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Searching for Dark Matter 

n Searching for WIMPs: Direct Detection
n Searching for WIMPs: Indirect Detection
n Warm Dark Matter - Sterile Neutrinos: Seen?
n WIMP Production at the LHC

NOTE:  The February 25, 2014, lecture is CANCELLED
since I will be at the Dark Matter 2014 Conference
at UCLA Wednesday - Friday February 26-28.  
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Dark matter candidates
A plethora of 
candidates/ideas

• Q-balls
• SuperWIMPs
• Gravitinos 
• Axions .. 

• Talk deals mainly with   
WIMPs
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Most searches
focus onWIMPs,
so I will also do so.
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Experiments are Underway for Detection of WIMPs

Primack, Seckel, & Sadoulet (1987)
Tuesday, February 25, 14



Primack, Seckel, & 
Sadoulet, Ann Rev 
Nucl Part Sci 1988
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DAMA Evidence for WIMP detection

Annual modulation of
WIMP signal a
“smoking gun” signature Time (day)

 DAMA experiment in Gran Sasso (NaI scintillation
 detector) observes an annual modulation  at a
 6.3σ statistical CL, based on 110 ton-days of data 
 [Riv. N. Cim. 26 (2003) 1−73]

• Detector stability ?
• Background stability ? 
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DAMA Interpretation vs. Other Limits
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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Direct Detection Methods

Direct Detection Methods

●   XENON100
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Schematic of an individual detector within CDMS. A WIMP scattering from a 
germanium nucleus produces a low-energy nuclear recoil, resulting in both 
ionization and athermal phonons. Charge carriers drift out to one face of the 
detector under the influence of a small electric field, and are detected with a 
sensitive amplifer [signal shown as Q(t)]. Phonons reaching the other face break 
Cooper pairs in a thin superconducting aluminum layer; the resulting 
quasiparticles heat a transition-edge sensor (TES) bonded to the aluminum 
layer, causing a measurable momentary change in its resistance R(t). In reality, 
the readout elements on both sides are highly segmented, and the relative 
timing of the ionization and phonon signals recorded, to provide good event 
localization.

Figure from: Perspective by Karl van Bibber 
http://physics.aps.org/viewpoint-for/10.1103/
PhysRevLett.102.011301  on
Z. Ahmed et al. CDMS Collaboration, “Search 
for Weakly Interacting Massive Particles with 
the First Five-Tower Data from the Cryogenic 
Dark Matter Search at the Soudan 
Underground Laboratory,” Phys. Rev. Lett. 
102, 011301 (2009) – Published January 05, 
2009

 CDMS - Cryogenic DM Search
Berkeley-Stanford-led experiment 

has been at the forefront
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James Verbus - Brown University Lake Louise Winter Institute - February 19th, 2014

The LUX Dark Matter Detector
• What is LUX?!

• a particle detector!

• a monolithic wallless fiducial region 
within 370 kg Xe TPC!

• viewed by 122 Photomultiplier Tubes!

• able to reconstruct (x,y,z) for each 
event!

• exceptional self-shielding from outer 
xenon layer!

• discrimination between electronic and 
nuclear recoils (99.6%)!

• How would LUX see dark matter?!

• it detects scintillation photons and 
ionized electrons created by particle 
interactions!

• if dark matter interacted with a xenon 
atom, energy transferred to that atom 
would be visible to LUX!

• α1 ~ O(0.10) and α2 ~ O(10) are the 
amplification factors for each quanta!

• n! and ne are the fundamental 
measured quantities!
!

"2
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James Verbus - Brown University Lake Louise Winter Institute - February 19th, 2014

Spin-Independent Sensitivity 
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James Verbus - Brown University Lake Louise Winter Institute - February 19th, 2014
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Low Mass WIMPs - Fully Excluded by LUX

"7

>20x more sensitivity

CDMS II Si Favored

CoGeNT Favored

LUX (2013)-85 live days LUX +/-1σ expected sensitivity

XENON100(2012)-225 live days

CRESST Favored

CDMS II Ge

x

DAMA/LIBRA Favored
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James Verbus - Brown University Lake Louise Winter Institute - February 19th, 2014

Projected LUX 300 day WIMP Search Run

• We intend to run LUX for a new run of 
300 days in 2014/15 !

• Extending sensitivity by another 
factor 5!

• Even though LUX sees no WIMP-
like events in the current run, it is 
still quite possible to discover a 
signal when extending the reach !

• LUX does not exclude LUX!

!
• WIMPs remain our favored quarry!

!
• LZ 20x increase in target mass!

• If approved plans to be deployed in 
Davis Lab in 2016+
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By ~2015 Direct Detection could probe most of the 
CMSSM (constrained minimal supersymmetric standard 
model) and mSUGRA (minimal supergravity) WIMP 
parameter space!

LUX (2010)

-5
-6
-7
-8
-9
-10
-11
-12

XENON100 April 2011
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x103 in 
5 years!

