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Credit: Bowman et al. 2018

Led by Bowman (ASU), Rogers (MIT):

• Located in western Australia (low RFI) 

• Cheap instrument (roughly $2M price tag)

• “High” and “Low” (50-100 MHz) bands

• Operating since 2015 (O(100) hours analyzed) 

• Two identical instruments, placed 150m apart
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“Heating of Baryons due to Scattering with Dark Matter During the Dark Ages”
Muñoz, EDK & Ali-Haïmoud, Phys. Rev. D. 92 (2015), arXiv:1509:00029        

“Tighter Limits on Dark Matter Explanations of the Anomalous EDGES 21cm Signal”
EDK, Poulin, Gluscevic, Boddy, Barkana and Kamionkowski, arXiv:1807:11482        

“A Critical Assessment of CMB Limits on Dark Matter-Baryon Scattering: New Treatment of the Relative Bulk Velocity”
Boddy, Gluscevic, Poulin, EDK, Kamionkowski and Barkana, arXiv:1808:00001        
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Consider a cross-section:  

However, CMB/Lyα-forest are less effective for           interactions, which peak at later times. 

Let’s examine the case:                                                                      
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(see: Chen et al. (2012), Sigurdson et. al (2004), Dvorkin et al. (2014),    
         Gluscevic and Boddy (2018), Boddy and Gluscevic (2018),
         Boddy et al. (2018), Xu et al. (2018), Slatyer et al. (2018))
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Affects small scale fluctuations: 

n<0

Credit: K. Boddy
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“Potentially 
detectable by 
global-signal 
experiments”
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• Realistic: SKA, 6-km baseline, 2% cover fraction.

• Optimistic: 50-km baseline, 10% cover fraction.

• CMB: from Dvorkin, Blum & Kamionkowski (2014).

• Solid black: ΛCDM prediction.

• Dashed red: new large-scale DM-b contribution.

• Blue: instrumental noise curves.
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At late times and for                      : cooling dominates!

Can the interaction evade constraints from the CMB and still affect the Cosmic Dawn?

The enhancement is huge:                                                                                      factor!!!

Existing constraints were                     at                      .

101 102
100

101

102

103

DM-B Scattering: What About Cosmic Dawn?

DM and Baryon Temperatures Implication for Cosmic Dawn

m� & 1GeV�c . 10�40

vCMB
rms ⇠ 30 km/s � vCD

rms ⇠ 1 km/s �! O(106)

m� . 1GeV

σ41=0

σ41=1,Vχb,0=Vrms

10 50 100 500 1000
1

5

10

50

100

500

1000

1+z

T(
K)

b
�

m� = 0.1GeV

m� = 1GeV

m� = 0.3GeV
Tspin

TCMB



Possible Explanation for the EDGES Signal?



So this appeared together with the EDGES detection:

Possible Explanation for the EDGES Signal?



So this appeared together with the EDGES detection:

Possible Explanation for the EDGES Signal?

Barkana, Nature 2018



So this appeared together with the EDGES detection:

Possible Explanation for the EDGES Signal?

• Dashed lines:  ΛCDM predictions.

Barkana, Nature 2018



So this appeared together with the EDGES detection:

Possible Explanation for the EDGES Signal?

• Dashed lines:  ΛCDM predictions.

• Solid lines: Turning on DM-b              interaction.

m� = 0.3GeV

m� = 2GeV

m� = 0.01GeV

Barkana, Nature 2018

/ v�4



So this appeared together with the EDGES detection:

Possible Explanation for the EDGES Signal?

• Dashed lines:  ΛCDM predictions.

• Solid lines: Turning on DM-b              interaction.

• Cooling dominates for low masses. Heating for high mass.

• For low masses, cooling is virtually mass independent.
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Barkana, Nature 2018
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The Coulomb-type                    interaction described above was purely phenomenological.

Realizing it in practice is not trivial, as demonstrated in a few morning-after papers:

In general, two types of models:

• Interaction via a force mediator:
 
   the interaction strength for these masses is severely constrained, however.

• Direct interaction: “millicharged” dark matter
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Viable region for               ? 

• Stellar cooling:
- White dwarfs

- Horizontal branch

- Red giants 

• SLAC DM-millicharge search

• SN1987A cooling

Is that all?

• Cosmic Microwave Background!

What about lower fractions? 

- Stronger cross sections are needed. 

- At some point, CMB becomes ineffective (tightly-coupled DM obscured by          ).�⌦b

Chang et al., arXiv:1803:00993
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Sub-percent Millicharged DM: Strong Coupling
(EDK, Poulin, Gluscevic, Boddy, Barkana and Kamionkowski, arXiv:1807:11482)
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Ṫb = �2HTb + �C(T� � Tb) + ��b(T� � Tb)
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Temperature evolution:

                                 For weak coupling: 
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Temperature evolution:

                                 For weak coupling: 

As the coupling increases:
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Sub-percent Millicharged DM: CMB Constraints
(Boddy, Gluscevic, Poulin, EDK, Kamionkowski and Barkana, arXiv:1808:00001)
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Sub-percent Millicharged DM: CMB Constraints
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(Boddy, Gluscevic, Poulin, EDK, Kamionkowski and Barkana, arXiv:1808:00001)
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The precise limit on the fraction of interacting DM:

f� . 0.4% See also:
de Putter et al., arXiv:1805:11616



Taking all constraints into account, we are left with:

Sub-percent Millicharged DM: Allowed Region
(EDK, Poulin, Gluscevic, Boddy, Barkana and Kamionkowski, arXiv:1807:11482)
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Direct DM-Hydrogen Interaction? 
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Direct DM-Hydrogen Interaction? 

