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Punchline
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Dark matter decay or annihilation 
increases the matter temperature and 

decreases the 21-cm absorption 
during the cosmic dark ages. 

DM

Ouch!

Ouch!

Tm(z = 17.2)

Standard

with DM 
Energy Injection

HL, Slatyer and Zavala, 1604.02457
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Punchline
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The EDGES measurement found that 
21-cm radiation was absorbed much 

more strongly than expected  
between z ~ 14 and 20.

Conventional

Bowman et al. Nature 555, 67 (2018)

Tm(z = 17.2)

Standard

with DM 
Energy Injection

EDGES
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Punchline
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This suggests that novel effects were 
present during the cosmic dark ages, 

affecting 21-cm absorption.


We study three broad classes of 
possible effects, covering many of the 
models proposed so far to explain the 

EDGES result. 

Tm(z = 17.2)

Standard

with DM 
Energy Injection

EDGES
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This suggests that novel effects were 
present during the cosmic dark ages, 

affecting 21-cm absorption.


We study three broad classes of 
possible effects, covering many of the 
models proposed so far to explain the 

EDGES result. 
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Punchline
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Accounting for possible novel 
scenarios affecting 21-cm absorption, 

we can set strong constraints on 

DM annihilation and decay.

HL & Slatyer 1803.09739



Sensitivity of 21-cm to 
DM Energy Injection
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Furlanetto+ astro-ph/0608385, Valdes+ astro-ph/
0701301, Poulin+ 1610.10051, D’Amico+ 1803.03629

21-cm sensitivity estimated by 
assuming a measured brightness 

temperature of 

                                        .T21(z = 17.2) ≥ − 100 mK

Comparable s-wave limits to 
Planck CMB depending on 

measured value of      .T21

s-wave

 Sets an upper bound on     , with            

                 .

Tm
TR = TCMB

Conventional, no DM: 
≅-200 mK T21
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21-cm sensitivity estimated by 
assuming a measured trough of 


                                        .T21(z = 17.2) ≥ − 100 mK

Strong p-wave limits due to 
enhanced annihilation rate and 

heating from structure formation. 

 Sets an upper bound on     , with            

                 .

Tm
TR = TCMB

PRELIMINARY

T21
Conventional, no DM: 

≅-200 mK
p-wave,
vref = 100 km s−1

see Essig+ 1309.4091 for present-day indirect detection.
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21-cm Sensitivity
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T21
Conventional, no DM: 

≅-200 mK

To explain the EDGES result, we 
must introduce modifications to 

the thermal history. 

Sensitivity study completely 
ignores EDGES measurement, 


at 99% confidence.
T21(z = 17.2) ≲ − 300 mK
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Modifications to the 
Thermal History
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Additional 21-cm Source
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TR > TCMB

DM decays to 21-cm photons 
Fraser+ 1803.03245


Dark photon/ALP interaction  
with 21-cm photons 

Pospelov+ 1803.07048

Moroi+ 1804.10378


Lambiase and Mohanty 1804.05318


Emission from black holes  
Ewall-Wice+ 1803.01815,


Gong+ 1803.02745
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Modified Recombination
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Thermal decoupling set by when 
Compton heating becomes less 

important than adiabatic cooling:
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Modified Recombination
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Additional component  
that interacts with baryons 

Limiting case of cooling models


Unequal proton and  
electron density  

Falkowski and Petraki 1803.10096


Early dark energy 
Hill and Baxter 1803.07555
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Cooling - Millicharged DM
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Millicharged dark matter 
Muñoz and Loeb 1802.10094


Muñoz, Dvorkin and Loeb 1804.01092

Berlin+, 1803.02804

HL and Slatyer 1803.09739

p, e
p, e

DM

DM

photon

Focus on case where 1% of DM is 
millicharged: higher percentages 

ruled out by CMB power spectrum. 
e.g. Slatyer and Wu 1803.09734, de Putter+ 1805.11616



21-cm Constraints on  
Dark Matter
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Additional 21-cm Source
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s-wave

T21(z = 17.2) ≥ − 100 mK

Horizontal slices of this plot can 
be reinterpreted as limits from 

sensitivity study. 


