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Dark radiation from DM decay
Any direct sensitivity to DR in DM decay through a smaller branching fraction 
into SM states will strongly depend on the details of the model

Consider, e.g. DM decay 

=>                           decay is highly suppressed  

Our Universe has the chance to be permeated by dark radiation that is 
sourced by DM decay (or annihilation). What are the direct tests for it?
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DM decay into dark states?
Cosmology remains a sensitive probe of DM decays, irrespective of DM mass 
and interaction, but through gravity.

CMB (late-time ISW) and lensing  
constrains

Poulin, Serpico, Lesgourges 2016  
see also Berezhiani, Dolgov, Tkachev 2015  

There are also constraints on structure formation with residual “kicked DM  
state” in place

e.g. Wang, Peter at al. 2014

fdm < few% (⌧dm < ⌧U )

fdm/⌧dm . 1/12⌧U (⌧dm > ⌧U )

fdm < few% (⌧dm < ⌧U )

fdm/⌧dm . 1/12⌧U (⌧dm > ⌧U )
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Maximum fluxes from DM decay
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=> much in excess of atmospheric  
nu-flux and DSNB at ~ 10 - 100 MeV

here: 10% decaying DM component

Two sources: 

galactic and extragalactic (cosmological)



Benefits:  no Neff constraints for direct decay, interactions within SM are known,  
minimal setup 

Decaying progenitor motivated by certain neutrino mass generation mechanism 
Majoron � ! ⌫⌫ (⌫̄⌫̄)

=> 
Chikashige, Mohapatra, Peccei 1981

    breaks global lepton number, Goldstone mode is ��

Mass of    as pseudo-Goldstone uncertain, with contributions from Planck-scale  
suppressed operators; we take it                      noting a non-standard thermal  
history

�

e.g. Berezinsky, Valle  1993

Late Dark Radiation in SM neutrinos



Opportunity:  Injection of neutrinos at few 10’s of MeV poorly constrained

Late Dark Radiation in SM neutrinos

A 30 MeV neutrino 
gives signals in 
direct detection right 
in the region of 
largest sensitivity. 

Neutrino floor can  
be raised in models 
that inject     but not 
excessively     ?⌫

⌫̄



Measurements / Constraints:

Late Dark Radiation in SM neutrinos

• E < 16 MeV:   signal dominated by solar neutrinos (8B flux) in CC and NC scattering  
on electrons 
  

• 16 MeV < E < 30 MeV:  inverse beta decay                              with large visible energy  

• 30 MeV < E < 150 MeV:  reactions with neutrons inside nuclei no longer kinematically 
suppressed, e.g.  

• E > 150 MeV:  atmospheric neutrino flux well measured and concordant

E⌫

solar atmospherictarget for DSNB

16 MeV 150 MeV30 MeV



Constraints from neutrino expts.

π/µ, NC elastic

νe CC
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e.g. recasted Super-Kamiokande search for DSNB neutrinos

Super-K collaboration 2011

=>

sideband sideband
search-region

with fitted bkg.

e.g.



Late DR in SM neutrinos

Option 1  
 
DR in SM neutrinos   
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Late DR in a new species
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Universe in “numbers”

Dark Energy 
69% Dark Matter 

(26-x)%

Baryons 4%

Radiation << 1%

NB:  any DE number density was subtracted…

Dark Matter 

Dark Radiation 

Photons 

Neutrinos 

Energy budget Number budget?vs.

Baryons 10-10

Dark Radiation can be dominant



Signatures of very soft DR?

Light fields often have their interactions enhanced at high energies and 
suppressed at low energies, e.g. 

- Neutrinos that have Fermi-type interactions with atomic constituents  

- Axions with effective dimension 5 interactions with fermions and gauge 
bosons.  

=> This type of dark radiation (DR) very difficult to see directly  

However, 21cm cosmology could provide new insights.



