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Looking for the identity of the dark 
matter in and around the Milky Way 



Dark matter 

Cosmic inflation  
à initial conditions 

Two revolutionary ideas were 
proposed around 1980  
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The dark matter power spectrum 

Free streaming à 
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susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 

  mHDM ~ few eV     
light ν; Mcut~1015 Mo  
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For the first time in Cosmology à a well-
defined theory of the initial conditions for 

the formation of cosmic structure 

1980s: 
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t=10-35 seconds  

The formation of cosmic structure 

Supercomputer simulations are the 
best technique for calculating how 
small primordial perturbations grow 

into galaxies today 

Simulations 

“Cosmology machine” 

t=380,000 yrs  
δρ/ρ ∼10-5

t=13.8 billion yrs  
δρ/ρ ∼1-106

N-body 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 
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Ω=1 CfA redshift 
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Neutrinos 
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Non-baryonic dark matter 
cosmologies 

In CDM structure 
forms hierarchically 

Early CDM N-body 
simulations gave 
promising results 

Davis, Efstathiou, 
Frenk & White ‘85 
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ΛCDM model is an a priori 
implausible model! 

… but makes definite predictions and is therefore testable 
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The cold dark matter cosmogony 

 Main successes of the CDM cosmogony: 

1.  CMB temperature anisotropies  
      (predicted 1982; discovered 1993) 

2. Galaxy formation and clustering  

(Clustering predicted early 80s; measured 90s: QDOT, APM, 
2dFGRS, SDSS) 

(Galaxy formation modelled/measured 90s: HST) 
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Temperature anisotropies in CMB  

Peebles & Yu ‘70;  Peebles‘82  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 
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Planck temp anisotropies in CMB 

Planck collaboration ‘13 

Amplitude of fluctuations at z~ 1000 

ΛCDM  The data confirm  
the theoretical 
predictions     
(linear theory)  

Peebles ‘82; Bond & 
Efstathiou ‘80s 
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Planck temp anisotropies in CMB 

Planck collaboration ‘13 

Amplitude of fluctuations at z~ 1000 
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Galaxy formation & clustering 

Two parts:  

Dark matter halo formation & clustering 

Gasdynamics, star formation, feedback, etc 
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0.5 Mpc/h 

Simulations give a full 
characterization of the 

(hierarchical) 
clustering of cold dark 
matter on large and 

small scales.  

The Millennium/Aquarius simulation series 

Springel et al ‘05, ‘08 



University of Durham 

Institute for Computational Cosmology 

0.5 Mpc/h 

The Millennium/Aquarius simulation series 

Springel et al ‘05, ‘08 

Halo mass function 

ΛCDM z=0 
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substructure of CDM 
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The Density Profile of Cold Dark 
Matter Halos 

Shape of halo profiles 
~independent of halo mass & 

cosmological parameters 

  Density profiles are “cuspy” 
no  `core’ near the centre 

Fitted by simple formula:  
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The Millennium/Aquarius simulation series 

0.5 Mpc/h 

Dark halos 
(const M/L) 

galaxies 

photoionization + SN feedback 

AGN feedback 

The halo mass 
function and 
the galaxy 
luminosity 

function have 
different 
shapes 

Complicated 
variation of M/L 
with halo mass 

White & Frenk ‘91; Kauffmann et al ‘93; Cole et al ‘94, 00; 
Benson et al ’03; Croton et al ‘05; Bower et al. ’06  Springel et al ‘05, ‘08 
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z = 0   Dark Matter 

The Virgo Consortium 
Springel et al 05 
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z = 0   Galaxy light 



Springel, Frenk & White  
Nature, April ‘06 
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Gas simulations of galaxy 
populations 

§  New generation of gasdynamic simulations of cosmologically 
representative volumes (~100 Mpc)3 produce realistic galaxies 

§  Slower, much less resolution/volume than semianalytics but do 
not assume spherical symmetry and follow evol. of gas in detail  
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

2dFGRS 
z=0 

Sanchez et al 06 

⇒ ΛCDM provides an 
excellent description of 
mass power spectrum 

from 10-1000 Mpc 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 
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The Characterization of the Gamma-Ray Signal from the Central Milky Way:

A Compelling Case for Annihilating Dark Matter
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Past studies have identified a spatially extended excess of ⇠1-3 GeV gamma rays from the region
surrounding the Galactic Center, consistent with the emission expected from annihilating dark mat-
ter. We revisit and scrutinize this signal with the intention of further constraining its characteristics
and origin. By applying cuts to the Fermi event parameter CTBCORE, we suppress the tails of
the point spread function and generate high resolution gamma-ray maps, enabling us to more easily
separate the various gamma-ray components. Within these maps, we find the GeV excess to be
robust and highly statistically significant, with a spectrum, angular distribution, and overall nor-
malization that is in good agreement with that predicted by simple annihilating dark matter models.
For example, the signal is very well fit by a 31-40 GeV dark matter particle annihilating to bb̄ with
an annihilation cross section of �v = (1.4� 2.0)⇥ 10�26 cm3/s (normalized to a local dark matter
density of 0.3 GeV/cm3). Furthermore, we confirm that the angular distribution of the excess is
approximately spherically symmetric and centered around the dynamical center of the Milky Way
(within ⇠0.05� of Sgr A⇤), showing no sign of elongation along or perpendicular to the Galactic
Plane. The signal is observed to extend to at least ' 10� from the Galactic Center, disfavoring the
possibility that this emission originates from millisecond pulsars.

PACS numbers: 95.85.Pw, 98.70.Rz, 95.35.+d; FERMILAB-PUB-14-032-A, MIT-CTP 4533

I. INTRODUCTION

Weakly interacting massive particles (WIMPs) are a
leading class of candidates for the dark matter of our uni-
verse. If the dark matter consists of such particles, then
their annihilations are predicted to produce potentially
observable fluxes of energetic particles, including gamma
rays, cosmic rays, and neutrinos. Of particular interest
are gamma rays from the region of the Galactic Center
which, due to its proximity and high dark matter density,
is expected to be the brightest source of dark matter an-
nihilation products on the sky, hundreds of times brighter
than the most promising dwarf spheroidal galaxies.

