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 Rotation curve

 Galaxy clusters

 Bullet clusters

 Cosmic Microwave background

 Structure Formation
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 Cold Dark Matter:    M>100 keV

 Warm  Dark matter:   M=few keV to few 10 keV

 Hot Dark matter: M<<keV
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 WIMP=Weakly Interacting Massive Particle

 FIMP=Feebly Interacting Massive Particle

 SuperWIMP
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 Lightest supersymmetric particle (LSP)

 Lightest KK mode in extra large dimension models

 …..

 AMEND and SLIM : Y.F, S. Pascoli and Schimdt, JHEP 1010 
(2010);  Y.F., Phys.Rev. D80 (2009)
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Image courtesy of:
http://cdms.berkeley.edu/Education/DMpages/science/directDetection.shtml
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INDIRECT DETECTION

 Detection of the products of DM pair annihilation (or DM 
decay)

in the DM halo, galaxy center, Sun, Earth ….

Stable particles: Neutrinos, positrons, anti-protons, anti-Helium, 
Anti-Deuteron, photon
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PHOTON WITH CONTINUOUS SPECTRUM
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 XMM-Newton observatory

 Chandra X-ray observatory
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 Detection of An Unidentified Emission Line in the Stacked X-ray 
spectrum of Galaxy Clusters

Bulbul et al, Astrophys. J 791 (2014) 104; arXiv:1402.2301

An unidentified line in X-ray spectra of the Andromeda galaxy 
and Perseus galaxy cluster

Boyarsky et al, arXiv:1402.4119
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http://inspirehep.net/record/1280882
http://inspirehep.net/record/1281523


 XMM-Newton data on 73 galaxy clusters: redshifts 0.01-0.35
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 Chandra results on Perseus

 Chandra results on Virgo
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 Removes doubts about detector response features.
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 Andromeda galaxy (M31)

 Perseus cluster 

Observed by XMM-Newton

Stronger towards the center
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 Hydrogen atom:

 Hydrogen-like ions:
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 Careful analysis by Bulbul et al:

 He-like Cl XVI

n=5      1            E=3.52 keV

Stronger lines  n=3     1, n=4     1

K XVIII                                               E=3.51 keV
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 Sterile neutrino as DM 
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 Sterile neutrino as DM 



 Astro-H

 To be launched in 2015

 Better energy resolution

 Higher velocity of DM        Higher broadening of line (Doppler 
effect)

 Virial velocity of DM:

 Width of the line    15 eV 

9/22/2014 25



9/22/2014 26



9/22/2014 27



9/22/2014 28



 3.5 keV X-ray as the “21 cm line” of dark atoms and a link to 
light sterile neutrinos

J. Cline, Y.F., Z. Liu, G.D. Moore and W. Xue, PRD 89 (2014) 121302

 Decaying Vector Dark Matter as an Explanation for the 3.5 keV
line from galaxy clusters,

Y.F. and Amin Rezaei Akbarieh, arXiv:1408.2950
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 Reimer-Sorensen, arXiv:1405.7943

No line from Milky Way (MW) in Chandra data

Consistent only if most conservative DM density profile in the 
innermost part of galaxy is taken.
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 Reimer-Sorensen, arXiv:1405.7943

No line from Milky Way (MW) in Chandra data

Consistent only if most conservative DM density profile in the 
innermost part of galaxy is taken.

Boyarsky et al, arXiv:1408.2503

Line  from Milky Way (MW) in XMM-Newton  data

Source of difference between two results: Free Potassium 
abundance taken by Reimer-Sorensen
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 Dark matter searches going bananas: the contribution of 
Potassium (and Chlorine) to 3.5 keV line, Jeltema and Profumo,

arXiv:1408.1699

XMM-Newton on: MW, M31, clusters
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 Dark matter searches going bananas: the contribution of 
Potassium (and Chlorine) to 3.5 keV line, Jeltema and Profumo,

arXiv:1408.1699

XMM-Newton on: MW, M31, clusters

Boyarsky et al., 1408.4388

They should not have restricted to analysis to 3-4 keV

Analysis up to 8 keV
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 Dark matter searches going bananas: the contribution of 
Potassium (and Chlorine) to 3.5 keV line, Jeltema and Profumo,

arXiv:1408.1699

XMM-Newton on: MW, M31, clusters

Bulbul et al., Comment on “Dark matter searches going 
bananas:..”, arXiv:1404.4143

Incorrect atomic data

Inconsistent spectroscopic modeling
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 Constraints on 3.5 keV line emission from stacked observations 
of dward Spheroidal (dSph) galaxies, Malyshev, Neronov and 
Eckert, arXiv:1408.3531

 dSph: high mass/light ratio

 Inconsistent with Bulbul result unless MW halo is taken into 
account.