XENON 1000
Panda-X

XENON 100              0
  0

□

XENON 100 ’12 ●

DM Direct Search Progress Over Time
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Indirect Detection of Dark MatterDark Matter 
Some important models in particle physics could also solve the dark 
matter problem in astrophysics.  If correct, these new particle interactions 
could produce an anomalous flux of cosmic particles (“indirect detection”). 

Anomalous gamma ray spectra and/or γγ or Zγ 
“lines” and/or anomalous charged cosmic rays 
and/or neutrinos?  

•  If particles are stable: rate ~ (DM density)2 
•  If particles unstable: rate ~ ( DM density) 

Χ"

X!

Just an example of what might be waiting for us to find! 

 
 
  

•   Key interplay of techniques: 
–  colliders (TeVatron, LHC) 
–  direct detection experiments underground 
–  indirect detection (most straightforward: gamma rays and neutrinos) 

•  Full sky coverage look for clumping throughout galactic halo, including off 
the galactic plane (if found, point the way for ground-based facilities) 

•  Intensity highly model-dependent 
•  Challenge is to separate signals from astrophysical backgrounds 

42"

?"

?"

Steve Ritz
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Gamma rays from Dark Matter annihilation 

43"

Prompt lepton  
pair production 

Secondary from π0 
decays 

+ “lines” from 2-body final states 

Steve Ritz
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Dark Matter: Many Places to Look! 

All-sky map of gamma rays from 
DM annihilation  arXiv:0908.0195  
(based on Via Lactea II 
simulation) 

And"anomalous"
charged"cosmic"
rays"(li-le/no"
direcEonal"
informaEon,"

trapping"Emes,"
etc.)"

                 Satellites 
Low background and good source id,  
but low statistics, in some cases 
astrophysical background 

    Galactic Center 
Good Statistics but source  
confusion/diffuse background 

!       Milky Way Halo 
Large statistics but diffuse 
background 

        Spectral Lines 
No astrophysical uncertainties,  
good source id, but low sensitivity 
because of expected small BR 

!

              Extragalactic 
Large statistics, but astrophysics, galactic 
diffuse background  Galaxy&Clusters&

Low&background,&but&low&sta7s7cs&

JCAP 1204 (2012) 016 
ApJ 747, 121 (2012) 
PRL 107, 241302 (2011) ApJ 712, 147 
(2010) 
JCAP 01 (2010) 031 
ApJ 718, 899 (2010)  
 

Phys. Rev. D, In press (2012) 
Phys. Rev. Lett. 104, 091302 (2010)  
 JCAP 05 (2010) 025  

arXiv:1205.6474 

Phys. Rev. D84, 032007 (2011) 
Phys. Rev. D82, 092003 (2010)  
PRL 108 (2012) 

JCAP 04 (2010) 014 
Steve Ritz
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Observing Dark Matter 
   Dark matter annihilation/decay can lead to a broad 
spectrum of emission. 

Gamma-ray: π0 decay,  
       direct production 

X-ray: IC scattering of CMB by  
          energetic e+e- produced 

Radio: synchrotron emission in 
  a magnetic field 

Example spectrum of DM annihilation in the 
Coma cluster (Colafrancesco et al. 2006) 

Tesla Jeltema
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Dwarf spheroidal galaxies give strong 
constraints on dark matter annihilation. 

Clusters of galaxies constrain: 

-  dark matter decay  
-  leptophilic dark matter when IC 

emission dominate (models fitting 
the PAMELA positron excess) 

(Abdo et al. 2010; Ackermann et al. 
2010; Dugger, Jeltema, & Profumo 
2010; Ackermann et al. 2011) 

Gamma-Ray Searches  
with Fermi 

Wolf et al. 2009 

dwarfs clusters 

Tesla Jeltema
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tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann
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the J-factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo for a Poisson process
with known background and Fermi-LAT simulations of
galactic and isotropic di↵use gamma-ray emission. The
parameter range for h�

ann

vi is restricted to have a lower
bound of zero, to facilitate convergence of the MINOS
fit, resulting in slight overcoverage for small signals, i.e.
conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large

Combining dSph Limits 

46"

PRL 107(2011) 

arXiv:1108.3546v2 

(95% CL) 

Now getting to very 
interesting sensitivity 
ranges! 
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Upcoming from Fermi:  
Cluster Stacking 

   Fermi does not detect gamma-ray emission from clusters 
even for a joint fit of 50 clusters with 4 years of data. 

Ackermann et al. 2013, arXiv:1308.5654 Tesla Jeltema
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 Clusters are excellent targets for searches for secondary 
synchrotron and IC radiation: 

1.  The energy loss timescale is much shorter than the 
diffusion time 

2.  They have large-scale magnetic fields 

Colafrancesco  
et al. 2006 

Multiwavelength Dark Matter Searches 

Tesla Jeltema
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   The non-detection or weak detection of radio emission 
from nearby clusters places stronger limits on DM 
annihilation than current Fermi 

   At low mass, limits approach thermal cross-section 
even for conservative density profile 

Radio Observations of Clusters 

Storm, Jeltema, Profumo, & Rudnick 2013 

NFW only NFW only 

A2199 (non-detection) Ophiuchus (mini-halo) 

Tesla Jeltema
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Dark Matter Annihilation Limits 

Storm, Jeltema, Profumo, & Rudnick 2013 

NFW only,  
no substructure 

best Fermi  
cluster limits 

cluster mass 
uncertainty 

magnetic field 
uncertainty 

Tesla Jeltema
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Future Radio Observations 
Large near term gains from:   

   New low frequency capabilities (LOFAR, LWA) 
   Increased sensitivity at GHz frequencies (ASKAP, 
APERTIF, MeerKAT) 

Order of magnitude 
gains from planned 

surveys alone! 