Over the past few years, several groups analyzing data
from the Fermi Gamma-Ray Space Telescope have re-
ported the detection of a gamma-ray signal from the in-
ner few degrees around the Galactic Center (correspond-
ing to a region several hundred parsecs in radius), with a
spectrum and angular distribution compatible with that
anticipated from annihilating dark matter particles [1–7].
More recently, this signal was shown to also be present
throughout the larger Inner Galaxy region, extending
kiloparsecs from the center of the Milky Way [8, 9]. While
the spectrum and morphology of the Galactic Center and
Inner Galaxy signals have been shown to be compatible
with that predicted from the annihilations of an approx-
imately 30-40 GeV WIMP annihilating to quarks (or a
⇠7-10 GeV WIMP annihilating significantly to tau lep-

tons), other explanations have also been proposed. In
particular, it has been argued that if our galaxy’s central
stellar cluster contains several thousand unresolved mil-
lisecond pulsars, they might be able to account for the
emission observed from the Galactic Center [2, 4–7, 10].
The realization that this signal extends well beyond the
boundaries of the central stellar cluster [8, 9] disfavors
such interpretations, however. In particular, pulsar pop-
ulation models capable of producing the observed emis-
sion from the Inner Galaxy invariably predict that Fermi

should have resolved a much greater number of such ob-
jects. Accounting for this constraint, Ref. [11] concluded
that no more than ⇠5-10% of the anomalous gamma-
ray emission from the Inner Galaxy can originate from
pulsars. Furthermore, while it has been suggested that
the Galactic Center signal might result from cosmic-ray
interactions with gas [2, 4–6], the analyses of Refs. [12]
and [13] find that measured distributions of gas provide
a poor fit to the morphology of the observed signal. It
also appears implausible that such processes could ac-
count for the more spatially extended emission observed
from throughout the Inner Galaxy.

In this study, we revisit the anomalous gamma-ray
emission from the Galactic Center and the Inner Galaxy
regions and scrutinize the Fermi data in an e↵ort to con-
strain and characterize this signal more definitively, with
the ultimate goal being to confidently determine its ori-
gin. One way in which we expand upon previous work
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DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS
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ABSTRACT

We detect a weak unidentified emission line at E = (3.55 − 3.57) ± 0.03 keV in a stacked XMM
spectrum of 73 galaxy clusters spanning a redshift range 0.01 − 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3σ statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ∼ 1 eV) and located
within 50–110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with ms = 2E = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin2(2θ) ≈ 7× 10−11, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model,
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Arxvii dielectronic recombination line, although
its emissivity would have to be 30 times the expected value and physically difficult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by factor 10–20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line.

1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot in-
tergalactic gas and dark matter. The gas is enriched
with heavy elements (Mitchell et al. (1976); Serlemitsos
et al. (1977) and later works) that escape from galaxies
and accumulate in the intracluster/intergalactic medium
(ICM) over billions of years of galactic and stellar evo-
lution. The presence of various heavy ions is seen from
their emission lines in the cluster X-ray spectra. Data
from large effective area telescopes with spectroscopic ca-
pabilities, such as ASCA, Chandra, XMM-Newton and
Suzaku, uncovered the presence of many elements in the
ICM, including O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
(for a review see, e.g., Böhringer & Werner 2010). Re-
cently, weak emission lines of low-abundance Cr and Mn
were discovered (Werner et al. 2006; Tamura et al. 2009).
Relative abundances of various elements contain valuable
information on the rate of supernovae of different types in
galaxies (e.g., Loewenstein 2013) and illuminate the en-
richment history of the ICM (e.g., Bulbul et al. 2012b).
Line ratios of various ions can also provide diagnostics
of the physical properties of the ICM, uncover the pres-
ence of multi-temperature gas, nonequilibrium ionization

ebulbul@cfa.harvard.edu

states and nonthermal emission processes such as charge
exchange (Paerels & Kahn 2003).
As for dark matter, 80 years from its discovery by

(Zwicky 1933, 1937), its nature is still unknown (though
now we do know for sure it exists — from X-ray and
gravitational-lensing observations of the Bullet Cluster,
Clowe et al. (2006), and we know accurately its cosmo-
logical abundance, e.g., Hinshaw et al. (2013)). Among
the various plausible dark matter candidates, one that
has motivated our present work is the hypothetical ster-
ile neutrino that is included in some extensions to the
standard model of particle physics (Dodelson & Widrow
(1994) and later works; for recent reviews see, e.g.,
Abazajian et al. (2007); Boyarsky et al. (2009)). Ster-
ile neutrinos should decay spontaneously with the rate

Γγ(ms, θ) = 1.38× 10−29 s−1

(

sin2 2θ

10−7

)

( ms

1 keV

)5
,

(1)
where the particle mass ms and the “mixing angle” θ
are unknown but tied to each other in any particular
neutrino production model (Pal & Wolfenstein 1982).
The decay of sterile neutrino should produce a photon of
E = ms/2 and an active neutrino. The mass of the ster-
ile neutrino may lie in the keV range, which would place
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An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster
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Instituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands

Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switzerland
Bogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03680, Kyiv, Ukraine

National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
Leiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

We identify a weak line at keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.

