Low-frequency spectral distortions of the CMB

Standard Decay
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Before we get started...




Like for the radio there is a CIB-SZ effect!
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Intra-cluster scattering and redshift dependence
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* Intra-cluster contribution as - CIB scattering signal is redshift
important as inter-cluster signal dependent
- Changes shape of the signal - Combination of tCIB and tSZ allows
(no redshifting) to do tomography
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What could low-frequency distortions have to do
with the ARCADE excess and EDGES?




ARCADE

(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)
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EDGES detection of cosmological 21cm absorption?

fo = 1420 MHz
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Stimulated lots of discussion

Signal much larger than expected
in standard scenario

Shape very unusual

Possible connection to DM
physics / interactions?
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Can primordial distortions at low frequencies help?

Is there a link to soft-photon injection?
(e.g., JC 2015, ArXiv:1506.06582)
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Which mechanism?
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Could a low-frequency distortion

explain EDGES?
(e.g., Feng & Holder 2018, ArXiv:1802.07432)

 Distortion needed @ z~20

* |s this connected to ARCADE?
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Some CMB spectral distortion Physics




Cosmic Microwave Background Anisotropies

Planck aII-sky * CMB has a blackbody spectrum in every direction
temperature ma - tiny variations of the CMB temperature AT/T ~ 105
P P




COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)
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T, =2.725+0.001K
| y| =1.5%x107
lw| = 9x107

Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576
Fixsen et al., 2003, ApJ, 594, 67
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Error bars a small fraction
of the line thickness!
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Standard types of primordial CMB distortions

Compton y-distortion Chemical potential u-distortion

// J} 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),
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also known from thSZ effect |
up-scattering of CMB photon Wavelength (cm)

Sunyaev & Zeldovich, 1970, ApSS, 2, 66
important at late times
(z<50000) important at very times (z>50000)

scattering “inefficient’ scattering “very efficient’
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Modeling of main physical processes now very accurate!

- Compton scattering for

redistribution of photons

Double Compton and
Bremsstrahlung for
production of photons

- All accurately modeled

using CosmoTherm
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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 & 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)

,high“ redshifts

Jow* redshifts

pre-recombination epoch

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)




Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter Standard sources
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History of distortion experiments and proposals

(PIXIE)
Super-PIXIE
s 3 ‘ e .
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TRIS i
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Gervasi, Zannoni & Tartari APSERa
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Rubifio-Martin
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Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter Standard sources
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Early-Universe solutions are not as simple....

Radio sky reveal€primordial electron-proton interaction

Shyim Baluji," Maura I Ruminez-Quezuda,? Céline Baehm?

For several decades, astronomers have measured the eleciromugnetic emission in the uni-
verse [rom the lowest o the highest energies with incredible predsion. The lowest end of the
spectrum, corresponding (o radio waves, is fairly well studied und understood. Yel there is a
long standing, discrepuncy belween mensurements and pradictions, which has prompled the
construction of many new models of radio emitters. Here we show that remnant electron-
proton interactions, leading to photon production in the early universe, also referred to as
cosmic free-free emission, solves the discrepancy between theory and observations, Yhile
the possibility of cosmic free-free emission has been postulated for several decades, this is
the first time that the amplitude and shape of the signal has been computed and its existence
demonstrated. Using current measarements we estimate this emission to hecome important
from around a redshift Ie contribution from fundamental particles and in-
teractions represents the lowest energy test from the early universe of one of the pillars of

1e next generation of deep radio surveys will
be able to measure primordial signals from this cosmic era with greater precision and further

solidify our understanding of the radio sky.

Photon absorption at low
frequencies is very
efficient

Distortions erased very
quickly by thermal
Bremsstrahlung

Detailed balance should
be properly taken into
account....

Balaji et al., ArXiv:2204.13711




Rich phenomenology of photon injection distortions
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Different regimes for photon injection
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Different regimes for photon injection
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Different regimes for photon injection

Distortion visibility
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JC 2015, ArXiv:1506.06582




Different regimes for photon injection

Distortion visibility
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Different regimes for photon injection

Distortion visibility
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Different regimes for photon injection
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Extension to late times

Electron
scattering
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Photon injection distortions from particle decays
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Photon injection distortions from particle decays

Lifetime, tx [s]
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* New way to constrain
particle decays/
excited states of DM

* Application to axions

* Possible link to
ARCADE excess
and EDGES?

Bolliet, JC & Battye, 2020, ArXiv:2012.07292



Interpretation in terms of Axions
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Extension with soft photon emission process

* Decay processes or PBH accretion/evaporation can be
high-energy process that still leads to many soft photon

- What happens if one adds a soft photon tail to the high
energy particles?