EDGES result

What is measured in 21 cm 
cosmology is a brightness 
temperature

n1 n0

=> EDGES collaboration has measured anomalously low value  (3.8 sigma)

Zaldarriaga, Furlanetto, Hernquist 2004 

Bowman et al 2018T21(z ' 17) = �0.5K (16 < z < 20)

T21(z) =
⌧(Ts � Tr)

1 + z

' 23mKxH(z)


1� Tr(z)

Ts(z)

�r
1 + z

10



H hyperfine transition

ṅ0 + 3Hn0 = �n0(C01 +B01I⌫) + n1(C10 +A10 +B10I⌫)

n1 n0

collisions Einstein coefficients

intensity of photons with 21cm wavelength
I⌫ = T!2/2⇡2 = nRJ

In reality, evolution is very complex, once Ly⍺ & X-ray photons become available!

21 cm or 1.4GHz or 6µeV

Ts spin temperature

see, e.g. Hirata 2005 and Venumadhav, Dai, Kaurov, Zaldarriaga 2018



Evolution of spin temperature
see, e.g., Loeb, Pritchard 2012

CMB gas
spin

Compton on xe 
Tgas = T𝛾 = Ts

adiabatic cooling ~ (1+z)-2

collisions of gasradiative coupling

first sources inject Ly⍺ & X-ray photons => recouples spin to gas

gas is heated



Evolution of spin temperature
see, e.g., Loeb, Pritchard 2012

CMB gas
spin

Compton on xe 
Tgas = T𝛾 = Ts

adiabatic cooling ~ (1+z)-2

collisions of gasradiative coupling

first sources inject Ly⍺ & X-ray photons => recouples spin to gas

gas is heated

EDGES



How to change T21?

Add photons into the 21cm wavelength band at z~17  

=> raises “effective TCMB“ in the low-energy Rayleigh Jeans (RJ) tail of the CMB 

=> those extra photons engage in the H hyperfine transition 

=> needs a careful modification of the CMB, that is only operative in the IR 
(disfavors direct DM decay into photons) 

Feng, Holder; 
Tallin group; 
our paper; 
Moroi, Nakayama, Tang;

Rough criterion:  double the amount of RJ photons at x ⌘ !21/TCMB = 10�3
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Main idea:

Modification of the RJ tail of the CMB

Resonant conversion of  
A’ into ordinary photons A

CMB released

A’ continuously  
sourced by decay of a

happens when mA = m0
A(z)
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Main idea:

Modification of the RJ tail of the CMB

Resonant conversion of  
Dark Photons into the RJ-tail  
of the CMB when 

Rayleigh-Jeans 
tail !/T ⌧ 1
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Axion-like particle together with dark photon:
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DM decay into dark photons

Lifetime can be anything from much shorter to much longer than the age of the  
Universe

Axion decay to two normal photons does not work because  
and the rate is tiny.

fa > 109 GeV
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Dark photon - photon conversion
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mA(z) ' 1.7⇥ 10�14eV ⇥ (1 + z)3/2X1/2
e (z)

transition probability

m0
A = mA(z)

see also [Mirizzi, Redondo, Sigl 2009]



Spectra at 21cm wavelength 

� � � � �
���

���

���

���

���

��� �

��
/�
�
/
(�

+
�)
�

[�
/�
�

� ]

� ���� ���� ����������

��
� ��

����
�� �

����
� ��

�� ��
���

����
�⨯ ��-�

������ < � < ������

���� = ���

τ� = ��� ⨯ τ�

�� = ��-� ��

dnCMB/d! ' TCMB!/⇡
2

dnA0/d!

dnA/d!

21 cm

x = !/T

(redshift scaled out)
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DM lifetime vs. photon count

ma = 10�3 eV

Example:  

Fixing progenitor mass  

 
 
and  DP mass such that  

zres = 500 
 
we obtain the possible  
enhancement in the  
photon count at x = 10-3

green line: count doubled
=> EDGES amplitude explained



Conclusions
• Cosmic pie-chart in number densities is  

largely unwritten. Our Universe could be filled  
with dark radiation, and when the energy of  
quanta is small, it can be so in large numbers.  

• DR in form of SM neutrinos with energies in the 30 MeV ballpark is 
constrained from superK and detectable in direct detection experiments; 
raises the neutrino floor 

• 21 cm cosmology offers a new probe into the physics of very soft quanta; 
we identified a class of models = dark photon sourcing particles, that supply 
an extra population of cosmological photons through resonant conversion. 
Explanation of EDGES is possible. 

Independently of whether EDGES result will persist, 21 cm cosmology  

Dark 
Matter 

Dark Radiation 
? 