Tesla Jeltema
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X-ray Emission from Dark Matter  
   For a range of DM models, IC emission from the 
scattering of the CMB by the e+ e- produced peaks in the 
hard X-ray band. 

   Again clusters are a good target – diffusion negligible, 
thermal X-ray emission drops off steeply at high energy 

Jeltema & Profumo 2012 

IC emission π0 decay#

   Planned X-ray telescopes 
will have (at best) similar 
sensitivity to Fermi. 

Tesla Jeltema
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Dark Matter Summary 
   Observations of clusters across the electromagnetic 
spectrum can probe dark matter models 

   Gamma-ray:  Strong constraints on decay and 
leptophilic models, upcoming gains from stacking 

   Radio: Current constraints are competitive with gamma-
ray in some cases, and new facilities are imminent 

   X-ray: limits are not currently competitive, but could be 
with an appropriately planned telescope. 

   A multiwavelength approach is highly complementary to 
future high energy gamma-ray searches 

Tesla Jeltema
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There is new evidence for WDM with mνsterile ≈ 7 keV from detection of 3.5 
keV X-rays.  Will this be consistent with high-z galaxies, gravitational 
lensing flux anomalies, and breaks in cold stellar streams?
DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY 
SPECTRUM OF GALAXY CLUSTERS   arXiv:1402.2301
Esra Bulbul, Maxim Markevitch, Adam Foster, Randall K. Smith, Michael Loewenstein, and Scott W. Randall
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Figure 6. 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the Perseus cluster. The figures show
the energy band, where a new spectral feature at 3.57 keV is detected. The Gaussian lines with peak values of the flux normalizations of
K xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels show the model and the excess
emission in both spectra. The blue lines show the total model after a Gaussian line is added, indicating that the unidentified spectral line
can be modeled with a Gaussian.

fits.

3.3. Stacked Spectra of the Nearby Bright Clusters;
Centaurus + Coma + Ophiuchus

We now check the MOS and PN spectra of the three
dominant nearby clusters, Coma, Ophiuchus, and Cen-
taurus. A total of 525.3 ks of good stacked MOS and
168 ks good stacked PN exposure times were obtained
for this sub-sample. The total source counts obtained in
the MOS and PN spectra were 3.2 ⇥ 106 and 2.1 ⇥ 106,
respectively.
We performed the fits as above. The best determina-

tions for the continuum temperature and normalizations
and the fluxes of the S xvi, Ca xix, and Ca xx are given
in Table 2. We detected an excess emission feature in
the same band, i.e. 3.4 � 3.7 keV as in the stacked MOS
spectra. To determine the flux of the emission line at 3.57
keV, we estimated the maximum fluxes of the K xviii, K
xix, and Ar xvii lines using the AtomDB and the mea-
sured fluxes of S xvi, Ca xix, and Ca xx as described
in §3.1. Using the 0.1 and 3 times these fluxes as lower
and upper limits, we found that the unidentified line has
a flux of 15.9+3.4

�3.8 (+6.7
�5.5) ⇥ 10�6 photons cm�2 s�1 in the

stacked MOS observations. Adding this Gaussian to the
model improves the fit by ��2 of 17.1 for an additional
degree of freedom for the stacked MOS spectrum.
We then allowed the energy of the additional Gaus-

sian model to vary to test whether the energy measured
from two di↵erent samples are the same. The best-fit
energy obtained from the stacked MOS observations of
Coma, Centaurus, and Ophiuchus clusters was 3.56 ±

0.02 (0.03), with a flux of 1.6+0.52
�0.44 (+0.81

�0.70) ⇥ 10�5 pho-
tons cm�2 s�1. This measurement is consistent with the
energy measured in the MOS observations of the full sam-
ple. The sterile neutrino mixing angle that corresponds
to this flux is sin2(2✓) = 18.2+4.4

�3.9 (+12.6
�11.5) ⇥ 10�11, con-

sistent at 2� with the full-sample value.
The fits to the stacked PN observations did not need an

additional Gaussian line, and resulted in a non-detection.
This could be due to the low count statistics of the

stacked PN observations (168 ks clean time). A 90%
upper limit on the flux of this line at 3.57 keV is 9.5
⇥ 10�6 photons cm�2 s�1 from this spectrum; the upper
limit on the mixing angle from this flux limit is consistent
with the full-sample and MOS detections.

