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What EDGES has observed

Quick physics of the 21-cm line

A short history of the IGM properties
Why the amplitude of the signal 1s anomalous

BSM Implications from the EDGES anomaly

Outlook & Discussions
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LETTER

doi:10.1038/nature25792

An absorption profile centred at 78 megahertz in the
sky-averaged spectrum

Judd D. Bowman', Alan E. E. Rogers?, Raul A. Monsalve'**, Thomas J. Mozdzen' & Nivedita Mahesh'

A 21-cm signal 1n absorption
Between redshifts —20 and 15

Amplitude twice as large as predicted (—500 mK vs. —200mK)
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0.2

Brightness temperature, T,, (K)

What did EDGES see?

Age of the Universe (Myr)
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Hydrogen hyperfine Nuc!ear Elect.ron
structure Spin spin

1s R :::::j.'.'.'f.'_'.'.'.'.'.'.'.'.'.'_'.'_'$_'.'.'.'_':_'.'.'f.'.'f_'ﬁjjj::*
a rflAE — 59 x10°¢ eV
. e * ..................... {wmﬂm

J1420 MHZ ..............................................
A =21 cm

Triplet-to-singlet transition of the atomic hydrogen 1s level

U — SB_AE/TS
ity

— —

Define the Spin temperature by

What sets the relative occupation?
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= Absorption of background CMB photon
= (Collisions: important when density 1s high

= Ly-0 pumping (Wouthuysen 1952, Field 1959) = 2P,
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= Absorption of background CMB photon
= (Collisions: important when density 1s high

= Ly-0 pumping (Wouthuysen 1952, Field 1959) = 2P,

17372

1
0

S

AFE, =10.2 eV

172

2, P
20Py

Equilibrium implies:
n41(Cio + Piro + Aio + Bioly) = nyy (Co1 + Por + Boil,)

In terms of temperature:

El\l/IB +Yc Tg_a; T Yo Ta_l
1_|_yC'_|_ya

TS =
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CMB Cloud of Hydrogen

Neutral Hydrogen
Abundance: x,
Temperature: T,

7 < 1: The Universe is mostly transparent to 21-cm photons



PAOLO PANCI La Thuile 2019

slide 6/13 What we see 11/03/2019

CMB Cloud of Hydrogen CMB = = -

Neutral Hydrogen
Abundance: x,
Temperature: T,

L,

7 < 1: The Universe is mostly transparent to 21-cm photons

T 1
TorxZ,(1—e ") = IyT=2lmKzy, (1 B \/ Tz
1T's 10

T's = Toyvp: NO 21-cm signal

Ts # Tomp: 21-cm signal in absorption/emission
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CMB Cloud of Hydrogen

Neutral Hydrogen
Abundance: x,
Temperature: T,

L,

7 < 1: The Universe is mostly transparent to 21-cm photons

1 1
TorxZ,(1—e ") = IyT=2lmKzy, (1 B \/ Tz
T's 10

- —
| EDGES measurement implies

TCMB/TS ~ 19 at z =17
TS ~ 3 K
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= Nothing happens until IGM thermally decouple,
temperatures are all the same, zero signal
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= After z—200 until z—30, collisions keep
since the IGM is colder, I have a signal in absorption
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= After, no collisions, no other radiation:

—>
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= And then? At some point, Ly-o photons recouple,
so I start decreasing and I get absorption
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= Finally, as goes up, | increase and get an emission
until 21-cm signal dies after full reionization
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gT 1+ 2
151 ~ 21 mK 1 7 \/
2 SR, ( §TS) 10

Ts ~ Thas < Tgafs : Cool the gas even more

1 > 1cMmB : Increase the CMB Rayleigh-Jeans tail
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ngy 14+ 2

To1 =~ 21 mKk 1
21 L H éTS 10

Ts ~ Thas < Tgafs : Cool the gas even more

1 > 1cMmB : Increase the CMB Rayleigh-Jeans tail

Could DM do it? Yes, BUT it cannot be “normal” WIMP or axion with
interactions that are to weak !!

= Approach 1: Cool the baryonic kinetic temperature even more
(90% of attemps: see e.g. Barkana et al.; Munoz, Loeb; ....)