Photons 

Neutrinos 



Additional Material

Independently of whether EDGES result will persist, 21 cm cosmology  



Constraint on spectral CMB distortion

★★
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<latexit sha1_base64="mC7bBcZZzLbfDklh/sQvMinrYpw=">AAACInicbVDLSsNAFJ3UV62vqEs3g7XoqiQi6MJFixuXFewDmhAm00k7dJIJMxOlhPyA3+EHuNVPcCeuBPf+hpM2i9p64MLhnHu59x4/ZlQqy/oySiura+sb5c3K1vbO7p65f9CRPBGYtDFnXPR8JAmjEWkrqhjpxYKg0Gek649vcr/7QISkPLpXk5i4IRpGNKAYKS155knLS5unjuKwmUEnFjzW1AkEwqmdpQ4PyRBlnlm16tYUcJnYBamCAi3P/HEGHCchiRRmSMq+bcXKTZFQFDOSVZxEkhjhMRqSvqYRCol00+k3GaxpZQADLnRFCk7V+YkUhVJOQl93hkiN5KKXi/95/UQFV25KozhRJMKzRUHCoP44jwYOqCBYsYkmCAuqb4V4hHQUSgdYqc2veURyom/Ik7EXc1gmnfO6bdXtu4tq47rIqAyOwDE4Aza4BA1wC1qgDTB4Ai/gFbwZz8a78WF8zlpLRjFzCP7A+P4F/2Okpw==</latexit><latexit sha1_base64="mC7bBcZZzLbfDklh/sQvMinrYpw=">AAACInicbVDLSsNAFJ3UV62vqEs3g7XoqiQi6MJFixuXFewDmhAm00k7dJIJMxOlhPyA3+EHuNVPcCeuBPf+hpM2i9p64MLhnHu59x4/ZlQqy/oySiura+sb5c3K1vbO7p65f9CRPBGYtDFnXPR8JAmjEWkrqhjpxYKg0Gek649vcr/7QISkPLpXk5i4IRpGNKAYKS155knLS5unjuKwmUEnFjzW1AkEwqmdpQ4PyRBlnlm16tYUcJnYBamCAi3P/HEGHCchiRRmSMq+bcXKTZFQFDOSVZxEkhjhMRqSvqYRCol00+k3GaxpZQADLnRFCk7V+YkUhVJOQl93hkiN5KKXi/95/UQFV25KozhRJMKzRUHCoP44jwYOqCBYsYkmCAuqb4V4hHQUSgdYqc2veURyom/Ik7EXc1gmnfO6bdXtu4tq47rIqAyOwDE4Aza4BA1wC1qgDTB4Ai/gFbwZz8a78WF8zlpLRjFzCP7A+P4F/2Okpw==</latexit><latexit sha1_base64="mC7bBcZZzLbfDklh/sQvMinrYpw=">AAACInicbVDLSsNAFJ3UV62vqEs3g7XoqiQi6MJFixuXFewDmhAm00k7dJIJMxOlhPyA3+EHuNVPcCeuBPf+hpM2i9p64MLhnHu59x4/ZlQqy/oySiura+sb5c3K1vbO7p65f9CRPBGYtDFnXPR8JAmjEWkrqhjpxYKg0Gek649vcr/7QISkPLpXk5i4IRpGNKAYKS155knLS5unjuKwmUEnFjzW1AkEwqmdpQ4PyRBlnlm16tYUcJnYBamCAi3P/HEGHCchiRRmSMq+bcXKTZFQFDOSVZxEkhjhMRqSvqYRCol00+k3GaxpZQADLnRFCk7V+YkUhVJOQl93hkiN5KKXi/95/UQFV25KozhRJMKzRUHCoP44jwYOqCBYsYkmCAuqb4V4hHQUSgdYqc2veURyom/Ik7EXc1gmnfO6bdXtu4tq47rIqAyOwDE4Aza4BA1wC1qgDTB4Ai/gFbwZz8a78WF8zlpLRjFzCP7A+P4F/2Okpw==</latexit><latexit sha1_base64="mC7bBcZZzLbfDklh/sQvMinrYpw=">AAACInicbVDLSsNAFJ3UV62vqEs3g7XoqiQi6MJFixuXFewDmhAm00k7dJIJMxOlhPyA3+EHuNVPcCeuBPf+hpM2i9p64MLhnHu59x4/ZlQqy/oySiura+sb5c3K1vbO7p65f9CRPBGYtDFnXPR8JAmjEWkrqhjpxYKg0Gek649vcr/7QISkPLpXk5i4IRpGNKAYKS155knLS5unjuKwmUEnFjzW1AkEwqmdpQ4PyRBlnlm16tYUcJnYBamCAi3P/HEGHCchiRRmSMq+bcXKTZFQFDOSVZxEkhjhMRqSvqYRCol00+k3GaxpZQADLnRFCk7V+YkUhVJOQl93hkiN5KKXi/95/UQFV25KozhRJMKzRUHCoP44jwYOqCBYsYkmCAuqb4V4hHQUSgdYqc2veURyom/Ik7EXc1gmnfO6bdXtu4tq47rIqAyOwDE4Aza4BA1wC1qgDTB4Ai/gFbwZz8a78WF8zlpLRjFzCP7A+P4F/2Okpw==</latexit>