Not really motivated, though seemingly alive:

But Ly-    coupling cannot be infinite. 
In practice, stronger cross sections needed:

Neglects other sources of heating: X-ray heating;  DM annihilation;  new “CMB heating”
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“Bounds on Ultra-Light Hidden-Photon Dark Matter from 21cm at Cosmic Dawn”
EDK, Cholis and Kaplan, arXiv:1809:01139        



Ultra-Light Hidden-Photon Dark Matter
(EDK, Cholis and Kaplan, arXiv:1809:01139)



Hidden photons couple to the standard model electric current:
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ÃµÃ

µ � e

(1 + "2)1/2
Jµ

⇣
Aµ + "Ãµ
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ÃµÃ
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Hidden photons couple to the standard model electric current:

Effect governed by the plasma frequency (= effective SM-photon mass):

Oscillating electric field induces motion of electrons and ions in the plasma.
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ÃµÃ

µ � e

(1 + "2)1/2
Jµ

⇣
Aµ + "Ãµ
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Hidden photons couple to the standard model electric current:

Effect governed by the plasma frequency (= effective SM-photon mass):

Oscillating electric field induces motion of electrons and ions in the plasma.

Collisional friction dissipates the oscillations, and heats the plasma:
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See: “Heating up the Galaxy with Hidden Photons” 
Dubovsky & Guzman Hernandez-Chifflet, JCAP (2015)



Hidden photons couple to the standard model electric current:

Effect governed by the plasma frequency (= effective SM-photon mass):

Oscillating electric field induces motion of electrons and ions in the plasma.

Collisional friction dissipates the oscillations, and heats the plasma:

The baryon temperature is then:
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(EDK, Cholis and Kaplan, arXiv:1809:01139)
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See: “Heating up the Galaxy with Hidden Photons” 
Dubovsky & Guzman Hernandez-Chifflet, JCAP (2015)
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Temperature evolution:

Ultra-Light Hidden-Photon Dark Matter
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Cosmic Dawn Global 21cm Temperature:

Ultra-Light Hidden-Photon Dark Matter
(EDK, Cholis and Kaplan, arXiv:1809:01139)
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Inferred bounds from EDGES measurement of an absorption:
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Inferred bounds from EDGES measurement of an absorption:

Ultra-Light Hidden-Photon Dark Matter
(EDK, Cholis and Kaplan, arXiv:1809:01139)
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Experimental Outlook

This is far from the last word!

• 21cm global signal: LEDA, PRIZM, SARAS2...

Earliest results could show up before the end of 2018!

• 21 power spectrum: HERA, SKA....

If EDGES is correct, power spectrum signal should be x10 higher than expected.
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Thank You!

Based on arXiv:1509.00029, arXiv:1807.01139, arXiv:1808.00001, arXiv:1809.01139:

Muñoz, EDK and Ali-Haïmoud, “Heating of baryons due to scattering with dark matter during the dark ages” 

EDK, Poulin, Gluscevic, Boddy, Barkana and Kamionkowski, “Tighter Limits on Dark Matter Explanations of the Anomalous EDGES 21cm Signal”

Boddy, Gluscevic, Poulin, EDK, Kamionkowski and Barkana, “A Critical Assessment of CMB Limits on Dark Matter-Baryon Scattering”

EDK, Cholis and Kaplan, “Bounds on Ultra-Light Hidden-Photon Dark Matter from 21cm at Cosmic Dawn”
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http://arxiv.org/abs/arXiv:1809.01139
http://arxiv.org/abs/arXiv:1809.01139
http://inspirehep.net/record/1684508
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Other Ways Out: Modify the Radio Background?

Instead of decreasing the gas (and spin) temperature, increase radiation temperature?

A couple of morning-after papers examined this:

Intriguing, but requires very radio-loud quasars at very early times....
Ewall-Wice, Chang, Lazio, Doré, Seiffert and Monsalve, arXiv:1803.01815 
“Modeling the Radio Background from the First Black Holes at Cosmic Dawn: Implications for the 21 cm Absorption Amplitude”
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Other Ways Out: Modify the Radio Background?

Instead of decreasing the gas (and spin) temperature, increase radiation temperature?

A couple of morning-after papers examined this:

Intriguing, but requires very radio-loud quasars at very early times....

And, of course, one could invoke dark matter to produce an enhanced background....

Ewall-Wice, Chang, Lazio, Doré, Seiffert and Monsalve, arXiv:1803.01815 
“Modeling the Radio Background from the First Black Holes at Cosmic Dawn: Implications for the 21 cm Absorption Amplitude”

Feng and Holder, arXiv:1802.07432, “Enhanced global signal of neutral hydrogen due to excess radiation at cosmic dawn”

ARCADE2 Excess

Fraser + 10, “The EDGES 21 cm Anomaly and Properties of Dark Matter”, arXiv:1803.03245
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