The nature of dark matter (DM) is a question of crucial im-
portance for both cosmology and for fundamental physics. As
neutrinos – the only known particles that could be dark mat-
ter candidates – are known to be too light to be consistent with
various observations (see e.g. [1] for a review), it is widely an-
ticipated that a new particle should exist to extend the hot Big
Bang cosmology paradigm to dark matter. Although many
candidates have been put forward by particle physicists (see
e.g. [2]), little is known experimentally about the properties
of DM particles: their masses, lifetimes, and interaction types
remain largely unconstrained. A priori, a given DM candidate
can possess a decay channel if its lifetime exceeds the age
of the Universe. Therefore, the search for a DM decay signal
provides an important test to constrain the properties of DM in
a model-independent way. For fermionic particles, one should
search above the Tremaine-Gunn limit [3] ( ). If the
mass is below , such a fermion can decay to neutrinos
and photons, and we can expect two-body radiative decay with
photon energy DM. Such particles can be searched
for in X-rays (see [4] for review of previous searches). For
each particular DM model, the particle’s mass, lifetime and
other parameters are related by the requirement to provide the
correct DM abundance. For example, for one very interesting
DM candidate – the right-handed neutrino – this requirement
restricts the mass range to [4, 5]. A large part
of the available parameter space for sterile neutrinos is fully
consistent with all astrophysical and cosmological bounds [6],
and it is important to probe it still further.

The DM decay line is much narrower than the spectral res-
olution of the present day X-ray telescopes and, as previous
searches have shown, should be rather weak. The X-ray spec-
tra of astrophysical objects are crowded with weak atomic and
instrumental lines, not all of which may be known. Therefore,
even if the exposure of available observations continues to in-
crease, it is hard to exclude an astrophysical or instrumental
origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra
of a number of different objects, and its surface brightness and
relative normalization between objects is consistent with the
expected behavior of the DM signal, this can provide much
more convincing evidence about its nature.

The present paper takes a step in this direction. We present
the results of the combined analysis of many XMM-Newton
observations of two objects at different redshifts – the Perseus
cluster and the Andromeda galaxy (M31) – together with a
long exposure “blank sky” dataset. We study the 2.8–8 keV
energy band and show that the only significant un-modeled
excess that is present in the spectra of both M31 and Perseus
is located at keV energy and the line in Perseus is cor-
rectly redshifted as compared to Andromeda (at 95% CL). The
relative fluxes for the two objects are in agreement with what
is known about their DM distributions. We also study sur-
face brightness profiles of this line and find them consistent
with expectations for a DM decay line. We do not detect such
a line in the very deep “blank sky” dataset, which disfavors
some of the scenarios for its instrumental origin (e.g. features
in the effective area). The upper bound from this dataset is
consistent with expectations for a DM signal that would come
in this case primarily from the Milky Way halo. However, as
the line is weak ( in the combined dataset) and the uncer-
tainties in DM distribution are significant, positive detections
or strong constraints from more objects are clearly needed in
order to determine the nature of this signal.1

Below we summarize the details of our data analysis and then

1 During our work we became aware that a similar analysis has been carried
out by different group for a collection of galaxy clusters. When this paper
was in preparation, the arXiv preprint [7] by this group appeared, claim-
ing a detection of a spectral feature at the same energy from a number of
clusters.
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We identify a weak line at keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.

The nature of dark matter (DM) is a question of crucial im-
portance for both cosmology and for fundamental physics. As
neutrinos – the only known particles that could be dark mat-
ter candidates – are known to be too light to be consistent with
various observations (see e.g. [1] for a review), it is widely an-
ticipated that a new particle should exist to extend the hot Big
Bang cosmology paradigm to dark matter. Although many
candidates have been put forward by particle physicists (see
e.g. [2]), little is known experimentally about the properties
of DM particles: their masses, lifetimes, and interaction types
remain largely unconstrained. A priori, a given DM candidate
can possess a decay channel if its lifetime exceeds the age
of the Universe. Therefore, the search for a DM decay signal
provides an important test to constrain the properties of DM in
a model-independent way. For fermionic particles, one should
search above the Tremaine-Gunn limit [3] ( ). If the
mass is below , such a fermion can decay to neutrinos
and photons, and we can expect two-body radiative decay with
photon energy DM. Such particles can be searched
for in X-rays (see [4] for review of previous searches). For
each particular DM model, the particle’s mass, lifetime and
other parameters are related by the requirement to provide the
correct DM abundance. For example, for one very interesting
DM candidate – the right-handed neutrino – this requirement
restricts the mass range to [4, 5]. A large part
of the available parameter space for sterile neutrinos is fully
consistent with all astrophysical and cosmological bounds [6],
and it is important to probe it still further.

The DM decay line is much narrower than the spectral res-
olution of the present day X-ray telescopes and, as previous
searches have shown, should be rather weak. The X-ray spec-
tra of astrophysical objects are crowded with weak atomic and
instrumental lines, not all of which may be known. Therefore,
even if the exposure of available observations continues to in-
crease, it is hard to exclude an astrophysical or instrumental
origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra
of a number of different objects, and its surface brightness and
relative normalization between objects is consistent with the
expected behavior of the DM signal, this can provide much
more convincing evidence about its nature.

The present paper takes a step in this direction. We present
the results of the combined analysis of many XMM-Newton
observations of two objects at different redshifts – the Perseus
cluster and the Andromeda galaxy (M31) – together with a
long exposure “blank sky” dataset. We study the 2.8–8 keV
energy band and show that the only significant un-modeled
excess that is present in the spectra of both M31 and Perseus
is located at keV energy and the line in Perseus is cor-
rectly redshifted as compared to Andromeda (at 95% CL). The
relative fluxes for the two objects are in agreement with what
is known about their DM distributions. We also study sur-
face brightness profiles of this line and find them consistent
with expectations for a DM decay line. We do not detect such
a line in the very deep “blank sky” dataset, which disfavors
some of the scenarios for its instrumental origin (e.g. features
in the effective area). The upper bound from this dataset is
consistent with expectations for a DM signal that would come
in this case primarily from the Milky Way halo. However, as
the line is weak ( in the combined dataset) and the uncer-
tainties in DM distribution are significant, positive detections
or strong constraints from more objects are clearly needed in
order to determine the nature of this signal.1

Below we summarize the details of our data analysis and then

1 During our work we became aware that a similar analysis has been carried
out by different group for a collection of galaxy clusters. When this paper
was in preparation, the arXiv preprint [7] by this group appeared, claim-
ing a detection of a spectral feature at the same energy from a number of
clusters.
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àSubgalactic scales  

   (strongly non-linear)  

Astrophysical key to identity of dark matter: 
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 
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Four problems on small scales 

1. The “core-cusp” problem  

2. The “missing satellites” problem 

3. The “too-big-to-fail” problem 

4. The “satellite disk” problem 

Traditionally ascribed to CDM: 
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CDM ruled out? 
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Four problems on small scales 

Can these help distinguish between CDM & WDM? 