= Approach 2: Make more photons that can mediate the 21-cm
transition prior z—20 (Pospelov, Pradler, Ruderman, Urbano)
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= Another sector of particles in the early Universe to transfer the entropy

The Dark Matter is abundant and very cold
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= Another sector of particles in the early Universe to transfer the entropy

The Dark Matter is abundant and very cold

= [arge DM-baryons interactions to exchange energy very efficiently
Coulomb-like interactions enhanced as do /dQ) o< 6 v™*

see e.g. Barkana et al.; Munoz, Loeb; ....
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= Another sector of particles in the early Universe to transfer the entropy
The Dark Matter is abundant and very cold

= [arge DM-baryons interactions to exchange energy very efficiently
Coulomb-like interactions enhanced as do /dQ) o< 6 v™*

see e.g. Barkana et al.; Munoz, Loeb; ....

What DM models?

DM Models with large long-range interactions
& not excluded by Sth force experiments

= Models with light hidden photon that mixes with SM photons
= Models under which DM is millicharged

see e.g. Barkana et al.
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Milli-charged DM could work: DM-baryon XS enhanced as do /d€) oc 6 v™*

Implication: a subdominant fraction of DM has a milli-charge
Not clear if the model survives all the constraints
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Milli-charged DM could work: DM-baryon XS enhanced as do /d€) oc 6 v™*

Implication: a subdominant fraction of DM has a milli-charge
Not clear if the model survives all the constraints
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What DM model can do that?

see Pospelov, Pradler, Ruderman, Urbano
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W21cm
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2: Increase the CMB RJ tail
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What DM model can do that?

see Pospelov, Pradler, Ruderman, Urbano

AC MB dn
- _
a—AA 1 A I dw
2 < | | 1
Zrec Zres Z21cm

A
A5 A

AcmB

i > ()
W21cm

Early (z > 20) decays (either DM or of DR species) create a non-thermal
population of DR dark photon A°. Typical multiplicity 1s larger than ng;
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What DM model can do that?

see Pospelov, Pradler, Ruderman, Urbano K
ACMB d_n A/ — A
a— A'A E A I dw AcmB
< | | 1
Zrec Zres £21cm
| > ()

W21cm

Early (z > 20) decays (either DM or of DR species) create a non-thermal

population of DR dark photon A’. Typical multiplicity 1s |

Dark photons can oscillate to normal photons.
oscillation of A’ into A. This happen when the

arger than ng;

At some redshift z,.  a resonant
plasma frequency 1s m
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What DM model can do that?

see Pospelov, Pradler, Ruderman, Urbano

A
AcmB dn A" — A
_ =
o> AA A |
2 | ] 1
Zrec Zres Z21cm I

AcmB

W21cm

Early (z > 20) decays (either DM or of DR species) create

population of DR dark photon A’. Typical multiplicity 1s |

Dark photons can oscillate to normal photons. At some red

> W

a non-thermal
arger than ng;

shift z,... a resonant

oscillation of A’into A. This happen when the plasma frequency 1s m

Enhanced number of RJ quanta are available 1n the z = (15-20) window,

making a deeper than expected absorption signal
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Axion-like particles decaying into very light soft DR could work

Implication: considerable room for the modification of the CMB R tail
The model can be probed by the proposed PIXIE/PRISM experiments
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2: Increase the CMB RJ tail

Axion-like particles decaying into very light soft DR could work

Implication: considerable room for the modification of the CMB R tail
The model can be probed by the proposed PIXIE/PRISM experiments
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The inferred spin temperature by EDGES 1s very small:
great opportunity to set limits on the properties of any extra source of heating

Limits on DM annihilation!
see D’Amico, PP, Strumia, Phys.Rev.Lett. 121 (2018) no.1, 011103
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of any extra source of heating (e.g. DM ann./dec., PBHs, etc...)
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= We (hopefully) have started probing the Universe in 21-cm

= EDGES result is fundamental for astrophysics (and particle physics?):
information about the epoch of reionization and indirectly about the
[GM temperature soon after the formation of first stars and galaxies

= The amplitude of the 21-cm signal detected by EDGES is anomalous:
two approaches to explain the anomaly that select few peculiar BSM models

= The inferred spin temperature by EDGES is very small:
great opportunity to set severe and stringent bounds on the properties
of any extra source of heating (e.g. DM ann./dec., PBHs, etc...)