biases conversion 
towards the IR  

=> good - makes it 
safe(r) against strong 
COBE/FIRAS limit on 
spectral CMB 
distortion for x > 0.2

NB: axion-photon  
conversion / !

<latexit sha1_base64="VK616eJdSDMSwl2WdKt20XH4lxY=">AAACCnicbVDLSgMxFM3UV62vqks3wVJwVWZE0IWLghuXFewD2rFk0kwbmhdJRhmG/oEf4FY/wZ249Sf8An/DtJ1FbT0QOJxzL/fkRIpRY33/2yusrW9sbhW3Szu7e/sH5cOjlpGJxqSJJZO6EyFDGBWkaallpKM0QTxipB2Nb6Z++5FoQ6W4t6kiIUdDQWOKkXXSQ09pqayEPcnJEPXLFb/mzwBXSZCTCsjR6Jd/egOJE06ExQwZ0w18ZcMMaUsxI5NSLzFEITxGQ9J1VCBOTJjNUk9g1SkDGEvtnrBwpi5uZIgbk/LITXJkR2bZm4r/ed3ExldhRoVKLBF4fihOGHT/nFYAB1QTbFnqCMKauqwQj5BG2LqiStXFM0/IpC7DxDUTLPewSlrntcCvBXcXlfp13lERnIBTcAYCcAnq4BY0QBNgoMELeAVv3rP37n14n/PRgpfvHIM/8L5+AfQAm7I=</latexit><latexit sha1_base64="VK616eJdSDMSwl2WdKt20XH4lxY=">AAACCnicbVDLSgMxFM3UV62vqks3wVJwVWZE0IWLghuXFewD2rFk0kwbmhdJRhmG/oEf4FY/wZ249Sf8An/DtJ1FbT0QOJxzL/fkRIpRY33/2yusrW9sbhW3Szu7e/sH5cOjlpGJxqSJJZO6EyFDGBWkaallpKM0QTxipB2Nb6Z++5FoQ6W4t6kiIUdDQWOKkXXSQ09pqayEPcnJEPXLFb/mzwBXSZCTCsjR6Jd/egOJE06ExQwZ0w18ZcMMaUsxI5NSLzFEITxGQ9J1VCBOTJjNUk9g1SkDGEvtnrBwpi5uZIgbk/LITXJkR2bZm4r/ed3ExldhRoVKLBF4fihOGHT/nFYAB1QTbFnqCMKauqwQj5BG2LqiStXFM0/IpC7DxDUTLPewSlrntcCvBXcXlfp13lERnIBTcAYCcAnq4BY0QBNgoMELeAVv3rP37n14n/PRgpfvHIM/8L5+AfQAm7I=</latexit><latexit sha1_base64="VK616eJdSDMSwl2WdKt20XH4lxY=">AAACCnicbVDLSgMxFM3UV62vqks3wVJwVWZE0IWLghuXFewD2rFk0kwbmhdJRhmG/oEf4FY/wZ249Sf8An/DtJ1FbT0QOJxzL/fkRIpRY33/2yusrW9sbhW3Szu7e/sH5cOjlpGJxqSJJZO6EyFDGBWkaallpKM0QTxipB2Nb6Z++5FoQ6W4t6kiIUdDQWOKkXXSQ09pqayEPcnJEPXLFb/mzwBXSZCTCsjR6Jd/egOJE06ExQwZ0w18ZcMMaUsxI5NSLzFEITxGQ9J1VCBOTJjNUk9g1SkDGEvtnrBwpi5uZIgbk/LITXJkR2bZm4r/ed3ExldhRoVKLBF4fihOGHT/nFYAB1QTbFnqCMKauqwQj5BG2LqiStXFM0/IpC7DxDUTLPewSlrntcCvBXcXlfp13lERnIBTcAYCcAnq4BY0QBNgoMELeAVv3rP37n14n/PRgpfvHIM/8L5+AfQAm7I=</latexit><latexit sha1_base64="VK616eJdSDMSwl2WdKt20XH4lxY=">AAACCnicbVDLSgMxFM3UV62vqks3wVJwVWZE0IWLghuXFewD2rFk0kwbmhdJRhmG/oEf4FY/wZ249Sf8An/DtJ1FbT0QOJxzL/fkRIpRY33/2yusrW9sbhW3Szu7e/sH5cOjlpGJxqSJJZO6EyFDGBWkaallpKM0QTxipB2Nb6Z++5FoQ6W4t6kiIUdDQWOKkXXSQ09pqayEPcnJEPXLFb/mzwBXSZCTCsjR6Jd/egOJE06ExQwZ0w18ZcMMaUsxI5NSLzFEITxGQ9J1VCBOTJjNUk9g1SkDGEvtnrBwpi5uZIgbk/LITXJkR2bZm4r/ed3ExldhRoVKLBF4fihOGHT/nFYAB1QTbFnqCMKauqwQj5BG2LqiStXFM0/IpC7DxDUTLPewSlrntcCvBXcXlfp13lERnIBTcAYCcAnq4BY0QBNgoMELeAVv3rP37n14n/PRgpfvHIM/8L5+AfQAm7I=</latexit>



