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21-CM COSMOLOGY

WHY SHOULD | CARE -1. (PHYSICS)

A glance into an epoch yet to be explored: (1100 <z +1 < 15)
» Coldest Epoch, post recombination but before reionization

» Lots of H atoms — Lots of hyperfine transitions

» Another test of ACDM
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21-CM COSMOLOGY

WHY SHOULD | CARE -2. (EXPERIMENTS)

Many(!) experiments
Global signal

And more...



21-CM COSMOLOGY

WHY SHOULD | CARE -3. (SOCIOLOGY)

Possibly an anomalous signal - Bowman et al., 2018
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21-CM COSMOLOGY

BASICS

I E
Spln Temperature: ﬂzﬂe_Ezl/ng:;(l_i)

Standard Model Evolution:

» H-H and H-e collisions

» Spontaneous emission and induced emission/absorption

» Coupling to Lya radiation
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Evolution - Boltzmann
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21-CM COSMOLOGY

BASICS
105}

Evolution - Boltzmann ”
%1000

» Dominant rate always largerthe 1w
Hubble — detailed balance 0

1
1000

» Spin temperature follows the

dominant process: ol
= s
CCOIATgas + CLyaA TLya
ATS - 10}
Cind T Ccol T CLya ?

» We measure the brightness

temperature:
l—e"

—— spont. em.
—— ind. em./abs.

—— collision

500|

T21 = (Ts o TCMB) 1 + 7 > (Tgas o TCMB)

50 60 70 80 90 100



21-CM COSMOLOGY

THE EDGES ANOMALY

Evolution - Boltzmann

» Domin
Hubble _ig0!

» Spinte -200]

MR
dOmIﬂ‘ %_300_
-

A’ -400 -

-500 -

\ 4
Tbest

3.80

21 (EDGES)

» We me %, 60

temperawic.
Ty = (T, = Tongs) ——— >
2= s~ fems) T 2

70

80

90

100

—— spont. em.
—— ind. em./abs.

—— collision




21-CM COSMOLOGY

THE EDGES ANOMALY

Translated to baryons temperature

— 1.9 EDGES — EDGES ACDM
=3217K ATPOES = (TEPOES — TACDM)

s — 3.6+1'9 K
z=17 '
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21-CM COSMOLOGY

THE EDGES ANOMALY
Translated to baryons temperature
TEDGES — 321_%25K ATEDGES — (T]EDGES - Té\CDM) . — 361—%25K

7=17

Taking EDGES at-face value, two simple explanations:



21-CM COSMOLOGY

THE EDGES ANOMALY
Translated to baryons temperature
TEDGES . — 321_%25K ATEDGES — (T]EDGES - Té\CDM) . — 361—%25K

Taking EDGES at-face value, two simple explanations:

» Heat the CMB

® Radio loud quasars  (Feng, Holder, 2018)

® Resonant conversion of hidden photons (Pospelov,Pradler,Ruderman,Urbano, 2018)

®



21-CM COSMOLOGY

THE EDGES ANOMALY

Translated to baryons temperature

_ 1.9 EDGES — (7TEDGES ACDM
17 3°2J—r1.55K AT, - (Tb — 1 )

= —3.612.K
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Taking EDGES at-face value, two simple explanations:

» Heat the CMB

® Radio loud quasars  (Feng, Holder, 2018)

® Resonant conversion of hidden photons (Pospelov,Pradler,Ruderman,Urbano, 2018)

®

» Cool the gas
® Earlier photon - baryon decoupling (Falkowski, Petraki)

© DM - baryon scattering (Kadota,Silk, Tashiro, 2014; Ali-Haimoud,Kovetz,Munoz,2015;
Barkana, 2018; Loeb,Munoz,2018; Berlin,Hooper,Krnjaic, McDermott,

LY 2018; Barkana,NJO,Redigolo,Volansky, 2018; Liu,Slatyer 2018;
Kovetz, Poulin, Gluscevic, Boddy, Barkana, Kamionkowski, 2018;...)
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MILLICHARGED DARK MATTER

» DM carries as small electric charge
» Two classes

® “Pure” millicharge

A or A
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MILLICHARGED DARK MATTER @ 21-CM

MILLICHARGED DARK MATTER

» DM carries as small electric charge

A or A
» Two classes

® “Pure” millicharge DM

o
A A
® Hidden photon portal VWWONW\A Holdom (1985)
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DM - BARYON SCATTERING

Gas temperature evolution is modified
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DM - BARYON SCATTERING

Gas temperature evolution is modified
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Gas temperature evolution is modified
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DM - BARYON SCATTERING

