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•  Zwicky: “missing mass” in the orbital velocities of galaxies  
•  Total mass of a galaxy cluster ∼ 100 times the mass in stars  
 



NASA/CXC/ Clowe & Markevitch et al. 2006; Optical: NASA/STScl 
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How to Catch A DM Particle? 



Indirect Detection 
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or decay 
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•  Look for the secondary 
products of annihilation 
or decay 

•  Deep observations of 
astrophysical probes 

•  Cold DM:  WIMPs, axions   
•  Hot DM: e, μ, τ 

neutrinos 
•  Warm DM: sterile 

neutrinos 

New 
Physics 

DM SM 

Indirect Detection 



From astrophysical 
considerations: 
•  Mass is in keV range 
•  Decays into a photon  
•  E = ms / 2 and a standard 

neutrino 
•  Decay rate is such that it 

may be detectable from 
galaxy clusters, etc.  
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X-ray View of the Universe 

Chandra 
0.5 – 7 keV  
ACIS-S, ACIS-I 

XMM-Newton 
0.3 – 10 keV 

MOS, PN 

Suzaku 
0.5 – 7 keV 
XIS 0, 1, 3 
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Galaxy Clusters Composite (%15) 
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Bright XMM-Newton Clusters 

•  73 Clusters 
•  0.01 < z < 0.35 
•  ~ 6 MS 
•  >106 photons 
•  Redshift 

Smearing!  
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•  Detected a weak excess  

     at ~3.55 keV (rest frame energy)! 
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XMM - MOS

Full Sample

6 Ms

3.57 ± 0.02 (0.03)

No	  Line	  Added	  

3.55 +/- 0.02 keV 

Line Detected in the Full Sample 
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with a Gaussian Line Added… 
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•  XMM MOS  

 

 

•  XMM PN  

 

•  Chandra  

•  Suzaku  

 

      

      

Line detected in five different subsamples with >3σ 
with six different detectors (Bulbul+2014) 

Full Sample 
Bright nearby Clusters 
(Coma+Ophiuchus+Centaurus)  
Distant Clusters 
Perseus Cluster 
 
Full Sample  
Distant Clusters 
 

Detections 

Perseus cluster 

Perseus cluster (Franse & Bulbul+15) 

Detections (Bulbul+14) 



•  No plausible astrophysical lines at this energy 



•  No plausible astrophysical lines at this energy 
•  What is the origin of the line? 



•  Instrumental/Background  Artifact 

•  Nearby Astrophysical Lines 

•  Dark Matter?  

 

 

Possible Interpretations 



E2	  

E1	  
•  Radiative Recombination Feature 

•  Charge Exchange 

 

Nearby Lines? 

•  K XVIII at 3.51keV  

•  Ar XVII DR at 3.62 keV   

•  Cl XVII Lyβ at 3.51keV 

 

 

Astrophysical Origin? 



•  Flux of KVIII: 

 S XVI (2.63 keV), Ca XIX (3.90 keV) & Ca XX (4.11 keV)  

•  Flux of Ar DR:  

 observed Ar XVII line (3.12 keV)  

•  multiplied by 3 and allowed in the fit.  

•  3.55 keV line is required by the fit at a flux well above 
these lines.  

•  Bulbul 14 conclusion:  

 To explain the 3.55 keV line, the K XVIII and/or Ar XVII DR  

      lines should be brighter than expected by factor >10.  

Astrophysical Line? 