3.4. Perseus

Initially, we extracted the spectrum of the Perseus clus-
ter using the entire MOS and PN field-of-view. We have
co-added the XMM-Newton MOS and PN observations
of the Perseus cluster in the cluster’s frame. The total
exposure time in the stacked MOS spectrum was 317 ks
with a total of 7⇥106 source counts in the 2 � 10 keV
band and 38 ks total exposure with 2⇥106 source counts
in the stacked PN observations.
Following the same approach we used for modeling the

full cluster sample, we first fit the MOS and PN observa-
tions with the line-free apec model and additional Gaus-
sian models. Count-weighted responses were used to fit
the plasma emission lines and the continuum emission.
Probing the 3�4 keV band the MOS observations re-
vealed residuals around 3.57 keV, at the same energy
band where we detected line emission in the previous
samples. The left panel of Figure 6 shows the detection
in the co-added MOS observations of the Perseus cluster.
Using the limits on the K and Ar lines (Table 3) as above
and adding a Gaussian model to the MOS spectrum at
the fixed energy of 3.57 keV improved the fit by ��2 of
15.7. The best-fit flux at 3.57 keV was 5.2+2.41

�1.52 (+3.70
�2.13)

⇥ 10�5 photons cm�2 s�1.
This flux corresponds to a mixing angle of sin2(2✓) =

5.5+2.6
�1.6 (

+3.9
�2.3) ⇥10�10. This angle is not only an outlier in

our measurements from the other samples, it is also not
consistent with the upper limits on the mixing angle at
this value of ms from the previous studies (e.g., Horiuchi
et al. 2013).
We were unable to detect the line in the short (38 ks

clean time) PN observation of Perseus and placed a 90%
upper limit on the flux of the line of 17.7 photons cm�2

s�1, which corresponds to an upper limit of sin2(2✓) <
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Figure 6. 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the Perseus cluster. The figures show
the energy band, where a new spectral feature at 3.57 keV is detected. The Gaussian lines with peak values of the flux normalizations of
K xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels show the model and the excess
emission in both spectra. The blue lines show the total model after a Gaussian line is added, indicating that the unidentified spectral line
can be modeled with a Gaussian.

fits.

3.3. Stacked Spectra of the Nearby Bright Clusters;
Centaurus + Coma + Ophiuchus

We now check the MOS and PN spectra of the three
dominant nearby clusters, Coma, Ophiuchus, and Cen-
taurus. A total of 525.3 ks of good stacked MOS and
168 ks good stacked PN exposure times were obtained
for this sub-sample. The total source counts obtained in
the MOS and PN spectra were 3.2 ⇥ 106 and 2.1 ⇥ 106,
respectively.
We performed the fits as above. The best determina-

tions for the continuum temperature and normalizations
and the fluxes of the S xvi, Ca xix, and Ca xx are given
in Table 2. We detected an excess emission feature in
the same band, i.e. 3.4 � 3.7 keV as in the stacked MOS
spectra. To determine the flux of the emission line at 3.57
keV, we estimated the maximum fluxes of the K xviii, K
xix, and Ar xvii lines using the AtomDB and the mea-
sured fluxes of S xvi, Ca xix, and Ca xx as described
in §3.1. Using the 0.1 and 3 times these fluxes as lower
and upper limits, we found that the unidentified line has
a flux of 15.9+3.4

�3.8 (+6.7
�5.5) ⇥ 10�6 photons cm�2 s�1 in the

stacked MOS observations. Adding this Gaussian to the
model improves the fit by ��2 of 17.1 for an additional
degree of freedom for the stacked MOS spectrum.
We then allowed the energy of the additional Gaus-

sian model to vary to test whether the energy measured
from two di↵erent samples are the same. The best-fit
energy obtained from the stacked MOS observations of
Coma, Centaurus, and Ophiuchus clusters was 3.56 ±

0.02 (0.03), with a flux of 1.6+0.52
�0.44 (+0.81

�0.70) ⇥ 10�5 pho-
tons cm�2 s�1. This measurement is consistent with the
energy measured in the MOS observations of the full sam-
ple. The sterile neutrino mixing angle that corresponds
to this flux is sin2(2✓) = 18.2+4.4

�3.9 (+12.6
�11.5) ⇥ 10�11, con-

sistent at 2� with the full-sample value.
The fits to the stacked PN observations did not need an

additional Gaussian line, and resulted in a non-detection.
This could be due to the low count statistics of the

stacked PN observations (168 ks clean time). A 90%
upper limit on the flux of this line at 3.57 keV is 9.5
⇥ 10�6 photons cm�2 s�1 from this spectrum; the upper
limit on the mixing angle from this flux limit is consistent
with the full-sample and MOS detections.

