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Reasonable 
values of ε

see also:  
Muñoz & Loeb 
1802.10094 (forth-
coming in Nature) 

Barkana et al., 
1803.03091 

Liu & Slatyer, 
1803.09739



Outline

1. Astrophysical & Cosmological Implications 

2. Future Directions
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Annihilation: σv = πα2ε2/mX2
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Annihilation: σv = πα2ε2/mX2 

Thermalized: nXσv(T=mX) ~ H(T=mX) ⇒ ε>10-7(mX/GeV)1/2
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Relic Density
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CMB

Rate of change of baryon temperature:
Dubovsky et al., hep-ph/0311189  

& 1310.2376 
McDermott, Yu, & Zurek 1011.2907
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(warning — new work indicates this is too conservative)

Dubovsky et al., hep-ph/0311189  
& 1310.2376 

McDermott, Yu, & Zurek 1011.2907

de Putter et al., 1805.11616 
Gluscevic et al., to appear

Gluscevic & Boddy, 1712.07133 
Boddy & Gluscevic, 1801.08609

Xu, Dvorkin, & Chael, 1802.06788 
Slatyer & Wu, 1803.09734
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Nν>Nν,SM at time of SM nucleosynthesis injects entropy, 
screws up agreement w/ observation 
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Nν>Nν,SM at time of SM nucleosynthesis injects entropy, 
screws up agreement w/ observation 
Generically rules out mX ≲ 10 MeV
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Crash Course: SN1987A

Credit: Colin Legg

Core collapse supernova in the LMC 
detected simultaneously in Jan 1987 
with three instruments (Baksan, IMB, 
and Kamiokande II) 

~ 99% of the difference in grav. 
binding energy radiated away in the 
form of neutrinos over ~ 10 seconds

(see my talk tomorrow for more details!)



Credit: Colin Legg

• Cooling phase is consistent with 
analytic expectation 

• …but wouldn’t be if a new “energy 
sink” competed with Standard 
Model processes 

• Limited amount of luminosity may 
be diverted to novel particles ⟺ 
bounds on new coupling with SM

“Lnew≤Lν”

Crash Course: SN1987A

(see my talk tomorrow for more details!)
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EDGES Constraints

This is too large to be 
absorbed in the baryon 

budget at time of CMB…
Can some values of fDM 

be accommodated?

10% of ΩDM ~ 50% of Ωb



Cyburt et al, 1505.01076

Ωb: BBN vs. CMB
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Cyburt et al, 1505.01076

~10% Ωb = ~ 2% ΩDM

If this is the 
true number 
of baryons

This can “secretly” include 
millicharged particles

No CMB bound 
below fDM ~ 2%

Ωb: BBN vs. CMB

1805.11616, de Putter et al.: “we derive a new upper limit 
on the fraction of tightly coupled dark matter…<0.6% ”!
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Outline

1. Astrophysical & Cosmological Signatures 

2. Future Directions
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EDGES, fDM=1%

What do we need 
to do to make this 

region work?



Implications of fDM=1%
1. Relic density via QED alone is problematic — 

how else to deplete thermal abundance?



Couple to New Force

Many possibilities, but some guidelines: 



Couple to New Force

Many possibilities, but some guidelines: 

• Shouldn’t couple to electrons 



Couple to New Force

Many possibilities, but some guidelines: 

• Shouldn’t couple to electrons 
• Shouldn’t inject too much energy during 

cosmic dark ages



Couple to New Force

Many possibilities, but some guidelines: 

• Shouldn’t couple to electrons 
• Shouldn’t inject too much energy during 

cosmic dark ages 
• neutrinos 
• p-wave suppression



Couple to Lμ-Lτ



1. Relic density via QED alone is problematic — 
how else to deplete thermal abundance? 

2. Thermal population introduced to SN1987A — 
how does this affect the eqn of state?

Implications of fDM=1%
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Bollig et al 1706.04630

Kotake et al 1801.02703



1. Relic density via QED alone is problematic — 
how else to deplete thermal abundance? 

2. Thermal population introduced to SN1987A — 
how does this affect the eqn of state? 

3. Primordial millicharged particles are evacuated 
from the disk — is any DD possible?

Implications of fDM=1%



Direct Detection

0809.0436

…
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DD for 1% of ΩDM
• Such particles are evacuated from the disk… 

• …but supernovae are hot! 

• Do more appear? What is their phase space? 
What do they look like at DD experiments? 

• Boosted DM (Agashe et al., 1405.7370) 

• Marques-Tavares et al., in prep



1. Relic density via QED alone is problematic — 
how else to deplete thermal abundance? 

2. Thermal population introduced to SN1987A — 
how does this affect the eqn of state? 

3. Primordial millicharged particles are evacuated 
from the disk — is any DD possible? 

4. We’ve “already seen” DM in the CMB power 
spectrum — CMB S4 or BBN improvement?

Implications of fDM=1%
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Different rates, different moments of the Boltzmann equation:
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& Boddy, 

1712.07133

Millicharged particles don’t look exactly like 
SM fermions — increased precision at high 
multipoles may be able to distinguish real 

baryons from DM in the damping tail

Gluscevic et al., 
to appear
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• EDGES has possibly detected evidence of dark 
matter scattering off baryons during the epoch of 
structure formation 

• If it did, it’s not “minimal” — a rich structure of 
auxiliary interactions and signals awaits 

• We’ll learn (a lot) more (fairly) soon

What we find could surprise us!