Counter Arguments 

•  “Dark matter searches going bananas: the 

contribution of Potassium (and Chlorine) to the 3.5 

keV line” (Jeltema & Profumo arxiv:1408.1699)  

    (a.k.a. “Discovery of a 3.5 keV line in the Galactic   

     Center and a critical look at the origin of the line    

     across astronomical targets”, 2015 MNRAS 450, 2143)  

•  Possible contribution of Cl XVII at 3.51 keV  

•  Line ratios indicate wide and inconsistent plasma 

temperatures 

•  a very cool component 



•  Cl XVII at 3.51 keV is a 
Lyβ line, no brighter 
Lyα  

Bulbul et al. response(arxiv:1409.4143) 



•  Cl XVII at 3.51 keV is a 
Lyβ line, no brighter 
Lyα  

•  The line ratio 
temperatures in JP are 
inconsistent because 
JP used incorrect 
atomic data 

Bulbul et al. response(arxiv:1409.4143) 



•  Cl XVII at 3.51 keV is a 
Lyβ line, no brighter 
Lyα  

•  The line ratio 
temperatures in JP are 
inconsistent because 
JP used incorrect 
atomic data 

•  S XV/ SXVI and Ca XIX/
Ca XX are excellent 
tracers of K XVIII  

 

Bulbul et al. response(arxiv:1409.4143) 
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•  3.55 keV line is 

required on top of 

very conservative 

allowance for the 

K line  

•   A further mistake 

in the Ca line ratio 

to temperature 

conversion in v2 of 

the J&P paper ...  

 

Bulbul et al. response(arxiv:1409.4143) 



Decaying Dark matter? 



   Flux should scale with mass 
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   Comparison with Earlier Limits 
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FIG. 2: The line’s brightness profile in M31 (left) and the Perseus cluster (right). An NFW DM distribution is assumed, the scale rs is fixed to
its best-fit values from [22] (M31) or [23] (Perseus) and the overall normalization is adjusted to pass through the left-most point.

For the Perseus cluster the observations can be grouped in
3 radial bins by their off-center angle. For each bin we fix
the line position to its average value across Perseus (3.47 ±

0.07 keV). The obtained line fluxes together with 1σ errors
are shown in Fig. 2. For comparison, we draw the expected
line distribution from dark matter decay using the NFW pro-
file of [23] (best fit value rs = 360 kpc, black solid line; 1σ
upper bound rs = 872 kpc, black dashed line). The isother-
mal β-profile from [26] is shown in magenta. The surface
brightness profile follows the expected DM decay line’s dis-
tribution in Perseus.

Finally, we compare the predictions for the DM lifetime from
the two objects. The estimates of the average column den-
sity within the central part of M31 give S(rs) ∼ 200 −

600M⊙/pc2 [13]. The column density of clusters follows
from the c − M relation [27–29]. Considering the uncer-
tainty on the profile and that our observations of Perseus go
beyond rs, the average column density in the region of interest
is within S̄ ∼ 100− 600M⊙/pc2. Therefore the signal from
Perseus can be both stronger and weaker than that of M31, by
0.2 − 3.0. This is consistent with the ratio of measured flux
from Perseus to M31 0.7− 2.7.

If DM is made of right-handed (sterile) neutrinos [30], the
lifetime is related to its interaction strength (mixing angle):

τDM =
1024π4

9αG2
F
sin2(2θ)m5

DM

7.2× 1029 sec

[

10−8

sin2(2θ)

] [

1 keV
mDM

]5

.

Using the data from M31 we obtain the mass mDM = 7.06 ±
0.05 keV and the mixing angle in the range sin2(2θ) = (2.2−
20) × 10−11. This value is consistent with previous bounds,
Fig. 4. This means that sterile neutrinos should be produced
resonantly [31–33], which requires the presence of significant
lepton asymmetry in primordial plasma at temperatures few
hundreds MeV. This produces restrictions on parameters of
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FIG. 3: Blank sky spectrum and residuals.

the νMSM.