 Consistent with Boyarsky within uncertainty

 Claim can be tested by longer XMM-Newton exposure

9/22/2014 35



 Non-detection of X-ray Emission from Sterile Neutrinos in 
Stacked Galaxy Spectra, M. E. Anderson, E. Churazov and J. N. 
Bregman, arXiv:1408.4115

 Galaxies T<2 keV; making central regions

 Chandra (81 galaxies) and XMM-Newton (89 galaxies)

 No signal

 The line was expected to be seen at 
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 Shaposhnikov

 Warm Dark matter: better explaining small scale structure

(abundance of dwarf galaxies+halo core)
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 Mirror Models: dark counterpart for any SM particle

 R. Foot, Intl J Mod Phys D 13, 2162 (2004) [astro-ph/0407623]

 Dark quarks          Dark nucleons

 Dark atoms     

 Dark electrons
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 Transition in dark atoms lead to the 3.5 keV line.

 Simplest idea:
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Splitting=3.5 keV AND right intensity

Upper bound from bullet clusters



 Transition in dark atoms lead to the 3.5 keV line.

 Simplest idea:
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Splitting=3.5 keV AND right intensity

Upper bound from bullet clusters



 Famous 21 cm line
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 3.5 keV X-ray as the “21 cm line” of dark atoms and a link to 
light sterile neutrinos

J. Cline, Y.F., Z. Liu, G.D. Moore and W. Xue, PRD 89 (2014) 121302
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Electric charge of dark proton and dark electron



 Dark photon is massless or has a mass smaller than 3.5 keV.

 Dark photon has a mass larger than 3.5 keV
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 Dark photon is massless or has a mass smaller than 3.5 keV.

Frandsen, JCAP 1405 (2014) 33

 Dark photon has a mass larger than 3.5 keV
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 Dark photon is massless or has a mass smaller than 3.5 keV.

Frandsen, JCAP 1405 (2014) 33

 Dark photon has a mass larger than 3.5 keV

Only emitting ordinary photon

9/22/2014 47



 Lifetime of excited states    < lifetime of universe

Fast decay scenario

 Lifetime of excited states      > lifetime of universe

Slow decay scenario
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< 

 Scattering of dark particles off each other

 Excited states

 Subsequent decay producing 3.5 keV line

A X-ray line from eXciting dark matter, D. Finkbeiner and N 
Weiner, arXiv:1402.6671
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 Cline et al., PRD89 (2014)4314

9/22/2014 51



9/22/2014 52



9/22/2014 53



9/22/2014 54

Interaction of Dark atom with proton via photon exchange:
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> 

 The fraction of excited states remaining from dark atom 
recombination era          1
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> 

 The fraction of excited states remaining from dark atom 
recombination era          1
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Strength of the 3.5 keV line:



> 

 The fraction of excited states remaining from dark atom 
recombination era          1
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Strength of the 3.5 keV line:
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> 

 The fraction of excited states remaining from dark atom 
recombination era          1
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Strength of the 3.5 keV line:
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Boyarsky et al, results on Andromeda 



 Kaplan et al, JCAP 1005, 21 (2010); Cyr-Racine and Sigurdson, 
PRD 87 103515 (2013); Cline et al., PRD 85 101302 (2012)

 Ionization fraction
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Shape of dark matter halos



 Kaplan et al, JCAP 1005, 21 (2010); Cyr-Racine and Sigurdson, 
PRD 87 103515 (2013); Cline et al., PRD 85 101302 (2012)

 Ionization fraction
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 Kaplan et al, JCAP 1005, 21 (2010); Cyr-Racine and Sigurdson, 
PRD 87 103515 (2013); Cline et al., PRD 85 101302 (2012)

 Ionization fraction
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Further bound in fast decay scenario:



 Kaplan et al, JCAP 1005, 21 (2010); Cyr-Racine and Sigurdson, 
PRD 87 103515 (2013); Cline et al., PRD 85 101302 (2012)

 Ionization fraction
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No such restriction for slow decay scenario



 Structure formation 

 Cold dark matter: controversies in small scale, D. H. Weinberg 
et al., arXiv:1306.0913

 Strongly Interacting Dark Matter (SIDM)
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 Fast decay scenario

 Slow decay scenario

More freedom to realize SIDM with 
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 Compton wavelength of dark photon> dark atom size

 De-excitation: Dark photon mass < binding energy of dark 
atom 
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Preferred parameter range:



 Natural range:

 Fine tuned: 
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 Supernova cooling:

Dreiner et al, arXiv:1310.3826

 Stronger bounds for lower 
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 Too slow                       and

 Higher temperatures?

 Other decay modes?
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 couples to 
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 Tension between BICEP2 and Planck

Giusarma et al., arXiv:1403.4852; Zhang et al.,  arXiv:1403.7028; 
Dvorkin et al., arXiv:1403.8049; Archidiacono et al., 
arXiv:1404.1794

 Sterile neutrinos with a mass ~0.5 eV
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 A 3.5 keV line from Andromeda and certain galaxy clusters has 
been observed.

 This might be due to dark matter.

 We presented a model in which dark matter is composed of 
dark atoms and this 3.5 keV line is equivalent of the 21 cm  line 
of the dark atoms.
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 Thank you for your attention!
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CAN RELIC NEUTRINOS 
PLAY THE ROLE OF DM?
NOHot!
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