1. The “core-cusp” problem  

2. The “missing satellites” problem 

3. The “too-big-to-fail” problem 

4. The “satellite disk” problem 

Traditionally ascribed to CDM: 
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• cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Theuns  ‘12 

The core-cusp problem 

“Core-cusp” problem:  

CDM & WDM halos & subhalos have cuspy profiles 

BUT: kinematical data “show” that the dwarf satellites 
of the Milky Way have cores 
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The “missing satellites” problem 
in CDM 

The	
  satellites	
  of	
  the	
  MW	
   Dark	
  ma8ter	
  subhalos	
  in	
  CDM	
  

• Why are most subhalos  
dark? 

“Missing satellites” problem:  

The Milky way has only about 25 satellites 

BUT: CDM halos have a very large number of 
subhalos   
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The “too-big-to-fail” problem 

The	
  satellites	
  of	
  the	
  MW	
   Dark	
  ma8ter	
  subhalos	
  in	
  CDM	
  

• Why did these not make a 
galaxy? 

Vc =
GM
r

“Too-big-to-fail” problem:  

Milky way has only  3 satellites with Vmax>30 km/s 

BUT:  CDM has ~10 subhalos with Vmax>30 km/s 

V max = max Vc 



University of Durham 

Institute for Computational Cosmology 

The “satellite disk” problem 

MW satellites  

Direction of ang. mom. Milky Way 

Lynden-Bell ‘76 
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cold dark matter warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Theuns  ‘12 

The core-cusp problem 

No real evidence for cores 
at least in the dwarf satellites of the Milky Way 
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Sculptor 

Leo I 

Sagittarius 
Sextans 

Dwarf galaxies around the Milky Way 

Carina 

Fornax 

Many claims that dwarf spheroidal  satellites have density cores 
• e.g. Gilmore et al. ’07, Kuzio de Naray ’08 and many more 
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Sculptor 

Leo I 

Sagittarius 
Sextans 

Dwarf galaxies around the Milky Way 

Carina 

Fornax 
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The DM halo of the Sculptor dwarf  

Sculptor has two  stellar pops:   

(i) centrally concentrated, high 
[Fe/H] 

(ii) extended, low [Fe/H] 

High [Fe/H] 

Low [Fe/H] 

€ 

M(< r) = µ
r <σ los

2 >
G

Walker ‘10; Wolf et al ‘10à 
if r=r1/2 , µ=2.5, independently of 

model assumptions! 

Core 
Cusp 

Sculptor data seem 
to require a core! 
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The DM halo of the Sculptor dwarf  

Surface density 

Velocity dispersion 

metal poor metal rich  

metal poor  

metal rich  
Data consistent with two populations in 

equilibrium in NFW halo 

Strigari, Frenk & White ‘14 

Dynamical models for the Sculptor dwarf spheroidal in a ΛCDM universe 7

then insert the half-light radius and velocity dispersion ob-
tained for each population into the mass estimator proposed
by Walker et al. (2009):

Mh = M(Rh) = 2.5⟨σ2
los⟩Rh/G, (21)

which gives the mass, Mh, inside a sphere with radius equal
to the projected half-light radius, Rh, in terms of the mea-
sured velocity dispersion, σ2

los, and Rh
1. The derived in-

crease in estimated mass between the two values of Rh ap-
pears too large to be consistent with an NFW profile and
is close to that expected for a constant density core. WP11
conclude that NFW is excluded at the 99% c.l.

This conclusion is incompatible with our own, based
on the B08 data. In Fig. 4 we show the results of WP11
in the (Rh, Mh) plane, together with lines corresponding
to M ∝ rγ , with γ = 2 and γ = 3. Clearly, these results
agree much better with the dotted line representing a core
than with the dashed line representing an NFW cusp. Our
distribution function based MCMC analysis allows us to re-
construct Rh and Mh for all models consistent with the B08
data and residing in an NFW potential. Solid red and blue
contours in Fig. 4 give the 68% and 90% confidence regions
for the metal-rich and metal-poor populations respectively.
As expected, the centre points of these contours define a
slightly shallower slope than the dashed line since γ = 2
only in the innermost regions of an NFW profile. The half-
light radii found for the MR and MP populations in the two
analyses agree well but there is a clear offset in the derived
Mh values, although the contours do overlap. Hence, fitting
our models to the B08 data has resulted in lower velocity
dispersions for the MP and higher velocity dispersions for
the MR than estimated by WP11 from their own data.

This discrepancy could reflect differences in analysis or
between the B08 and WP11 datasets. To investigate this
further we compare in Fig. 5 the (Rh,σlos) values inferred for
the two underlying populations byWP11 with those inferred
directly for the observed populations from the B08 data. We
obtain the latter by numerically integrating the count and
velocity dispersion data shown in Fig. 1. Although the values
of Rh obtained from the two datasets agree well, the value
of σlos in WP11 is noticeably lower for the MR population,
and is noticeably higher for the MP population than in B08.
The shifts, however, are at the 1σ level. Some shift may be
expected because the two observed populations of B08 may
mix the two underlying populations of WP11, but it cannot
be large given the excellent agreement in the characteristic
radii inferred from the two studies.