The position and flux of the discussed weak line are inevitably
subject to systematical uncertainties. There are two weak in-
strumental lines (K Kα at 3.31 keV and Ca Kα at 3.69 keV),
although formally their centroids are separated by more than
4σ. Additionally, the region below 3 keV is difficult to model
precisely, especially at large exposures, due to the presence of
the absorption edge and galactic emission. However, although
the residuals below 3 keV are similar between theM31 dataset
(Fig. 1) and the blank sky dataset (Fig. 3), the line is not de-
tected in the latter. Although the count rate at these energies
is 4 times larger for M31, the exposure for the blank sky is 16
times larger. This disfavors the interpretation of the line as due
to a wiggle in the effective area. The properties of this line are
consistent (within uncertainties) with the DM interpretation.
To reach a conclusion about its nature, one will need to find
more objects that give a detection or where non-observation of
the line will put tight constraints on its properties. The forth-
coming Astro-H mission [34] has sufficient spectral resolution
to spectrally resolve the line against other nearby features and

Decaying	  Dark	  Ma5er	  
Astrophysical	  Line	  

   Line Profile 



Detec;ons	  
1- Perseus Cluster ✓ 
    (Bulbul+2014, Urban+2015,  

      Franse & Bulbul+2015)    

2- Perseus outskirts ✓ 
    (Boyarsky+2014) 

3- Stacked clusters ✓ 
4- Nearby Clusters ✓ 
5- Distant clusters ✓ 
6- Galactic Center ✓ 
    (Boyarsky+2015, Jeltema & Profumo 2015) 

7- Coma,  A2199, and A2319 ✓     
    (Iakubovskyi & Bulbul+15) 

8- M31  ✓ 
    (Boyarsky+2014)  

9- Ophiuchus (XMM) ✓ 
    (Taki & Bulbul+2015, in prep)  

1- Virgo Cluster 
   (Bulbul+2014) consistent ✓
2- Coma, Ophiuchus, Virgo (Suzaku) 
    (Urban+2015) consistent ✓ 
3- Dwarf Spheroidals  
    (Malyshev+2015) inconsistent  
4- Stacked Galaxies  
    (Anderson+2015) inconsistent  
 

Non-‐	  Detec;ons	  
  Decaying Dark Matter? 



> 200 citations to Bulbul+2014, most proposing DM explanations: 

eXciting DM: An X-Ray Line from eXciting DM 

SIMPle DM: Self-Interactions and keV Lines 

Axion: The 7 keV axion DM and the X-ray line signal 

Axino: X-ray line signal from decaying axino warm DM 

Gravitino DM: 3.5 keV x-ray line from decaying gravitino DM 

Scalar DM: 7 keV scalar DM and the anomalous … 

Vector DM: Decaying Vector DM as an Explanation  

Moduli DM: The 3.5 keV X-ray line signal from decaying moduli … 

Nonabelian DM: Nonabelian DM models for 3.5 keV X-rays 

Higgs: X-Ray Lines as Scotogenic Signals DM-philic Higgs  

WIMP: 3.5-keV X-ray line from nearly-degenerate WIMP DM decays 

…. 



Tests for Revealing the Origin 

	  
Astrophysical	  Origin: 	  

	  	  
	  
Dark	  Ma5er	  Origin	  
(General):	  
	  
	  
Annihila:ng	  Dark	  Ma5er:	  
	  
	  
	  
Decaying	  Dark	  Ma5er:	  
	  
	  
	  
	  

Stacked	  Suzaku	  Observa;ons	  of	  Galaxy	  Clusters	  
(Bulbul+2015)	  
	  
	  
Perseus	  Line	  Profile	  with	  Suzaku	  (Franse	  &	  
Bulbul+2015)	  
	  
	  
Stacked	  XMM-‐Newton	  Observa;ons	  of	  Galaxy	  
Clusters	  (Taki	  &	  Bulbul+	  2015)	  
	  
	  
	  
1.3	  Ms	  XMM-‐Newton	  Dwarf	  Draco	  
Observa;ons	  (Boyarsky	  &	  Bulbul+2016)	  
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•  Attempts to refine upper 
limits can sometimes fail… 

•  Detected a  weak emission 
line in the stacked 
observations of galaxy 
clusters 

•  Seen at > 3σ in five 
different subsamples  

•  with six detectors 
•  No plausible atomic 

transitions in thermal plasma 
at this energy 

•  Could be dark matter! 
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Conclusions 



What is the Contribution of Cl XVII Ly β? 
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