Constraints can be obtained for any 
future       measurement. T21

T21
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Modified Recombination
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Limits are relatively independent of 
redshift of thermal decoupling: 
set by rate required to raise the 

temperature by ~10 K.
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Millicharged DM

!20

Millicharged, symmetric DM has irreducible 
annihilation channel into electrons: 
Additional heating sets constraints.

HL and Slatyer 1803.09739

χ

χ e+

e−

Fermionic DM: s-wave 
Complex Scalar DM: p-wave
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Millicharged Fermionic DM

!21

Irreducible s-wave annihilation to electron 
pairs: large couplings constrained due to 

heating from these annihilations.

HL and Slatyer 1803.09739
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Millicharged Fermionic DM
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Irreducible s-wave annihilation to electron 
pairs: large couplings constrained due to 

heating from these annihilations.

HL and Slatyer 1803.09739
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Thermal Relic Abundance

Thermal relic abundance from

                              is ruled out. 


Additional annihilation channel to electrons 
in the allowed region required to achieve 

correct relic abundance. 

χχ → γ* → e+e−

see Berlin+ 1803.02804 
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Millicharged Fermionic DM
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Irreducible s-wave annihilation to electron 
pairs: large couplings constrained due to 

heating from these annihilations.

HL and Slatyer 1803.09739
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Thermal Relic Abundance

Thermal relic abundance from

                              is ruled out. 


Additional annihilation channel to electrons 
in the allowed region required to achieve 

correct relic abundance. 

χχ → γ* → e+e−

Max. Annihilation 
Cross Section

Even in this case, heating constraints on this 
additional annihilation channel prevents the 

relic abundance from being achieved. 
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Millicharged Scalar DM

!24

p-wave annihilation enhanced by 
non-zero thermal velocity of DM: 

heating counteracts cooling from DM
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Millicharged Scalar DM
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p-wave annihilation enhanced by non-zero 
thermal velocity of DM: heating counteracts 

cooling from DM.


Proper accounting of this thermal velocity 
and structure formation are important.
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Summary Plots
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Summary Plots
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Conclusion

!29

1. A deeper-than-expected 21-cm absorption feature 
suggests that the standard thermal/ionization history is 
not the complete story. 

2. Additional 21-cm sources, non-standard 
recombination or additional cooling can explain this 
measurement. 

3. Dark matter annihilation and decay constraints have 
been set including these effects: constraints from 21-cm 
can be a powerful indirect probe of the dark sector.
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Evolution
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Muñoz and Loeb 1802.10094 



Dark Matter  
Energy Injection
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Why Annihilation?
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Jungman et al. hep-ph/9506380

DM

DM

SM

SM

Dark matter can be thermal: 

many well-motivated mechanisms to 

get correct relic abundance. 

 

WIMP Miracle 

Cline, HL, Slatyer and Xue 1702.07716
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Why Decay?

!34

DM

SM

SM

Dark matter should be stable for 
timescales ≳ the age of the universe.


But any small interaction between the SM 
and dark sector can lead to decay. 


Portal models, sterile neutrinos, ALPs…  

Essig et al. 1311.0029
Ishida et al. 1402.5837
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DM

Hey!

Additional injection of energy 

increases the ionization fraction… 
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Dark Ages, Dark Matter
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DM

Hey!

… scattering CMB photons along our line 
of sight to the surface of last scattering…

Ouch!

Ouch!

Ouch!
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Dark Ages, Dark Matter

!37

Slatyer et al., 0906.1197

… leading to a suppression of the TT and 
enhancement of the EE power spectrum.
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Additional energy injection also heats the intergalactic medium: 
thermal history can be a powerful probe of energy injection. 
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Dark Matter and Reionization

!39

HL, Slatyer and Zavala 1604.02457

Energy injection from dark matter may contribute to reionization.


Maximum contribution to the free electron fraction is likely only 
~10 - 20% prior to complete reionization at z ~ 6. 
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Dark Matter and Reionization

!40

HL, Slatyer and Zavala 1604.02457

But getting a handle on the gas temperature during the dark ages 
can place very powerful limits on energy injection processes!
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21-cm Brightness
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We measure the brightness of the sky in the MHz range,  
relative to the CMB temperature. 

blue - in absorption 
red - in emission

T21(z) ⇡ xHI(z)
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21-cm Brightness
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Lower frequencies probe earlier times due to redshift.

blue - in absorption 
red - in emission

T21(z) ⇡ xHI(z)
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21-cm Brightness
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Prior to thermal decoupling, 

matter temperature = CMB temperature.