Gas temperature evolution is modified
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Qéas ~ Energy (temperature) transfer + momentum transfer (drag)
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DM - BARYON SCATTERING

Gas temperature evolution is modified

SM o DM
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Adiabatic Compton

Qéas ~ Energy (temperature) transfer + momentum transfer (drag)
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DM - BARYON SCATTERING

Gas temperature evolution is modified

SM DM
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MILLICHARGED DARK MATTER @ 21-CM

DM - BARYON SCATTERING

Gas temperature evolution is modified

SM DM

dT,

gas

r, 3

gas

yv/f] 2 ey e.p.e} -

Adiabatic Compton

Qéas ~ Energy (temperature) transfer + momentum transfer (drag)

Requirements:
® CMB anisotropies constraints - small cross section at early times
® Faster then Hubble - large cross section at later times

® IR dominated process - velocity dependence, light mediator ( ~ vr;f



MILLICHARGED DARK MATTER @ 21-CM

DM - BARYON SCATTERING

Velocity dependence — long range force (light mediator)
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MILLICHARGED DARK MATTER @ 21-CM

ANALYTICS

Very cool estimates (ignoring bulk motion):
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MILLICHARGED DARK MATTER @ 21-CM

PARAMETER SPACE

Screened force — millicharged DM (mDM)

Hidden Photon
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MILLICHARGED DARK MATTER @ 21-CM

PARAMETER SPACE

STATUS
» E.D.Kovetz et.al (2018)

revisited CMB constraints

using Planck 2015

concluding Q_pv <4 x1073Q,,,

DM Millicharge: Viable Parameter Space
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MILLICHARGED DARK MATTER @ 21-CM

PARAMETER SPACE

STATUS

» E.D.Kovetz et.al (2018)
revisited CMB constraints
using Planck 2015
concluding @_.,, <4x1073Qp,,

» Together with N ¢
constraints, hidden photon
explanation is excluded.

Freeze—in

» Probably also without it. P -
T T T, T TR T
» The end? -

(Barkana,NJO,Redigolo,Volasky, 2018)
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REVIVING MILLICHARGED DM

FRAMEWORK

General idea: use the CDM bath as a reservoir.
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REVIVING MILLICHARGED DM

FRAMEWORK

General idea: use the CDM bath as a reservoir.
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REVIVING MILLICHARGED DM

FRAMEWORK

Implications
® CMB anisotropies constraints
* hide mDM in the baryonic fluid, £, < 10~

> large mDM-SM cross section at early times

> small mDM-CDM cross section at early times
© EDGES atz ~ 17 - large mDM-CDM cross section at later times
e IR dominated processes - velocity dependence, light mediator ( ~ v

rel

® Relative interactions strength is set by x,



REVIVING MILLICHARGED DM

FRAMEWORK

What did we gain?

© Upper bound on CDM mass m S 6 GeV

© Upper bound on mDM mass* m,, < 200 GeV

° Lower bound on the mDM fraction is significantly smaller £, > 107°
© Model lives below colliders reach, but above direct detection reach

® Many prediction for near future experiments

* a complicated combination of CMB constraints + the required rate for EDGES



REVIVING MILLICHARGED DM

RESULTS - MDM PARAMETERS
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REVIVING MILLICHARGED DM

RESULTS - MDM PARAMETERS
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REVIVING MILLICHARGED DM

RESULTS - MDM PARAMETERS
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REVIVING MILLICHARGED DM

RESULTS

Other general statements

© Lower bound on CDM and mDM mass from N mc . 2 10MeV
® Mass ordering*: m_, 2 mc/10

® Form, 2 100 MeV the inner structure of H and He atoms is sufficiently resolved,
cooling is dominated by mDM-atoms interactions

* a complicated combination of CMB constraints + the required rate for EDGES



REVIVING MILLICHARGED DM

RESULTS - CDM PARAMETERS

Constraints

« Conservative self interactions constraints:

® Loop induced CDM-SM coupling
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REVIVING MILLICHARGED DM

RESULTS - CDM PARAMETERS

Constraints
ac

o« Conservative self interactions constraints: — <107 HGev™
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® Loop induced CDM-SM coupling
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REVIVING MILLICHARGED DM

RESULTS - CDM PARAMETERS

Constraints
ac

o Conservative self interactions constraints: — <107 HGev™
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® Loop induced CDM-SM coupling
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Exciting era for 21cm cosmology - lots of new
experiments, possible implication for new physics

If EDGES anomaly persists, (m)DM can explain it
Most relevant results can be obtained analytically
Many possible signatures in the near future

Galactic dynamics and the implications on direct
detection?

21cm spectrum and fluctuations?
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