Fig. 5 also shows contours from our MCMC analysis
constrained to fit both B08 populations in a single NFW
potential. The prior imposed by this constraint biases the
σlos estimate high by about 0.5σ for the MR population
and low by about 1σ for the MP population, thus enhancing
the offset from the WP11 estimates. Hence, the differing
conclusions in WP11 and in this paper are due, in part, to
differences in the data analyzed and, in part, to a difference
in the statistical question addressed: WP11 ask which profile
slope best fits their estimated (Rh,σlos) values, whereas we

1 This estimator is constructed to be only weakly sensitive to
the details of the density and velocity anisotropy profiles (see
also Wolf et al. 2010)
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Figure 4. Constraints from WP11 and from the models of this
paper in the (Rh,Mh) plane. The two straight lines and the con-
tours traced by open circles are taken directly from Figure 10
of WP11 and indicate M ∝ rα with α = 2, 3 and the 50% c.l.
regions given by their MCMC analysis for the parameters of the
two underlying populations. For comparison, the solid contours
show 68% and 90% c.l. regions from our own MCMC chains con-
strained by the B08 data and assuming both populations to be
in equilibrium within a single NFW potential.
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Figure 5. Overall light-weighted line-of-sight velocity dispersion
vs projected half-light radius. The dots linked by a solid line cor-
respond to the B08 MR and MP populations and the dots linked
by a dotted line to the two WP11 populations. The contours are
68% and 90% c.l. from MCMC chains for our stellar distribution
function models constrained by the B08 data and required to be
in equilibirum in a single NFW potential.

ask whether the B08 observations are able to exclude an
NFW potential.

An additional uncertainty in the approach of WP11
comes from the assumption that the coefficient in Eqn. 21
is independent of the detailed structure of each compo-
nent. We checked the relation between Mh, Rh, and σlos

for the MR and MP populations in the model of Fig. 1,

Core 

Cusp 

WP ‘11 

Strigari et al ‘15 

Distribution function 
analysis 
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•  Assume isotropic orbits 

•  Solve for σr (r) 

•  Compare with observed σr (r) 

•  Find “best fit” subhalo 

Dwarf sphs: cores or cusps? 

€ 

GM(r)
r

= −σ r
2 d lnρ*
d ln r

+
d lnσ r

2

d ln r
+ 2β

& 

' 
( 

) 

* 
+ 

Jeans eqn: 

from Aquarius sim vel. anisotropy 
Cuspy! 

Fits assuming NFW à  
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Cores or cusps in the dwarf 
sph. satellites of the MW? 

When sufficiently general models are considered, even best 
data cannot distinguish cores from NFW cusps  
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Cores in field dwarf galaxies   

DDO154 Moore ‘94 
CDM 

V
c 
[k

m
/s

] 
V

c 
[k

m
/s

] 

r [kpc] r [kpc] 

Hα rotation curves 

à core radii 
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Rapid ejection of gas 
during starburst à a 
core in the halo dark 
matter density profile  

Baryon effects in the MW satellites  

Let gas cool and 
condense to the 
galactic centre   

à gas self-gravitating 
à star formation/burst 

 

Navarro, Eke, Frenk ‘96 

Pontzen & Governato ‘12 
Brooks et al. ‘12 

Governato et al. ‘12 

Navarro, Eke, Frenk ‘96 
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Cores in dwarf galaxies   

DDO154 

Moore ‘94 

CDM 

V
c 
[k

m
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] 
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DDO154 

Gelato et al ‘00 

CDM 
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Cores in dwarf galaxies   

Can this explain extreme cases like IC2574 à rcore= 5kpc? 
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35 minutes to here 
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Four problems on small scales 

Can these help distinguish between CDM & WDM? 

1. The “core-cusp” problem  

2. The “missing satellites” problem 

3. The “too-big-to-fail” problem 

4. The “satellite disk” problem 

Traditionally ascribed to CDM: 
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The “missing satellites” problem 
in CDM 

The	
  satellites	
  of	
  the	
  MW	
   Dark	
  ma8ter	
  subhalos	
  in	
  CDM	
  

• Why are most suhbhalos 
dark? 
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•  Reionization heats gas above Tvir, preventing it 
from cooling and forming stars in small halos 

•    Supernovae feedback expels residual gas  

Most subhalos never make a galaxy!  

Making a galaxy in a small halo is hard because:  
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 



The	
  “Evolu@on	
  and	
  assembly	
  of	
  galaxies	
  
and	
  their	
  environment”	
  (EAGLE)	
  

simula@on	
  project	
  

Durham:	
  Richard	
  Bower,	
  Michelle	
  Furlong,	
  Carlos	
  Frenk,	
  Ma8hieu	
  Schaller,	
  James	
  
Trayford,	
  Yel@	
  Rosas-­‐Guevara,	
  Tom	
  Theuns,	
  Yan	
  Qu,	
  John	
  Helly,	
  Adrian	
  Jenkins.	
  

Leiden:	
  Rob	
  Crain,	
  Joop	
  Schaye.	
  
Other:	
  Claudio	
  Dalla	
  Vecchia,	
  Ian	
  McCarthy,	
  Craig	
  Booth…	
  

+	
  Virgo	
  Consor@um	
  



• Dwarf galaxies are 
stripped of gas by 
the ram pressure 
that results from  
interaction with the 
pancake.  
• This process is 
especially effective 
in dwarf galaxies, 
since ram pressure 
scales like ρpVp

2 
whereas the 
pressure that holds 
gas in a halo 
scales like ρgalVvir

2   

Fattahi et al 2014 LG-Fattahi’14 

EAGLE full hydro Local Group simulations 
Dark matter Gas Stars 



EAGLE full 
hydro 

simulations 

Local Group 

Sawala et al ‘14 



• Sawala et al ‘14 

EAGLE full 
hydro 

simulations 

Local Group 

Far fewer satellite galaxies than CDM halos 
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EAGLE Local Group simulation 

Subhalo mass functions 

Sawala et al ‘14 

Dark matter 
subhalos 
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EAGLE Local Group simulation 

Milky Way 

M31 

Local 
volume 

Dark matter 
subhalos 

Stellar mass functions 

Sawala et al ‘14 
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Local 
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EAGLE Local Group simulation 

Milky Way 

M31 

Local 
volume 

Dark matter 
subhalos 

Stellar mass functions 

Sawala et al ‘14 
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 No, when galaxy formation is taken into account!  