T21(z) ⇡ xHI(z)
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21-cm Brightness
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After decoupling, collisions bring the spin temperature 
down to Tm, and the gas is in absorption.

blue - in absorption 
red - in emission

T21(z) ⇡ xHI(z)
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21-cm Brightness
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Matter gets less dense as the universe expands, collisions 
become highly inefficient, TS goes back up to TCMB.

blue - in absorption 
red - in emission

T21(z) ⇡ xHI(z)
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21-cm Brightness
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Stars start emitting UV radiation. TS goes to Tm.

blue - in absorption 
red - in emission

T21(z) ⇡ xHI(z)
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21-cm Brightness
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Matter starts to heat up due to starlight…

blue - in absorption 
red - in emission

T21(z) ⇡ xHI(z)

✓
0.15

⌦m

◆1/2 ✓⌦bh

0.02

◆✓
1 + z

10

◆1/2 
1� TR(z)

TS(z)

�
⇥ 23 mK

<latexit sha1_base64="JrQFwAnSUWWrqKKsVydHk3o5NNU="></latexit><latexit sha1_base64="JrQFwAnSUWWrqKKsVydHk3o5NNU="></latexit><latexit sha1_base64="JrQFwAnSUWWrqKKsVydHk3o5NNU="></latexit><latexit sha1_base64="JrQFwAnSUWWrqKKsVydHk3o5NNU="></latexit>

Pritchard & Loeb, 1109.6012



Hongwan Liu

HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

21-cm Brightness
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… and eventually matter becomes hotter than the CMB. 

Now in emission!

blue - in absorption 
red - in emission
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21-cm Brightness
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Reionization quickly depletes neutral hydrogen.

blue - in absorption 
red - in emission
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21-cm Brightness
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Measuring the brightness temperature at different frequencies 
sets an upper limit on Tm/TR:
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EDGES Systematics
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Bowman et al. Nature 555, 67 (2018)

Wobble in gain at various azimuths. 
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Cooling
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Dark matter is cold.  

Scattering between baryons and 
dark matter can decrease the 


matter temperature. 

DM
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Cooling

!53

Significant cooling required: Sub-GeV DM for a large number of degrees of freedom. 
Large scattering cross section.


  
Severely constrained by the CMB power spectrum, with only                allowed: light 
mediator required, relativistic at sub-eV scales. New mediators highly constrained.

Slatyer and Wu, 1803.09734, also Xu, Dvorkin and Chael 1802.06788 
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HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Cooling

!54

Salumbides et al., 1308.1711

New light mediators are severely constrained.
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HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

DM-Baryon Cooling

!55

HL and Slatyer 1803.09739



Hongwan Liu

HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Cooling

!56

New limits on millicharged models 
due to heating from annihilation.



Hongwan Liu

HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Cooling - Strong Coupling

!57

Strong coupling between sub- 
component of DM and baryons 

leads to interesting effects.


Equivalent to early decoupling: 
the DM sub-component acts like 
additional baryons, Compton 

heating becomes ineffective earlier.



Hongwan Liu

HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Cooling - Strong Coupling

!58

Significant modification 

to the ionization history: 


CMB limits may not apply!
HL and Slatyer 1803.09739



Hongwan Liu

HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Millicharged Dark Matter

!59

Baryons scatter off millicharged DM, exchanging a photon  
and transferring energy to the dark sector. 



Hongwan Liu

HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Millicharged Dark Matter

!60

Charge too small - insufficient cooling.  
Charge too big -                      heats the baryons too much.
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HL & Slatyer, 1803.09739

HL & Ridgway, in prep.

Millicharged Dark Matter

!61

Annihilation cross section of                      through photons 
too small to achieve relic abundance in allowed region…
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HL & Ridgway, in prep.

Millicharged Dark Matter

!62

… but an additional source of annihilation to electrons that 
could lead to the correct relic abundance is ruled out by BBN.
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