitational instability: stars, galaxies, clusters of galaxies

v RECOMBINATION (t = 380,000 years):

Photons stop being scattered by free electrons through the recombination of hydrogen
and helium atoms (last scattering surface)

U

The first light is released in the universe: Cosmic Microwave Background (CMB) radiation

CMB radiation carries unique information on the initial conditions of the universe




The early universe picture
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CMB radiation carries unique information on the initial conditions of the universe




Cosmic Microwave Background (CMB)

Nobel Prize 1978

Penzias & Wilson

Discovered by Arno Penzias and Robert Wilson in 1965
as a persistent isotropic background “noise” in their data

TCMB = K



Energy spectrum: Blackbody

FIRAS spectrophotometer
of COBE satellite (1992) =Ty

George F. Smoot

Precise blackbody . Mather et al, ApJ 1994
spectrum at ~0.01% TCMB =2.725 K Fixsen et al, ApJ 1996



Aside from the average CMB radiation ...




CMB temperature anisotropies

N

me n te_irn

i

After subtracting the mean CMB radiation (monopole)



The Planck satellite scans the entire sky

Credit: ESA



CMB radiation = background signal

Credit: ESA



The Planck CMB all-sky map:
temperature fluctuations around 2.725 K

Imprint of primordial s Initial seeds
density perturbations of cosmic structures:
in the early universe stars, galaxies, clusters

—300 uK 300

6T 1
T =73%
AD = 476 &p Oldest picture of our universe

380,000 years after the Big Bang




Power spectrum of CMB anisotropies
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The exact shape of the CMB power spectrum
IS driven by Cosmologlcal parameters

100 (d) Curvaturu ‘ l (b) Ddrk Enc,rgy
Qior = (1 - Qk) 7 ﬁ
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Hu & Dodelson
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CMB anisotropies, LSS, and SNe
taught us a lot about our universe
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Two independent observables for the CMB

v' Power spectrum (spatial information)
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Two independent observables for the CMB

v' Power spectrum (spatial information)

Angular scale
90°  18° r 0.2°

The power spectrum of CMB temperature anisotropies
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Two independent observables for the CMB

v' Power spectrum (spatial information)
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The energy spectrum of the mean CMB radiation may
provide another independent source of information!
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Two independent observables for the CMB

v' Power spectrum (spatial information)

Angular scale
0.2°

The power spectrum of CMB temperature anisotropies
IS an amazmg source of mformat/on on the early universe

Amazing progress in sensitivity over the past decades:

COBE, WMAP, Planck, ACT SPT, BICEP, + several others
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Two independent observables for the CMB

v' Power spectrum (spatial information)

Angular scale
0.2°

Amazmg progress in sensitivity over the past decades:
COBE, WMAP, Planck, ACT SPT, BICEP, + several others

wavelength [mm)]
2 1 0.67 0.5
T T T T

No further sensitive measurement since the 90s!
COBE/FIRAS



Is the average CMB energy spectrum
a perfect blackbody?

Can we detect tiny departures from a perfect blackbodly,
also known as CMB spectral distortions?




Physical mechanisms leading 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 & Sunyaeyv, 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)
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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)

Additional exotic processes

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




Why CMB spectral distortions?

v’ Spectral distortions arise from interactions between matter and radiation

v’ Below a redshift of z < 2x10°, thermalization becomes inefficient, hence
several processes drive matter and radiation out of thermal equilibrium

v’ Perturbations to thermal equilibrium cause energy exchanges between matter
and radiation (heating of baryonic matter, injection of photons or other
particles), leading to spectral distortions of the CMB blackbody radiation

v’ Classical types of CMB spectral distortions:

y-type distortions and u-type distortions due to Compton scattering
between photons and free electrons causing an energy release

y+te—e+y

Scattered photon

E'=hv' +E
Incident photon
E = hv
A\VAVAVAVAV.d EEEEEEEEEEEEE
Electron
at rest\
®

Scattered electron



Blackbody distortions by Compton scattering
y+te—y +e€

Sunyaev & Zeldovich, ApSS (1970)
Sunyaev & Zeldovich, ARAA (1980)
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Compton scattering redistribute the energy of photons across frequencies




y-type distortion in the late universe:
Thermal SZ effect
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Thermal SZ effect is now routinely observed

Planck SZ cluster catalog
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When do spectral distortions happen?
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When do spectral distortions happen?