Is there a “satellite problem” in CDM? 
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 Potentially!  

Is there a “satellite problem” in WDM? 
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Warm DM: different ν mass 

1.4keV	
  

1.6keV	
  2.0keV,	
  2.3keV	
  

z=3	
  

WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

WDM	
  

CDM	
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warm dark matter  

Tests of the nature of the DM  

If the halo mass is too small 
and/or the WDM particle mass 
is too small, there will not be 

enough subhalos to account for 
the observed satellites!   

 è lower limit on mwdm > 3 keV 

 è lower limit if Mhalo>1.1x1012 Mo 

Kennedy, Cole & Frenk ‘13 
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45 minutes to here 
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Four problems on small scales 

Can these help distinguish between CDM & WDM? 

1. The “core-cusp” problem  

2. The “missing satellites” problem 

3. The “too-big-to-fail” problem 

4. The “satellite disk” problem 

Traditionally ascribed to CDM: 
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The “too-big-to-fail” problem 

The	
  satellites	
  of	
  the	
  MW	
   Dark	
  ma8ter	
  subhalos	
  in	
  CDM	
  

MW has only 3 satellites 
with Vmax>30 km/s 

(LMC, SMC, Sgr) 

CDM has ~10 subhalos with 
Vmax>30 km/s 

• Why did these not make a 
galaxy? 

Vc =
GM
r

V max = max Vc 



Rotation curves of Aquarius subhalos  
Boylan-Kolchin et al. ‘11 

9 dwarf 
satellites of 
Milky Way: 
mass within 

half-light 
radius  

Excludes 
LMC, SMC, 
Sagittarius 

€ 

Vc =
GM
r



Lovell, Eke, Frenk, Gao, 
Jenkins,  Wang, White, Theuns, 

Boyarski & Ruchayskiy  ‘11 

30 km/s 

Vcirc within r1/2   
MW satellites 

V (r)c =
GM (r)
r



30 km/s 

Vcirc within r1/2   
MW satellites 



Rotation curves of Aquarius subhalos  
Boylan-Kolchin et al. ‘11 

9 dwarf 
satellites of 
Milky Way: 
mass within 

half-light 
radius  

Excludes 
LMC, SMC, 
Sagittarius 
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To-big-to-fail in CDM: baryon effects 

Vmax
hydro /Vmax

DMO
Reduction in Vmax due to 

SN feedback: 

à Lowers halo mass & 
thus halo growth rate  

Sawala et al. ‘13, ‘14 

CDM 
Vc =

GM
r

V max = max Vc 
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Too-big-to-fail: the baryon bailout 

V
c 
(k

m
/s

) DM-only 
simulation 

Sawala et al.  ‘14 Number of subhalos of given Vmax  is greatly 
reduced in gas simulations 

r (kpc) r (kpc) 

Gas 
simulation 
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DM only sims à ~10 halos 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 
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Satelite Vmax functions 

Subhalos in 
dark matter 
only LG sim.  
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Hydro sims à ~3 satellites 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 

Satelite Vmax functions 

Sats in 
gas sim  

“M31, MW” 
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Subhalos in 
dark matter 
only LG sim.  
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Satellite 
galaxies 

… and with correct Vmax function! 

Hydro sims à ~3 satellites 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 
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Satelite Vmax functions 

Subhalos in 
dark matter 
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Four problems on small scales 

Can these help distinguish between CDM & WDM? 

1. The “core-cusp” problem  

2. The “missing satellites” problem 

3. The “too-big-to-fail” problem 

4. The “satellite disk” problem 

Traditionally ascribed to CDM: 
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LG simulations 

Direction of ang. mom 

MW satellites  

Direction of ang. mom. 

The “satellite disk” problem 

Lynden-Bell ‘76 
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The “satellite disk” problem 

sphere 

oblate 

MW 

M31 

11 brightest satellites in MW 
make up a “great pancake” 

1/12 LG simulations ≅	
 MW	
  

Libeskind et al ’05; Wang et al ’12; Ibata ‘14 
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Conclusions 
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Conclusions 
 

•  ΛCDM: great success on scales > 1Mpc: CMB, LSS, gal evolution 

•  But on these scales ΛCDM cannot be distinguished from WDM 

•  The identity of the DM makes a big difference on small scales 

Four “problems” on small scales: 

1.  Core-cusp:   Not a problem? (Baryon effects?) 

2.  Abundance of sats:  CDM OK; WDM OK if mWDM> 3 KeV  

3.  Too-big-to-fail: CDM, WDM OK 

4.   Disk of satellites: CDM, WDM OK 
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Conclusions 

The four “problems” of CDM on small scales identified in 
dark matter only simulations: 

Are not there when when galaxy formation 
is taken into account!  

1.  Core-cusp 

2.  Missing satellites 

3.  Too-big-to-fail 

4.  Disk of satellites 
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ABSTRACT

We detect a weak unidentified emission line at E = (3.55 − 3.57) ± 0.03 keV in a stacked XMM
spectrum of 73 galaxy clusters spanning a redshift range 0.01 − 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3σ statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ∼ 1 eV) and located
within 50–110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with ms = 2E = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin2(2θ) ≈ 7× 10−11, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model,
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Arxvii dielectronic recombination line, although
its emissivity would have to be 30 times the expected value and physically difficult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by factor 10–20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line.