3.4. Perseus

Initially, we extracted the spectrum of the Perseus clus-
ter using the entire MOS and PN field-of-view. We have
co-added the XMM-Newton MOS and PN observations
of the Perseus cluster in the cluster’s frame. The total
exposure time in the stacked MOS spectrum was 317 ks
with a total of 7⇥106 source counts in the 2 � 10 keV
band and 38 ks total exposure with 2⇥106 source counts
in the stacked PN observations.
Following the same approach we used for modeling the

full cluster sample, we first fit the MOS and PN observa-
tions with the line-free apec model and additional Gaus-
sian models. Count-weighted responses were used to fit
the plasma emission lines and the continuum emission.
Probing the 3�4 keV band the MOS observations re-
vealed residuals around 3.57 keV, at the same energy
band where we detected line emission in the previous
samples. The left panel of Figure 6 shows the detection
in the co-added MOS observations of the Perseus cluster.
Using the limits on the K and Ar lines (Table 3) as above
and adding a Gaussian model to the MOS spectrum at
the fixed energy of 3.57 keV improved the fit by ��2 of
15.7. The best-fit flux at 3.57 keV was 5.2+2.41

�1.52 (+3.70
�2.13)

⇥ 10�5 photons cm�2 s�1.
This flux corresponds to a mixing angle of sin2(2✓) =

5.5+2.6
�1.6 (

+3.9
�2.3) ⇥10�10. This angle is not only an outlier in

our measurements from the other samples, it is also not
consistent with the upper limits on the mixing angle at
this value of ms from the previous studies (e.g., Horiuchi
et al. 2013).
We were unable to detect the line in the short (38 ks

clean time) PN observation of Perseus and placed a 90%
upper limit on the flux of the line of 17.7 photons cm�2

s�1, which corresponds to an upper limit of sin2(2✓) <
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Figure 12. Recent constraints on sterile neutrino production
models, assuming sterile neutrinos constitute dark matter (Abaza-
jian et al. 2007). Straight lines in black show theoretical predictions
assuming sterile neutrinos constitute the dark matter with lepton
number L = 0, L = 0.003, L = 0.01, L = 0.1. Constraints from the
cosmic X-ray background are shown in the solid (blue and hatched
regions). The region is solid green is excluded based upon obser-
vations of the di↵use X-ray background (Abazajian et al. 2007).
Individual galaxy cluster constraints from XMM-Newton observa-
tions of the Coma and Virgo clusters are shown in light blue (Bo-
yarsky et al. 2006). The horizontal pink band shows the mass scale
consistent with producing a 100�300 pc core in the Fornax dwarf
galaxy (Strigari et al. 2006), and limits from the Milky Way by
Boyarsky et al. (2006) is indicated with BMW. The orange region
at m

s

< 0.4 keV is ruled out by an application of the Tremaine-
Gunn bound (Bode et al. 2001). Our measurement obtained from
the full sample which is marked with the star in red, is consistent
with previous upper limits.

are unable to collisionally excite any Ar XVII lines, but
dielectronic recombination is still possible. Examining
the satellite line data in the AtomDB, taken from Vain-
shtein & Safronova (1980), shows that even in this case
the maximum ratio is only 7%, as there are DR satellite
lines at the energies of the Ar XVII triplet as well and
these lines would also be excited in such a case. While
not physically impossible if there was a significant and
unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
We also note that our assumptions regarding rela-

tive line strengths have assumed the ICM is in thermal
equilibrium or close to it. Charge exchange (CX) be-
tween highly-ionized ions and neutral hydrogen or he-
lium could also create X-ray emission lines with di↵erent
ratios (Smith et al. 2012). This could a↵ect our assump-
tion of equilibrium line ratios, although we have included
a substantial range around the equilibrium values. It is
important to note that these CX lines are not ‘new, but
rather the same lines occurring in di↵erent ratios. Due
to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain

cases, such as the core of the Perseus cluster where many
neutral filaments are known, it is possible that CX could
be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.

5.2. Sterile neutrino decay line?

An interesting interpretation of the line is the decay
signature of the sterile neutrino, a long-sought dark mat-
ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
The line in the subsample of fainter 69 clusters (full

sample sans Perseus, Coma, Ophiuchus and Centaurus)
corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.
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Figure 12. Recent constraints on sterile neutrino production
models, assuming sterile neutrinos constitute dark matter (Abaza-
jian et al. 2007). Straight lines in black show theoretical predictions
assuming sterile neutrinos constitute the dark matter with lepton
number L = 0, L = 0.003, L = 0.01, L = 0.1. Constraints from the
cosmic X-ray background are shown in the solid (blue and hatched
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vations of the di↵use X-ray background (Abazajian et al. 2007).
Individual galaxy cluster constraints from XMM-Newton observa-
tions of the Coma and Virgo clusters are shown in light blue (Bo-
yarsky et al. 2006). The horizontal pink band shows the mass scale
consistent with producing a 100�300 pc core in the Fornax dwarf
galaxy (Strigari et al. 2006), and limits from the Milky Way by
Boyarsky et al. (2006) is indicated with BMW. The orange region
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< 0.4 keV is ruled out by an application of the Tremaine-
Gunn bound (Bode et al. 2001). Our measurement obtained from
the full sample which is marked with the star in red, is consistent
with previous upper limits.
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shtein & Safronova (1980), shows that even in this case
the maximum ratio is only 7%, as there are DR satellite
lines at the energies of the Ar XVII triplet as well and
these lines would also be excited in such a case. While
not physically impossible if there was a significant and
unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
We also note that our assumptions regarding rela-

tive line strengths have assumed the ICM is in thermal
equilibrium or close to it. Charge exchange (CX) be-
tween highly-ionized ions and neutral hydrogen or he-
lium could also create X-ray emission lines with di↵erent
ratios (Smith et al. 2012). This could a↵ect our assump-
tion of equilibrium line ratios, although we have included
a substantial range around the equilibrium values. It is
important to note that these CX lines are not ‘new, but
rather the same lines occurring in di↵erent ratios. Due
to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain

cases, such as the core of the Perseus cluster where many
neutral filaments are known, it is possible that CX could
be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.