" post:recombination epoch’ - *-

"X : B ~7
CMB distortions probe.y A
The thermal history of ¢
the universe at z < fewx10°




When do spectral distortions happen?
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When do spectral distortions happen?
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Boltzmann equation for the photons

dn, 0on, 0dn,dx; Jdn,dE 0n,dp;
= =C
at = ot Tox ar "o ar Tap, ar - cM

: photon occupation number

Isotropy & Homogeneity: : four-momentum

: photon energy

:anv Hanv_c
5 v, =cl

Collision term (interaction with matter):

dn dn dn dn
vV V Vv V
Cln] = + + + » Other sources,
dt s dt BR dt DCS dt S e.g. decaying
/ l \ particles
Compton scattering Bremsstrahlung Double Compton scattering

e+ty—e+y e+p-oe +p+y e+y—-e+y +vy"
Full thermal equilibrium: C[n] = 0 = blackbody conserved

Energy release: C[n] # 0 = spectral distortions



Thermal history of energy release

. At redshifts z > 2x10° - full thermal equilibrium

v' Compton scattering, Double Compton scattering, and Bremsstrahlung
are “efficient”

v' Compton scattering redistribute the energy of photon across frequencies

v' But Double Compton scattering and Bremsstrahlung create photons,
thus restoring the blackbody spectrum and Planck’s thermal equilibrium

. At redshifts 5x10% < z < 2x10° - spectral distortions

v Double Compton scattering and Bremsstrahlung become “inefficient”,
thus preventing to create photons to maintain full thermal equilibrium

v' Compton scattering is very “efficient” = u-distortion

. At redshifts z < 5x10* - spectral distortions
\

v' Compton scattering becomes “inefficient” = y-distortion



Compton scattering:e+y - e’ +y'

Kompaneets equation

hv
kT,

dn kT, 1 0 [an T,
X

—| = ornec 1+ ] X
dt| .. OTle mec?x%0x  lox Ten( )

2x10% > z > 5x10%: “efficient” scattering = kinetic equilibrium

dn O:Gnv T, -
at ox -

— Bose-Einstein solution: u-type distortion

xe*
nge(x) = np(x) + u (e* — 1)2

ntensity [ MJy s ]
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Compton scattering:e+y - e’ +y'

Kompaneets equation
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Typical distortions of the CMB spectrum
after energy release by Compton scattering
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Constraints from COBE/FIRAS (~ 90s)

(Far InfraRed Absolute Spectrophotometer)

Mather et al, ApJ (1994)
Fixsen et al, ApJ (1996)
Fixsen et al, ApJ (2003)

¢ |y] £1.5x107°
e |ul <9%x107°

Only tiny distortions of the
CMB spectrum are still
allowed (very faint signal!)



Constraints from COBE/FIRAS (~ 90s)

(Far InfraRed Absolute Spectrophotometer)

No further measurement of the CMB spectrum since the 90s!

Requires to launch a spectrometer into space for a full-sky survey
in order to probe the average spectrum (monopole signal)

Mather et al, ApJ (1994)
Fixsen et al, ApJ (1996)
Fixsen et al, ApJ (2003)

¢ |y] £1.5x107°
e |ul <9%x107°

Only tiny distortions of the
CMB spectrum are still
allowed (very faint signal!)
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PIXIE: Primordial Inflation Explorer

Frequency (GHz)
100 200 300 400 500

/,u=5xjm

) 10 15
Wavenumber (cm™)

v 1000 times more sensitive than
COBE/FIRAS

v 400 spectral bands between
30 GHz and 6000 GHz!

v Expected new limits on u and y:

us5x1078
y < 1x1078

v" Proposed to NASA in 2011 and
2016, but rejected

Kogut et al, JCAP 2011




Most recent activities

Astro2020 Science White Paper

Spectral Distortions of the CMB as a Probe of Inflation,
Recombination, Structure Formation and Particle Physics

Primary thematic area: Cosmology and Fundamental Physics
Secondary thematic area: Galaxy Evolution
Corresponding author email: Jens.Chluba@Manchester.ac.uk
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VOYAGE 2050
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ESA Voyage 2050 White Papers

MICROWAVE SPECTRO-POLARIMETRY
OF MATTER AND RADIATION
ACROSS SPACE AND TIME

arXiv:1909.01591v1 [astro-ph.CO] 4 Sep 2019

A science white paper for the "Voyage 2050"
long term plan in the ESA science programme

arXiv:1909.01592v1 [astro-ph.CO] 4 Sep 2019

ESA Voyage 2050 Science White Paper

A Space Mission to Map the Entire Observable
Universe using the CMB as a Backlight

Corresponding Author:
Name: Kaustuy Basu

itution: Argelander-Institut fiir Astronomic, Universitit Bonn, D-53121 Bonn, Germany
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Reionization kSZ

Cluster lensing
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New Horizons in Cosmology
with Spectral Distortions of the
Cosmic Microwave Background

ESA Voyage 2050 Science White Paper
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The University of Manchester
Manchester, M13 9PL, U.K.