Stellar energy loss constraint

QA⇤!A0a =
✏2m4

AnT

96⇡f2
a

=> compare with neutrino emission from a  
      dipole moment 

QA⇤!⌫⌫̄ =
µ2m4

AnT

24⇡

=> HB limit                                                                    

✏/fa < 2⇥ 10�9 GeV�1

µ  3⇥ 10�12(e/2me)

Photons (plasmons) can decay to dark photon and axion A⇤ ! A0a

[Raffelt, Haft 93] 

X
AV

i

fX

A

V

i

f
A’

A’

A*

a

mA0 ! 0
Very light fields (< keV) are most notably constrained through astrophysics.  
Constraints can be divided into ones that vanish as                  and those that  
don’t. For example, direct A’ production is suppressed by                  .  (m0

A/mA)
2

<latexit sha1_base64="K9gry6XfMn48FxF88qWQwnf5SNA=">AAACCHicbVDLTgIxFL2DL8QX6tLNRELEDc4QE124wLhxiYk8EhhJp3Sgoe1M2o6GTPgBP8CtfoI749a/8Av8DQvMAsGTtDk5597ck+NHjCrtON9WZmV1bX0ju5nb2t7Z3cvvHzRUGEtM6jhkoWz5SBFGBalrqhlpRZIg7jPS9Ic3E7/5SKSiobjXo4h4HPUFDShG2kidEu9en5yZ7/Sh0s0XnLIzhb1M3JQUIEWtm//p9EIccyI0ZkiptutE2kuQ1BQzMs51YkUihIeoT9qGCsSJ8pJp5rFdNErPDkJpntD2VJ3fSBBXasR9M8mRHqhFbyL+57VjHVx6CRVRrInAs0NBzGwd2pMC7B6VBGs2MgRhSU1WGw+QRFibmnLF+TNPSI1MhrFpxl3sYZk0KmXXKbt354XqVdpRFo7gGErgwgVU4RZqUAcMEbzAK7xZz9a79WF9zkYzVrpzCH9gff0CErKZag==</latexit><latexit