1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot in-
tergalactic gas and dark matter. The gas is enriched
with heavy elements (Mitchell et al. (1976); Serlemitsos
et al. (1977) and later works) that escape from galaxies
and accumulate in the intracluster/intergalactic medium
(ICM) over billions of years of galactic and stellar evo-
lution. The presence of various heavy ions is seen from
their emission lines in the cluster X-ray spectra. Data
from large effective area telescopes with spectroscopic ca-
pabilities, such as ASCA, Chandra, XMM-Newton and
Suzaku, uncovered the presence of many elements in the
ICM, including O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
(for a review see, e.g., Böhringer & Werner 2010). Re-
cently, weak emission lines of low-abundance Cr and Mn
were discovered (Werner et al. 2006; Tamura et al. 2009).
Relative abundances of various elements contain valuable
information on the rate of supernovae of different types in
galaxies (e.g., Loewenstein 2013) and illuminate the en-
richment history of the ICM (e.g., Bulbul et al. 2012b).
Line ratios of various ions can also provide diagnostics
of the physical properties of the ICM, uncover the pres-
ence of multi-temperature gas, nonequilibrium ionization

ebulbul@cfa.harvard.edu

states and nonthermal emission processes such as charge
exchange (Paerels & Kahn 2003).
As for dark matter, 80 years from its discovery by

(Zwicky 1933, 1937), its nature is still unknown (though
now we do know for sure it exists — from X-ray and
gravitational-lensing observations of the Bullet Cluster,
Clowe et al. (2006), and we know accurately its cosmo-
logical abundance, e.g., Hinshaw et al. (2013)). Among
the various plausible dark matter candidates, one that
has motivated our present work is the hypothetical ster-
ile neutrino that is included in some extensions to the
standard model of particle physics (Dodelson & Widrow
(1994) and later works; for recent reviews see, e.g.,
Abazajian et al. (2007); Boyarsky et al. (2009)). Ster-
ile neutrinos should decay spontaneously with the rate

Γγ(ms, θ) = 1.38× 10−29 s−1

(

sin2 2θ

10−7

)

( ms

1 keV

)5
,

(1)
where the particle mass ms and the “mixing angle” θ
are unknown but tied to each other in any particular
neutrino production model (Pal & Wolfenstein 1982).
The decay of sterile neutrino should produce a photon of
E = ms/2 and an active neutrino. The mass of the ster-
ile neutrino may lie in the keV range, which would place
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An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster
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We identify a weak line at
keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy

cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray

observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.

Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is

stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep

“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due

to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line

originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple

astrophysical targets may help to reveal its nature.
The nature of dark matter (DM) is a question of crucial im-

portance for both cosmology and for fundamental physics. As

neutrinos – the only known particles that could be dark mat-

ter candidates – are known to be too light to be consistent with

various observations (see e.g. [1] for a review), it is widely an-

ticipated that a new particle should exist to extend the hot Big

Bang cosmology paradigm to dark matter. Although many

candidates have been put forward by particle physicists (see

e.g. [2]), little is known experimentally about the properties

of DM particles: their masses, lifetimes, and interaction types

remain largely unconstrained. A priori, a given DM candidate

can possess a decay channel if its lifetime exceeds the age

of the Universe. Therefore, the search for a DM decay signal

provides an important test to constrain the properties of DM in

a model-independent way. For fermionic particles, one should

search above the Tremaine-Gunn limit [3] (
). If the

mass is below
, such a fermion can decay to neutrinos

and photons, and we can expect two-body radiative decay with

photon energy
DM . Such particles can be searched

for in X-rays (see [4] for review of previous searches). For

each particular DM model, the particle’s mass, lifetime and

other parameters are related by the requirement to provide the

correct DM abundance. For example, for one very interesting

DM candidate – the right-handed neutrino – this requirement

restricts the mass range to
[4, 5]. A large part

of the available parameter space for sterile neutrinos is fully

consistent with all astrophysical and cosmological bounds [6],

and it is important to probe it still further.
The DM decay line is much narrower than the spectral res-

olution of the present day X-ray telescopes and, as previous

searches have shown, should be rather weak. The X-ray spec-

tra of astrophysical objects are crowded with weak atomic and

instrumental lines, not all of which may be known. Therefore,

even if the exposure of available observations continues to in-

crease, it is hard to exclude an astrophysical or instrumental

origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra

of a number of different objects, and its surface brightness and

relative normalization between objects is consistent with the

expected behavior of the DM signal, this can provide much

more convincing evidence about its nature.
The present paper takes a step in this direction. We present

the results of the combined analysis of many XMM-Newton

observations of two objects at different redshifts – the Perseus

cluster and the Andromeda galaxy (M31) – together with a

long exposure “blank sky” dataset. We study the 2.8–8 keV

energy band and show that the only significant un-modeled

excess that is present in the spectra of both M31 and Perseus

is located at keV energy and the line in Perseus is cor-

rectly redshifted as compared to Andromeda (at 95% CL). The

relative fluxes for the two objects are in agreement with what

is known about their DM distributions. We also study sur-

face brightness profiles of this line and find them consistent

with expectations for a DM decay line. We do not detect such

a line in the very deep “blank sky” dataset, which disfavors

some of the scenarios for its instrumental origin (e.g. features

in the effective area). The upper bound from this dataset is

consistent with expectations for a DM signal that would come

in this case primarily from the Milky Way halo. However, as

the line is weak ( in the combined dataset) and the uncer-

tainties in DM distribution are significant, positive detections

or strong constraints from more objects are clearly needed in

order to determine the nature of this signal. 1
Below we summarize the details of our data analysis and then1 During our work we became aware that a similar analysis has been carried

out by different group for a collection of galaxy clusters. When this paper

was in preparation, the arXiv preprint [7] by this group appeared, claim-

ing a detection of a spectral feature at the same energy from a number of

clusters.
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Past st
udies h

ave identifi
ed a spatial

ly extend
ed excess

of ⇠1-3 GeV gamma rays fro
m the region

surroun
ding the Galactic

Center
, consis

tent wi
th the em

ission expecte
d from annihil

ating dark mat-

ter. W
e revisi

t and scrutin
ize this

signal w
ith the inte

ntion of furth
er cons

trainin
g its char

acterist
ics

and origin.
By applyin

g cuts to the Fermi event parameter CTBC
ORE, we

suppre
ss the tails of

the poi
nt spre

ad functio
n and generat

e high
resolut

ion gamma-ray maps, en
abling

us to more eas
ily

separat
e the various

gamma-ray component
s. Within these maps, we

find the GeV excess
to be

robust
and highly

statisti
cally signific

ant, wi
th a spectru

m, angul
ar distribu

tion, a
nd overall

nor-

malizatio
n that is

in good agreem
ent wit

h that pr
edicted

by simple ann
ihilatin

g dark matter m
odels.