Email: jens.chiuba@manchester.ac.uk, Phone: +447479865044
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Hybrid spectral distortions from particle decay

Intensity signal for different heating redshifts
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The intermediate shape of hybrid spectral distortions at redshifts 3x10° > z, > 10*
would allow to constrain the lifetime ¢, = I'; ' of decaying relic particles!
Chluba & Jeong, MNRAS 2014




Other distortions: H & He recombination lines
(10* > z > 10%)

Cosmological Recombination Spectrum
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Spectral distortions from the dissipation of
small-scale acoustic modes

Silk damping: dissipation of small-scale acoustic modes

Caused by photons random-walking out of overdense/hot regions towards underdense/cold
regions, thus uniformizing the temperature and density of small-scale regions foremost

= Mixing of blackbodies with different temperatures

= y- and u-distortions to the average CMB spectrum
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Small-scale modes k > 3 Mpc~! are inaccessible to CMB anisotropies and LSS !

But they are imprinted in CMB spectral distortions !
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Istortions probe the primordial power spectrum
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at very small scales

v Amplitude of power spectrum rather uncertain at k > 3 Mpc™!
v" CMB spectral distortions would extend our lever arm up to k > 104 Mpc™?

v Improved limits at smaller scales can rule out many inflation models
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CMB blackbody distortions
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Shifts in the line positions
due to presence of Helium
in the Universe \

Hydrogen only
Hydrogen and Helium

Photons released
at redshift z~1400

Changes in the line shape
due to presence of Helium
in the Universe
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transitions among
highly excited states
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Features due to presence
of Helium in the Universe

\ Spectral distortion reaches level of ~107-10°
relative to CMB
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Scrutinizing the CMB energy spectrum through spectral
distortions is the promise of new advances in cosmology !




Foregrounds obscure spectral distortions
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Foregrounds obscure spectral distortions
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Foregrounds obscure spectral distortions

Primordial
distortions (foreground)




Foregrounds obscure spectral distortions

Primordial
distortions (foreground)




Spectral distortions versus Foregrounds

Chluba et al, arXiv:1909.01593
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Subtracting huge foregrounds to unveil tiny CMB spectral distortions
Is extremely challenging!




Spectral distortion anisotropies
(my recent work)

v Aside from average CMB spectral distortions, anisotropic
spectral distortions (a.k.a. spatial-spectral distortions) arise from
anisotropic heating mechanisms

v y-distortion anisotropies (thermal SZ effect) due to hot gas of
electrons in galaxy clusters that scatter CMB photons

v u-distortion anisotropies? due to anisotropic heating through
the dissipation of small-scale acoustic modes if primordial
perturbations are non-Gaussian (modes coupling)




y-distortion anisotropies: thermal SZ effect

y-distortion of CMB
anisotropies at the positions
of galaxy clusters
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Planck thermal SZ Compton y-map

Planck 2015 results XXII, A&A (2016)




Planck tension on a3 between CMB and SZ
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* |Incompleteness of ACDM model?
Evidence for massive neutrinos?

« Incorrect “mass-bias” between SZ gas and dark matter?
Hydrodynamical simulations predict: Mg,s / Mgark matter = (1 —b) = 0.8

« Miscalibrated SZ analysis by neglecting relativistic SZ corrections?
Remazeilles, Bolliet, Rotti, Chluba, MNRAS (2019)



Relativistic SZ effect (rSZ)

IP?(v,n) = f(v,T.()) y(n)

—— kT.=0 keV (non-relativistic) » Planck’s
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Relativistic electron temperature corrections change the shape
of the SZ distortion spectrum



Relativistic SZ effect (rSZ)

IP?(v,n) = f(v,T.()) y(n)

—— kT. =0 keV (non-relativistic) » Planck’s
0.151 —— kTe=5keV T 2 assumption:
—— kT.=15 keV e
_0.10- e
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wn
> 0.5
=
m\ [0 750 10 [N SN
J
—0.051
—0.10-
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v Relativistic temperature corrections reduce the overall SZ intensity at
fixed Compton-y parameter

v" Assuming non-relativistic spectrum f(v,T, = 0) for cosmological SZ
analysis must lead to an underestimation of the Compton-y parameter




The Planck SZ Compton y-map

Non-relativistic assumption f(v,T, = 0) for component separation

Southern Northern

Planck 2015 results XXII, A&A (2016)



Revisiting the Planck SZ Compton y-map

Remazeilles, Bolliet, Rotti, Chluba, MNRAS (2019)
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Relativistic temperature corrections
to Planck SZ power spectrum
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Planck’s tension by 10!