5.2. Sterile neutrino decay line?

An interesting interpretation of the line is the decay
signature of the sterile neutrino, a long-sought dark mat-
ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
The line in the subsample of fainter 69 clusters (full

sample sans Perseus, Coma, Ophiuchus and Centaurus)
corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.
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not physically impossible if there was a significant and
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lium could also create X-ray emission lines with di↵erent
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a substantial range around the equilibrium values. It is
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where ions and neutrals interact directly, limiting its to-
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be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.
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our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
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in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
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and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
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With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.
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assuming sterile neutrinos constitute the dark matter with lepton
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tions of the Coma and Virgo clusters are shown in light blue (Bo-
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consistent with producing a 100�300 pc core in the Fornax dwarf
galaxy (Strigari et al. 2006), and limits from the Milky Way by
Boyarsky et al. (2006) is indicated with BMW. The orange region
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< 0.4 keV is ruled out by an application of the Tremaine-
Gunn bound (Bode et al. 2001). Our measurement obtained from
the full sample which is marked with the star in red, is consistent
with previous upper limits.

are unable to collisionally excite any Ar XVII lines, but
dielectronic recombination is still possible. Examining
the satellite line data in the AtomDB, taken from Vain-
shtein & Safronova (1980), shows that even in this case
the maximum ratio is only 7%, as there are DR satellite
lines at the energies of the Ar XVII triplet as well and
these lines would also be excited in such a case. While
not physically impossible if there was a significant and
unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
We also note that our assumptions regarding rela-

tive line strengths have assumed the ICM is in thermal
equilibrium or close to it. Charge exchange (CX) be-
tween highly-ionized ions and neutral hydrogen or he-
lium could also create X-ray emission lines with di↵erent
ratios (Smith et al. 2012). This could a↵ect our assump-
tion of equilibrium line ratios, although we have included
a substantial range around the equilibrium values. It is
important to note that these CX lines are not ‘new, but
rather the same lines occurring in di↵erent ratios. Due
to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain

cases, such as the core of the Perseus cluster where many
neutral filaments are known, it is possible that CX could
be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.

5.2. Sterile neutrino decay line?

An interesting interpretation of the line is the decay
signature of the sterile neutrino, a long-sought dark mat-
ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
The line in the subsample of fainter 69 clusters (full

sample sans Perseus, Coma, Ophiuchus and Centaurus)
corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.
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these lines would also be excited in such a case. While
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unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
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to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain
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be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.
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ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
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corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
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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
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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):
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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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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
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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
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.

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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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
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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
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] [
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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

0.10

N
o
r
m
a
l
i
z
e
d
 
c
o
u
n
t
 
r
a
t
e

[
c
t
s
/
s
e
c
/
k
e
V
]

Blank sky dataset

-2⋅10-3
-2⋅10-3
-1⋅10-3
-5⋅10-4
 0⋅100
 5⋅10-4
 1⋅10-3
 2⋅10-3
 2⋅10-3

2.0 3.0 4.0 5.0 6.0 7.0 8.0

D
a
t
a
 
-
 
m
o
d
e
l

[
c
t
s
/
s
e
c
/
k
e
V
]

Energy [keV]

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
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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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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

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMd% –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).
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Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMd% –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s
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(

keV
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)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).

5

I
n
t
e
r
a
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
S
i
n
2
(
2
θ)

Dark matter mass MDM [keV]

10-13

10-12

10-11

10-10

10-9

10-8

10-7

 2  5  50 1  10

DM overproduction

Not enough DM
T
r
e
m
a
i
n
e
-
G
u
n
n
 
/
 
L
y
m
a
n
-
α Excluded by X-ray observations

I
n
t
e
r
a
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
S
i
n
2
(
2
θ)

Dark matter mass MDM [keV]

10-13

10-12

10-11

10-10

10-9

10-8

10-7

 2  5  50 1  10

DM overproduction

Not enough DM
T
r
e
m
a
i
n
e
-
G
u
n
n
 
/
 
L
y
m
a
n
-
α Excluded by X-ray observations

I
n
t
e
r
a
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
S
i
n
2
(
2
θ)

Dark matter mass MDM [keV]

10-13

10-12

10-11

10-10

10-9

10-8

10-7

 2  5  50 1  10

DM overproduction

Not enough DM
T
r
e
m
a
i
n
e
-
G
u
n
n
 
/
 
L
y
m
a
n
-
α Excluded by X-ray observations

I
n
t
e
r
a
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
S
i
n
2
(
2
θ)