For exa
mple, the

signal i
s very

well fit
by a 31-40 GeV dark matter p

article
annihil

ating to b̄b with

an annihil
ation cross se

ction of �v = (1.4� 2.0)⇥ 10
�2

6 cm
3/s (nor

malized to a local d
ark matter

density
of 0.3

GeV/cm
3 ). Furthe

rmore, we
confirm

that the angula
r distribu

tion of the
excess

is

approx
imately spheric

ally symmetric and centere
d around

the dynam
ical cen

ter of the
Milky Way

(within
⇠0.05

� of Sgr
A

⇤ ), show
ing no sign of elon

gation
along or perpen

dicular
to the Galactic

Plane.
The signal i

s obser
ved to extend

to at least
' 10

� from the Galactic
Center

, disfav
oring the

possibi
lity that th

is emission origina
tes from

milliseco
nd pulsars

.

PACS numbers: 95.85.P
w, 98.70

.Rz, 95.3
5.+d; FER

MILAB-PUB-14-0
32-A, MIT-CTP 4533

I. INTRODUCTION

Weakly interac
ting massive

particle
s (WIMPs) are a

leading
class of

candida
tes for t

he dark
matter of

our uni
-

verse. I
f the dark matter co

nsists o
f such particle

s, then

their annihil
ations

are predict
ed to produc

e potenti
ally

observa
ble flux

es of en
ergetic

particle
s, inclu

ding gamma

rays, co
smic rays, a

nd neutrin
os. Of partic

ular interest

are gamma rays from the region
of the

Galactic
Center

which,
due to

its prox
imity and high dark matter de

nsity,

is expe
cted to be the

brighte
st sourc

e of dar
k matter an

-

nihilati
on produc

ts on the sky
, hundr

eds of t
imes brigh

ter

than the most pro
mising dwarf s

pheroid
al galax

ies.

Over the
past few

years, s
everal g

roups a
nalyzin

g data

from the F

e

r

m

i

Gamma-Ray
Space

Telesco
pe have re-

ported
the detecti

on of a gamma-ray signal f
rom the in-

ner few
degrees

around
the Galactic

Center
(corres

pond-

ing to a region
several

hundre
d parsecs

in radius)
, with a

spectru
m and angular

distribu
tion compatible

with that

anticip
ated from annihil

ating d
ark matter pa

rticles [
1–7].

More recently
, this signal w

as shown
to also be present

through
out the larger

Inner Galaxy region,
extendi

ng

kilopar
secs fro

m the cen
ter of th

e Milky Way [8, 9
]. While

the spe
ctrum and morpholo

gy of the G
alactic

Center
and

Inner G
alaxy signals

have been shown
to be compatible

with that pr
edicted

from the ann
ihilatio

ns of an
approx

-

imately 30-40 GeV WIMP annihil
ating to quarks

(or a

⇠7-10 GeV WIMP annihil
ating signific

antly to tau lep-

tons),
other explana

tions have also been propose
d. In

particu
lar, it h

as been
argued

that if
our gal

axy’s c
entral

stellar
cluster

contain
s severa

l thous
and unresol

ved mil-

lisecond
pulsars

, they
might be able to accoun

t for the

emission observe
d from the Galactic

Center
[2, 4–7,

10].

The realizat
ion that th

is signa
l exten

ds well
beyond

the

bounda
ries of the

central
stellar

cluster
[8, 9] d

isfavors

such interpr
etation

s, howe
ver. In

particu
lar, pul

sar pop
-

ulation
models capable

of prod
ucing the observe

d emis-

sion from the Inn
er Galaxy invaria

bly predict
that Fe

r

m

i

should
have resolve

d a much greater
number of s

uch ob-

jects. A
ccounti

ng for this
constra

int, Re
f. [11] c

onclude
d

that no more than ⇠5-10%
of the anomalous gamma-

ray emission from the Inner Galaxy can origina
te from

pulsars
. Further

more, wh
ile it has been suggest

ed that

the Galactic
Center

signal m
ight res

ult from
cosmic-ray

interac
tions with gas [2, 4–6

], the analyse
s of Refs

. [12]

and [13] fin
d that m

easured
distribu

tions o
f gas p

rovide

a poor fit to the morpholo
gy of the

observe
d signal.

It

also appear
s implausib

le that such process
es could ac-

count f
or the

more spatiall
y extende

d emission observe
d

from through
out the

Inner G
alaxy.

In this study,
we revisit

the anomalous gamma-ray

emission from the Galactic
Center

and the Inn
er Galaxy

regions
and scrutin

ize the
F

e

r

m

i

data in an e↵ort t
o con-

strain and charact
erize th

is signa
l more defi

nitively
, with

the ultimate goal be
ing to confide

ntly determ
ine its ori-

gin. One way in which we expand
upon previou

s work
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Cold dark matter ? 

UK DM search 
(Boulby mine) 

Evidence for SUSY 

Annihilation radiation  

Direct detection  
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Warm dark matter ? 
Sterile neutrino detection possible  

Decay line in X-rays 

Constellation X 

Tritium β  - decay 
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cold dark matter 

Can we distinguish CDM/WDM?  

1. Dark subhalos (gravitational lensing) 
2. Subhalo structure (stellar kinematics) 
3. Stellar streams (stellar surveys – PAndAS, GAIA) 

warm dark matter  