= This is just the beginning: Stay tuned for further developments!
Can the monopole 21-cm alone shed light on dark matter?
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Dark Ages Cosmic Dawn Reionization
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100 b= EDGES Mid-Band ¢l
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II Low-Band I I Pritchard & Loeb 201 |
_ 150 1 | | 1 | | | | 1 1 1 1 1 1 1 1
0 o0 100 150 200

Antenna size: 2m long and 1m meter high

Frequency [MHZ]

Location: radio quiet zone in western Australia

Energy range: from 50 to 150 Mhz

Low-band antenna: Designed to observe a spectral distortion

in the 21-cm energy band at z—20 due to the absorption of CMB
photons by the IGM
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the Universe becomes neutral

>

bl |
-
-
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IGM Temperature

Redshift z

Fully ionized gas: x. =1
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& Residual free electrons: z, ~ 2 x 10~*
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= However, the gas & CMB temperatures are still the same,
because of efficient Compton scattering
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Redshift z

Fully ionized gas: x. =1
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& Residual free electrons: z, ~ 2 x 10~*
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= Finally, around z—130, IGM thermally decouples: ( 1+ 5 >2

it thereafter cools down adiabatically as: Ty, > éﬁ]jg?’o 1+ 130
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-
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IGM Temperature

Redshift z

Fully ionized gas: x. =1

L

& iResidual free electrons: x, ~ 2 x 1074

Ionization fraction

Redshift z

<~ 1100 - ~ 130
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= At some point, lights turn on: X-rays and Ly-a photons go around
the Universe, heat the IGM, finally reaching

>

IGM Temperature

Ionization fraction

i i 1 . ~ _4§
& ERe&dual free electrons: ., ~ 2 x 10 : Redshift 2

<~ 1100 - ~ 130 2 ~ 20
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= Reionization: the Universe becomes 1onized again,
no neutral atomic hydrogen anymore

>

IGM Temperature

Ionization fraction

i R s 4} 5
& ERe&dual free electrons: ., ~ 2 x 10 : ' Redshift z

<~ 1100 - ~ 130 2 ~ 20 >~ 6
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DM-baryons interactions enhanced as

do /dQY o< 6 v~ *

La Thuile 2019

1: Cool the IGM even more w3z

with v =29 km/s (1 + 2) /(1 + zec)

Requlred cross sections to fit the EDGES 51gna1
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Other mediators: Coulomb-like interactions are fully screened only for dark
photons that kinetically mixes with the visible photon
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What DM model can do that?

A
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Lan == 3F8 = (Fl) =5 P Flu b 5mi (4,

Resonant mass: ma(z) ~ 1.7 x 107 eV x (1 + 2)3/2X22(2)

Pospelov et al.
1803.07048
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Postulate that there 1s a mismatch between proton and electron numbers in the
Universe, such that n, < n,

The Universe 1s not charge neutral: 4 clear disaster!!

Thus one can introduce a stable particle with negative charge and non-zero
abundance 1n the Universe. The Universe is neutral again!!

Charge neutrality imposes the relation: z, = x. + €, 1, with r, =n, /ny

Exrx=0 1

Exrx=3x10"4{10"
Exrx=1x1 0_4

11072

11073
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Falkowski, Petraki
1803.10096
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DM annihilations limits

see D’ Amico, PP, Strumia, Phys.Rev.Lett. 121 (2018) no.1, 011103
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DM can (and will 1f thermal) annihilate into SM.
in 2 ways:
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Redshift z

Fully ionized gas: z, =1

! 1
____________________________________________________________________________ I )
1 1 1

Ionization fraction

RO o 4
;Re&dual free electrons: ., ~ 2 x 10 : Redshift  »

<zz 1100 z ~ 130 Zf\;20



backup La Thuile 2019

siee 75 Where does DM Ann. enter? — mwszon

DM can (and will 1f thermal) annihilate into SM.