Dark matter mass MDM [keV]

10-13

10-12

10-11

10-10

10-9

10-8

10-7

 2  5  50 1  10

DM overproduction

Not enough DM
T
r
e
m
a
i
n
e
-
G
u
n
n
 
/
 
L
y
m
a
n
-
α Excluded by X-ray observations

I
n
t
e
r
a
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
S
i
n
2
(
2
θ)

Dark matter mass MDM [keV]

10-13

10-12

10-11

10-10

10-9

10-8

10-7

 2  5  50 1  10

DM overproduction

Not enough DM
T
r
e
m
a
i
n
e
-
G
u
n
n
 
/
 
L
y
m
a
n
-
α Excluded by X-ray observations

FIG. 4: Constraints on sterile neutrino DM within νMSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are ±1σ limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

to detect the candidate line in the “strong line” regime [35]. In
particular, Astro-H should be able to resolve the Milky Way
halo’s DM decay signal and therefore all its observations can
be used. Failure to detect such a line will rule out the DM
origin of the Andromeda/Perseus signal presented here.

Acknowledgments. We thank D. Malyshev for collaboration;
A. Neronov for useful critical comments; M. Shaposhnikov
and M. Lovell for reading the manuscript and providing com-
ment. The work of D. I. was supported by part by the the
Program of Cosmic Research of the National Academy of Sci-
ences of Ukraine and the State Programme of Implementation
of Grid Technology in Ukraine.

[1] A. Boyarsky, O. Ruchayskiy, and D. Iakubovskyi, JCAP 0903,
005 (2009).

[2] J. L. Feng, ARA&A 48, 495 (2010).
[3] S. Tremaine and J. E. Gunn, Phys. Rev. Lett. 42, 407 (1979).
[4] A. Boyarsky, D. Iakubovskyi, and O. Ruchayskiy, Phys. Dark

Univ. 1, 136 (2012).
[5] A. Boyarsky, O. Ruchayskiy, and M. Shaposhnikov, Ann. Rev.

Nucl. Part. Sci. 59, 191 (2009).
[6] A. Boyarsky, J. Lesgourgues, O. Ruchayskiy, and M. Viel,

Phys. Rev. Lett. 102, 201304 (2009).
[7] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewen-

stein, et al., 1402.2301 (2014).
[8] M. J. L. Turner, A. Abbey, M. Arnaud, M. Balasini, M. Barbera,

E. Belsole, P. J. Bennie, J. P. Bernard, G. F. Bignami, M. Boer,
et al., A&A 365, L27 (2001).
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FIG. 4: Constraints on sterile neutrino DM within νMSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are ±1σ limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

to detect the candidate line in the “strong line” regime [35]. In
particular, Astro-H should be able to resolve the Milky Way
halo’s DM decay signal and therefore all its observations can
be used. Failure to detect such a line will rule out the DM
origin of the Andromeda/Perseus signal presented here.
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FIG. 4: Constraints on sterile neutrino DM within νMSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are ±1σ limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

to detect the candidate line in the “strong line” regime [35]. In
particular, Astro-H should be able to resolve the Milky Way
halo’s DM decay signal and therefore all its observations can
be used. Failure to detect such a line will rule out the DM
origin of the Andromeda/Perseus signal presented here.
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WDM simulation at right has no “too big to fail” subhalos, but it is inconsistent at 
>10σ with Ultra Deep Field galaxy counts.  It also won’t have the subhalos needed 
to reionize the universe unless mνthermal ≳ 2.6 keV (or mνsterile ≳ 15 keV) assuming an 
optimistic ionizing radiation escape fraction (Schultz, Onorbe, Abazajian, Bullock14).  
And the new Ly-α forest analysis (Viel+13) excludes mνthermal ≲ 2 keV at 4σ.

The High-z Universe Confronts Warm Dark Matter: Galaxy Counts, Reionization and the Nature of Dark Matter 5

Figure 3. Simulation snapshots from CDM (left) and 0.8 keV WDM (right) overlaid with circles to indicate identified dark matter halos that are more massive
than 3.4⇥10

8h�1M�. The size of the circle is proportional to the virial radius of each halo. The CDM slice is filled with collapsed structure at z=6, while the
WDM slice is largely devoid of collapsed halos that are massive enough for hydrogen cooling. Note that artificial haloes would show up as regularly separated
haloes in the filaments, suggesting that contamination by artificial haloes is likely negligible here.

matching technique we took into account the merger history of each
halo and used its maximal mass obtained over its lifetime M

peak

in-
stead of Mh. In any case, this correction turned to be small due to
the lack of substructure at high redshifts. We used a requirement of
at least 40 simulation particles to constitute a halo, setting a halo
mass completeness limit of Mh = 3.4⇥ 108 h�1M�.