sha1_base64="K9gry6XfMn48FxF88qWQwnf5SNA=">AAACCHicbVDLTgIxFL2DL8QX6tLNRELEDc4QE124wLhxiYk8EhhJp3Sgoe1M2o6GTPgBP8CtfoI749a/8Av8DQvMAsGTtDk5597ck+NHjCrtON9WZmV1bX0ju5nb2t7Z3cvvHzRUGEtM6jhkoWz5SBFGBalrqhlpRZIg7jPS9Ic3E7/5SKSiobjXo4h4HPUFDShG2kidEu9en5yZ7/Sh0s0XnLIzhb1M3JQUIEWtm//p9EIccyI0ZkiptutE2kuQ1BQzMs51YkUihIeoT9qGCsSJ8pJp5rFdNErPDkJpntD2VJ3fSBBXasR9M8mRHqhFbyL+57VjHVx6CRVRrInAs0NBzGwd2pMC7B6VBGs2MgRhSU1WGw+QRFibmnLF+TNPSI1MhrFpxl3sYZk0KmXXKbt354XqVdpRFo7gGErgwgVU4RZqUAcMEbzAK7xZz9a79WF9zkYzVrpzCH9gff0CErKZag==</latexit><latexit sha1_base64="K9gry6XfMn48FxF88qWQwnf5SNA=">AAACCHicbVDLTgIxFL2DL8QX6tLNRELEDc4QE124wLhxiYk8EhhJp3Sgoe1M2o6GTPgBP8CtfoI749a/8Av8DQvMAsGTtDk5597ck+NHjCrtON9WZmV1bX0ju5nb2t7Z3cvvHzRUGEtM6jhkoWz5SBFGBalrqhlpRZIg7jPS9Ic3E7/5SKSiobjXo4h4HPUFDShG2kidEu9en5yZ7/Sh0s0XnLIzhb1M3JQUIEWtm//p9EIccyI0ZkiptutE2kuQ1BQzMs51YkUihIeoT9qGCsSJ8pJp5rFdNErPDkJpntD2VJ3fSBBXasR9M8mRHqhFbyL+57VjHVx6CRVRrInAs0NBzGwd2pMC7B6VBGs2MgRhSU1WGw+QRFibmnLF+TNPSI1MhrFpxl3sYZk0KmXXKbt354XqVdpRFo7gGErgwgVU4RZqUAcMEbzAK7xZz9a79WF9zkYzVrpzCH9gff0CErKZag==</latexit><latexit sha1_base64="K9gry6XfMn48FxF88qWQwnf5SNA=">AAACCHicbVDLTgIxFL2DL8QX6tLNRELEDc4QE124wLhxiYk8EhhJp3Sgoe1M2o6GTPgBP8CtfoI749a/8Av8DQvMAsGTtDk5597ck+NHjCrtON9WZmV1bX0ju5nb2t7Z3cvvHzRUGEtM6jhkoWz5SBFGBalrqhlpRZIg7jPS9Ic3E7/5SKSiobjXo4h4HPUFDShG2kidEu9en5yZ7/Sh0s0XnLIzhb1M3JQUIEWtm//p9EIccyI0ZkiptutE2kuQ1BQzMs51YkUihIeoT9qGCsSJ8pJp5rFdNErPDkJpntD2VJ3fSBBXasR9M8mRHqhFbyL+57VjHVx6CRVRrInAs0NBzGwd2pMC7B6VBGs2MgRhSU1WGw+QRFibmnLF+TNPSI1MhrFpxl3sYZk0KmXXKbt354XqVdpRFo7gGErgwgVU4RZqUAcMEbzAK7xZz9a79WF9zkYzVrpzCH9gff0CErKZag==</latexit>