In 2 ways: = Annihilations increase ionization fraction
IGM decouples later = it had less time to cool

>

IGM Temperature

Ionization fraction

RO o 4
;Re&dual free electrons: ., ~ 2 x 10 : Redshift  »

> ~ 130 > ~ 20
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siee 75 Where does DM Ann. enter? — mwszon

DM can (and will 1f thermal) annihilate into SM.
in 2 ways: = More importantly, annihilations directly heat
the IGM by energy injection

>

IGM Temperature

Ionization fraction

RO o 4
;Re&dual free electrons: ., ~ 2 x 10 : Redshift  »

> ~ 130 > ~ 20
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The delayed transfer function encodes the physics of the EM shower

* Mean free path of the electrons/positrons at a given redshift z
* Absorption of photons in the IGM

Cooling time at z = 1000 deposited z = 0 (Today)
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Total number of stable SM products per (dV, dE and dz) at a given z:
dN (ov) dN

VdE.d P D) M2 dE
f DM f

Total Energy injected into the IGM per (dV and d¢) at a given z:

d€& dN (ov)
| = EdE; = (p?
dvdi|,, / zf: avag,a DraEs = eoml e
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Total number of stable SM products per (dV, dE and dz) at a given z:
dN (ov) dN

— </02DM> 5
dVdE,dt Mz dEy
Total Energy injected into the IGM per (d}V and d¢) at a given z:

de
| = EsdE; =
dvdi|,, / Ef: avag,ar 2r4Es = Woml 3o

Boosted Annihilation due to structure formation:

(pDm) = (pom)*B(2) = pz (1 + 2)"B(2)
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Total number of stable SM products per (dV, dE and dz) at a given z:
dN (ov) dN
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Total Energy injected into the IGM per (d}V and d¢) at a given z:
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Boosted Annihilation due to structure formation:

(pDm) = (pom)*B(2) = pz (1 + 2)"B(2)
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Energy deposition

Energy deposited into the IGM 1n 3 main channels:
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Energy deposited into the IGM 1n 3 main channels:

de de lonize H;
|, = v ) < B
dep in) Heat the IGM

INSTANTANEOUS DEPOSITION: only valid at high redshift

2>100 ;22100  Jeft 22100 Jeff
fion :fexc — 3 (1_'7;6)7 fheat — 3

(1 + 2$e)



backup La Thuile 2019

slide 11/15 Energy deposition 11/03/2019
Energy deposited into the IGM 1n 3 main channels:

de de lonize H;
avdt|, = avay < < Excite Hy
dep i) Heat the IGM

INSTANTANEOUS DEPOSITION: only valid at high redshift
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Energy deposited into the IGM 1n 3 main channels:

de de lonize H;
|, = v 0 < B
dep in) Heat the IGM

DELAYED DEPOSITION: important at low redshift (EDGES from 20 to 15)
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Evolution of the free electrons abundance:

dx. P -
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dz  (1+2)H(z)
/ \

Recombination of H; Ionization of Hj

Evolution of the gas Temperature:
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Evolution of the free electrons abundance:

dz. P _
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= Signal 1s lower than expected (and maybe not even cosmological?).
We do not try to explain it!
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= Annihilation increases Tg,: tends to erase the 21-cm signal
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= Signal 1s lower than expected (and maybe not even cosmological?).
We do not try to explain it!

= Annihilation increases Tg,: tends to erase the 21-cm signal

= Hence, we can infer bounds. But we cannot use the observed signal:
already the SM 1s out at 3.86....
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= Signal 1s lower than expected (and maybe not even cosmological?).
We do not try to explain it!

= Annihilation increases Tg,: tends to erase the 21-cm signal

= Hence, we can infer bounds. But we cannot use the observed signal:
already the SM 1s out at 3.86....

= Qur strategy:
® Assume standard evolution

® Conservative scenario: Adiabatic cooling & efficient La-pumping
© Strongest absorption: 7=~ 724 =65 K = T5 "~ —200 mK

gas
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= Signal 1s lower than expected (and maybe not even cosmological?).
We do not try to explain it!

= Annihilation increases Tg,: tends to erase the 21-cm signal

= Hence, we can infer bounds. But we cannot use the observed signal:
already the SM 1s out at 3.86....

= Qur strategy:
® Assume standard evolution
® Conservative scenario: Adiabatic cooling & efficient La-pumping
© Strongest absorption: 7=~ 724 =65 K = T5 "~ —200 mK

gas

= We require that DM annihilations do not erase the 21-cm signal above
-100 mK !!
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Comparison: PLANCK
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