Mapping the electron temperature with rSZ
Remazeilles & Chluba, arXiv:1907.00916

 Taylor expansion of the rSZ spectrum around pivot temperature T,:

I rSZ (V, n) ~ f(v; Te) y(n) + T € (Te (n) - Te)y(n) + O(Tg)
e N -
Spectrum y ~ ~

yT,

ofy  component Sf;?;t; um component

The y and yT, components have distinct spectral signatures !

« Multi-frequency observations should allow us to disentangle the y and yT,, fields

Recovered electron temperatures T, Reconstructed electron temperature
of clusters across the full sky: (yT,)/{y) power spectrum sz (#) = (y,yT,) /(yz)
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Two observables for future cluster cosmology !

1073

1074

y-power spectrum:
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The shapes of power spectra C,” and T (£)
have different scaling with cosmological parameters

Remazeilles, Bolliet, Rotti, Chluba, MNRAS 2019




u-distortion anisotropies

Aside from average (monopole) u-distortions:

 Physical mechanisms lead to u-type distortion anisotropies:

v" Silk damping of non-Gaussian primordial perturbations — Pajer & Zaldarriaga, PRL (2012)
v Inflation with non-standard (i.e. not Bunch-Davies) vacuum — Ganc & Komatsu, PRD (2012)

» Anisotropies of u-type distortions (spectral-spatial anisotropies)
for non-Gaussian primordial perturbations in the ultra-squeezed limit

Ci}m — 144 C?{)‘T,Sachs—Wolfe fﬁL(kz) <‘u>2

» Correlation of CMB temperature and u-type distortion anisotropies
for non-Gaussian primordial perturbations in the ultra-squeezed limit

C[;XT — 12 C;T,S&ChS—WOIfe p(g) fNL(kZ) (M)

n
Note: scale-dependent non-Gaussianity fy; (k) = fni. (ko) (ki) " with ny = 1.6 would allow for
0

far (kg = 740 Mpc™1) =~ 4500 (u—distortion anisotropies scale)
far(ko = 0.05Mpc™1) =5  (CMB temperature anisotropies scale)



u-distortion anisotropies

CMB T anisotropies u-distortion anisotropies?
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Auto- and cross-power spectra of
CMB temperature and u-distortion anisotropies
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10?

fur(k = 740 Mpc™1) = 4500

Ravenni et al, JCAP (2017)
Remazeilles & Chluba, MNRAS (2018)
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u-type distortion anisotropies

10?

(uy = 2.3k1078 faur(k = 740 Mpc™1) = 4500

10° 10! 10° 103
Multipole ¢

Same dynamic range (signal-to-foregrounds ratio)
than for primordial B-modes at r = 1073

— A science case for future CMB imagers!



u-type distortion anisotropies
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u-T cross-power spectrum:

Enhanced u-type distortion signal through correlation
with CMB temperature anisoftropies!

— Accessible signal for future CMB imagers!



Detecting u-distortions by reconstructing the
enhanced u-T cross-power spectrum

Remazeilles & Chluba, MNRAS (2018)
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Detecting u-distortions by reconstructing the
enhanced u-T cross-power spectrum

Remazeilles & Chluba, MNRAS (2018)
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A rich physics causes CMB spectral distortions!

Cooling by adiabatically expanding ordinary matter Standard sources

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

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)

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)

post-recombination

Shock waves arising due to large-scale structure formation

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

SZ-effect from clusters: effects of reionization

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

Additional exotic processes

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013) Credlt Jens Ch | u ba




ESA Voyage 2050 proposals

Science proposals in response to “ESA Voyage 2050” call
for long-term space programme (next 3 decades)

Chluba, Abitbol, Aghanim, et al Basu, Remazeilles, Melin, et al
1909.01593 1909.01592

New Horizons in Cosmology
with Spectral Distortions of the ESA Voyage 2050 Science White Paper
Cosmic Microwave Background

A Space Mission to Map the Entire Observable
ESA Voyage 2050 Science White Paper Universe using the CMB as a Backlight
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CMB spectral distortion science: CMB “backlight” science:
Probing the thermal history of the universe through Probing the cosmic web through interactions
interactions between matter and CMB radiation between matter and CMB radiation in late universe

in early universe
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CMB spectral distortions provide a new complementary
probe of cosmology, inflation, and particle physics