mA =
<latexit sha1_base64="H1ve12QZZCSDL0TqDWDJ2d1TkK0=">AAACAnicbVDLSgMxFL1TX7W+qi7dBEvBVZkRQRcKFTcuK9gHtEPJpJk2NskMSUYZSnd+gFv9BHfi1h/xC/wN03YWtfVA4HDOvdyTE8ScaeO6305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhjcTv/lIlWaRvDdpTH2B+5KFjGBjpYboXqMr1C2W3Io7BVomXkZKkKHWLf50ehFJBJWGcKx123Nj44+wMoxwOi50Ek1jTIa4T9uWSiyo9kfTtGNUtkoPhZGyTxo0Vec3RlhonYrATgpsBnrRm4j/ee3EhBf+iMk4MVSS2aEw4chEaPJ11GOKEsNTSzBRzGZFZIAVJsYWVCjPn3nCOrUZxrYZb7GHZdI4rXhuxbs7K1Uvs47ycATHcAIenEMVbqEGdSDwAC/wCm/Os/PufDifs9Gck+0cwh84X79PoJdn</latexit><latexit sha1_base64="H1ve12QZZCSDL0TqDWDJ2d1TkK0=">AAACAnicbVDLSgMxFL1TX7W+qi7dBEvBVZkRQRcKFTcuK9gHtEPJpJk2NskMSUYZSnd+gFv9BHfi1h/xC/wN03YWtfVA4HDOvdyTE8ScaeO6305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhjcTv/lIlWaRvDdpTH2B+5KFjGBjpYboXqMr1C2W3Io7BVomXkZKkKHWLf50ehFJBJWGcKx123Nj44+wMoxwOi50Ek1jTIa4T9uWSiyo9kfTtGNUtkoPhZGyTxo0Vec3RlhonYrATgpsBnrRm4j/ee3EhBf+iMk4MVSS2aEw4chEaPJ11GOKEsNTSzBRzGZFZIAVJsYWVCjPn3nCOrUZxrYZb7GHZdI4rXhuxbs7K1Uvs47ycATHcAIenEMVbqEGdSDwAC/wCm/Os/PufDifs9Gck+0cwh84X79PoJdn</latexit><latexit sha1_base64="H1ve12QZZCSDL0TqDWDJ2d1TkK0=">AAACAnicbVDLSgMxFL1TX7W+qi7dBEvBVZkRQRcKFTcuK9gHtEPJpJk2NskMSUYZSnd+gFv9BHfi1h/xC/wN03YWtfVA4HDOvdyTE8ScaeO6305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhjcTv/lIlWaRvDdpTH2B+5KFjGBjpYboXqMr1C2W3Io7BVomXkZKkKHWLf50ehFJBJWGcKx123Nj44+wMoxwOi50Ek1jTIa4T9uWSiyo9kfTtGNUtkoPhZGyTxo0Vec3RlhonYrATgpsBnrRm4j/ee3EhBf+iMk4MVSS2aEw4chEaPJ11GOKEsNTSzBRzGZFZIAVJsYWVCjPn3nCOrUZxrYZb7GHZdI4rXhuxbs7K1Uvs47ycATHcAIenEMVbqEGdSDwAC/wCm/Os/PufDifs9Gck+0cwh84X79PoJdn</latexit><latexit sha1_base64="H1ve12QZZCSDL0TqDWDJ2d1TkK0=">AAACAnicbVDLSgMxFL1TX7W+qi7dBEvBVZkRQRcKFTcuK9gHtEPJpJk2NskMSUYZSnd+gFv9BHfi1h/xC/wN03YWtfVA4HDOvdyTE8ScaeO6305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhjcTv/lIlWaRvDdpTH2B+5KFjGBjpYboXqMr1C2W3Io7BVomXkZKkKHWLf50ehFJBJWGcKx123Nj44+wMoxwOi50Ek1jTIa4T9uWSiyo9kfTtGNUtkoPhZGyTxo0Vec3RlhonYrATgpsBnrRm4j/ee3EhBf+iMk4MVSS2aEw4chEaPJ11GOKEsNTSzBRzGZFZIAVJsYWVCjPn3nCOrUZxrYZb7GHZdI4rXhuxbs7K1Uvs47ycATHcAIenEMVbqEGdSDwAC/wCm/Os/PufDifs9Gck+0cwh84X79PoJdn</latexit>

plasma freq.



Kinetic Mixing vs. DP mass

Imposing                             , 
i.e. requiring that EDGES  
amplitude is explained, and  
for one value of axion mass 

=> yields parameter space  
in DP mass vs. epsilon 
 
=> much allowed. 

★★
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Outlook
• Further constraints on the model will exist  

from conversions in the low-z Universe, e.g.

• Interesting connection to ARCADE 2 radio observations. Measurement of 
(extragalactic) sky temperature in the range 3-8GHz show excess  
[compare FIRAS > 13 GHz] 

• Can we learn more about EDGES, e.g. by considering the shape?  
(steep turn-on of the feature) 

- from thermal SZ-effect measurements  
in specific Clusters 

- from “lines” from axion decay inside  
clusters today

(preliminary)

[in preparation]
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