- Add free-free like injection to
CosmoTherm

- Energy fraction can be adjusted
- Computation of 21 cm signal

Sandeep Acharya Jiten Dhandha
Acharya, Dhandha & JC in preparation



Preliminary results (from last night)
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Preliminary results (from last night)
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Preliminary results (from last night)
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Conclusions

- CMB spectral distortions are great!

- Soft photon injection could play an

interesting role for ARCADE and EDGES

* Detailed calculations are needed

 Possibly two sides of the same coin?

Time 380,000 years

8 years

2 months

Xpa=10% my;=4.70x10 2V
- TTYCTD ~ e
10" 1l - y
; |'l % |l ‘,'-.\ 1
10° - 1) '-':| I/ An ".' >
= 10¢ A
= " 7 X%
‘ | ._-‘{ ',a | ./’;‘l -'i
= 4n3 11 A A0 "
= 107 « ¥ l:,- | !(; 11 Al y
= : A4 Al ! v
@ 10%; V(A ALY 3 |
T : | ¥ { h A |
= : { | AR l l ') '.
= 100, | dE LA
: [ ._J' ‘.‘Il | ' J
' 23501 G | |

10° -

' |' ] n' ] l"' ‘..r!
1-.- - -".l‘:J':-u- -_-n:-l .[-qﬁ. ;{.'! T | "
10751074 1072 1072 107 10 10 2102
Scaled Frequency, x = hvik, T,

P55

d
10°

Photon energy

7,000 years

Photon energy

Photon energy

Photon energy

scattering inefficient

RN

Distortion Signal

i| intermediate regime

i| scattering efficient

E full thermalization

i| CMB blackbody

Maximum of /

y-distortion

A
s
=
[a
2
i
&
o
S

y+u+residual distortion

p-distortion

Recombination signal

Maximum of
CMB blackbody

Distortion =107-10¢
relative to blackbody

Recombination era H
i «——— time-dependent information ———>:

i Distortion 1
i visibility

temperature shift

Big Bang Nucleosynthesis -

i Blackbody era

103

10* 3x10°

2x10¢

5x10¢ Redshift

[GeV—=]

Coupling Constant, Gapy

10'% ¢

1010 L

Standard/Vacuum Decay

Taermmal zatian EfMicient

—
B

o NS
¢ e ——

“,
e
.

. . .

10°®

1079 10°¢
ALP Mass, m,

10 104

[eV]

104







Small-scale power and PBH link
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Importance of low frequency coverage
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- Low frequency coverage

is crucial for u
(Abitbol et al. 2017)
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* |Is a low frequency FTS
really the best solution?
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The distortion gang is getting organized!

LO I'E ntZ Distortion Workshop coming
m in October 2022!

Organizers: Subodh Patil, Ema Dimastrogiovanni, Daan Meerburg, Jacques Delabrouille and JC

* Main goals:
- start building a bigger community
* bring experimentalists on board

- Guiding questions:
- What theory developments are still needed?
* New component separation methods?
* New technology ideas for low-frequency coverage
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“Una manera de hacer Europa”

Tenerife Microwave Spectrometer (TMS), 10-20GHz
b; =L 5, | UNIVERSITA

DEGLI STUDI
*

o IAC project. Instrumental participation: g&i%giﬁi‘iid PHVILARD
de Cartagena Wl
o Science driver: Ground-based low resolution spectroscopy observations
in the 10-20GHz range to characterize foregrounds (monopole signals;
spectral dependence of monopole signals; ARCADE results) and CMB
spectral distortions. Provides frequency intercalibration for QUIJOTE.
(Rubino-Martin et al. 2020).
o Location: Teide Observatory (former VSA enclosure). Full sky dome.

Ref. de la ayuda: ICTS-2019-03-IAC-12

5

o Prototype for future instruments. Also important legacy value,
complementing future space missions.

o Proposed instrument concept:
* FEM cooled to 4-10K (HEMTs).
* Reference 4K load.
* DAS based on FPGAs.
* ~3deg beam, 0.25 GHz spectral resolution (40 bands).

o Project Status: K ol Loas
o Enclosure and dome at the Teide Observatory. v
o Platform fabricated. Installation summer 2022. V/
o Mirrors designed (Alonso-Arias et al 2022). To be fabricated (= Fall W "
2022). —_— = ol
Cryostat at the IAC since July 2019. v . IR N - T
Optomechanics in final fabrication phase. ™ | & =
Reference load fabricated (Nov 2021). v

DAS based on FPGAs (= end 2022).
Commissioning in 2023.

Courtesy: J.A. Rubifio-Martin
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