Compared to the density maps shown in Figure 2, the differ-
ences between WDM and CDM become even more apparent when
we compare halo counts. Figure 3 shows two of the same density
slices overlaid with white circles to indicate identified dark matter
halos more massive than our Mh = 3.4 ⇥ 108 h�1M� complete-
ness limit. Circle sizes are proportional to the virial radius of each
identified halo. The difference in collapsed structures is striking be-
tween these two simulations. For example, the void in the upper left
corner is completely empty of any haloes in the 0.8 keV WDM run.

Figure 4 provides a more quantitative demonstration of the
differences in halo abundances from model to model, where each
panel shows the cumulative dark halo mass function at redshifts
z = 6, 7, 8, and 13. The CDM result (dotted line with shading) is
in all cases above the WDM models (solid lines with shading, as
labeled). Angulo et al. (2013) found a suppression of the halo mass
function of the form1

n
WDM

n
CDM

(M) =
1

2

✓
1 +

M
1

M

◆�↵ 
1 + erf

✓
log

M

M
2

◆�
. (5)

We have verified this expression provides a good fit to the
WDM/CDM abundance ratio for z . 10, with decreasing accu-
racy with increasing redshift. In our simulations, at 109M�, the
0.8 keV model is suppressed by more than an order of magnitude
at all redshifts relative to CDM.

As can be seen in the z = 13 panel of Figure 4, no haloes at all
exist in 0.8 keV WDM model. Indeed we find that no haloes have
formed before z = 12 for 0.8 keV WDM and none before z = 15

1 Strictly speaking Angulo et al. (2013) has ↵ = 1 fixed, however they also
correct for artificial haloes. We find that keeping ↵ as a free fitting parameter
is necessary to provide reasonable fits, probably owing to a strong evolution
with redshift.

in the 1.3 keV model. Detections at these epochs should be robust in
the future with JWST. However, even current detections offer an in-
teresting test: the point with error bar (2�) corresponds to the lower
limit on the cumulative abundance of galaxies at those redshifts, as
set by the faintest galaxies observed in the HUDF (Bouwens et al.
2007; McLure et al. 2012; Oesch et al. 2013). Its horizontal po-
sition (corresponding halo mass) is based on the luminosity limit
and our adopted Mh-L relation presented in the next section. Im-
portantly, the total abundance of galaxies at each redshift must be
above the data point shown (regardless of its horizontal positioning
on the plot). One can see without any further analysis that the 0.8
keV WDM model will have trouble producing enough galaxies to
match current observations at z > 8; there are simply not enough
collapsed objects of any mass to account for the known galaxies at
this epoch.

In order to provide a more precise connection with observa-
tions we will need a mapping between halo mass and galaxy lumi-
nosity. This is a primary subject of the next section.

3 PREDICTING OBSERVABLES

3.1 Observed Luminosity Functions

We will normalize our predictions using observed high-z galaxy
counts. In doing so, we follow the literature and assume that high-z
luminosity function is well characterized by a Schechter function

�(L) dL = �⇤

✓
L

L⇤

◆↵

exp

✓
� L

L⇤

◆
dL

L⇤
. (6)

Robust observations of luminosity functions with measures of �⇤,
L⇤, and ↵ exist out to z ⇠ 8 (Bouwens et al. 2011; McLure et al.
2012; Schenker et al. 2013) and current observations can provide
constraints on the normalization (with other parameters fixed) out
to z ⇠ 10 (Oesch et al. 2013).

We parameterize the evolution of the luminosity function with
redshift by fitting quoted observational results for log �⇤, L⇤ and ↵
and fitting them linearly as a function of z from z = 4 � 8. Fig-
ure 5 shows the fit used in this work in comparison with fits from
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The LHC – an essential component of 
the DM story

• If DM is made of WIMPs, they will be produced at LHC in abundance
• Indirect DM detection using principally missing ET signatures
• Unique role of LHC: multiple measurements allow understanding of 

underlying theory, determination of identity of DM

ATLAS Detector

DarkSUSY/
MicroMEGAS

software

Optimisation of 
parameters within a 

canididate theory, eg SUSY

multiple 
measurements 

of WIMP 
observables

Ωχh2
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Search strategies for SUSY at the LHC

Growing sensitivity for non-strong 
SUSY.

Neutralinos observed as missing
transverse energy in association 
with cascade particles

Increasing luminosity gives sensitivity 
to higher masses and rare processes.

Jet multiplicity + kinematics 

Lepton multiplicity + kinematics  

+ global event quantities
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A body of searches already performed

Albeit with model dependence – limits starting to push SUSY up to and beyond 1 TeV
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Note that a detection of missing mass, energy, 
and momentum at the LHC is not proof that 
the invisible particle is the dark matter.  The 
particle needs only to have a lifetime of ~10-9 s 
to escape the Atlas and CMS detectors.

It will be the dark matter particle if direct    
and/or indirect detection experiments see the 
same mass and interaction pattern.

Thus all three approaches must be pursued: 
production, direct detection and indirect 
detection.
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With all
these

upcoming
experiments,

the next
few years

will be very
exciting!

LHC

Indirect:

Fermi (GLAST) launched 
June 11, 2008

Astronomical:

Planck & Herschel 
launched spring 2009
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