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A Changing Dark Matter Landscape 
!  Over the past few years, the attitudes of many within the dark matter 

community have noticeably shifted; driven in large part by the fact that 
dark matter particles have not yet been observed in underground 
detectors, or at the LHC 

!  My personal view is that this is response is        
somewhat premature; I continue to find                                                       
WIMPs very compelling 

!  That being said, if a discovery does not           
occur within the next decade or so, it will             
force us to revisit our ideas about what               
the dark matter is likely to be              
made up of       
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Direct Detection (scattering with nuclei) 
•  A GeV-TeV particle moving a typical                        

halo velocities (~300 km/s) striking a                        
nucleus imparts a recoil of ~1-100 keV;        
potentially observable combinations of        
scintillation, ionization and phonons 

•  Current state-of-the-art experiments                     
make use of ton-scale targets of heavy               
nuclei, instrumented and located deep       
underground to minimize backgrounds 

 
 
 

The LUX Experiment 
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Direct Detection 
•  Over the past 15 years, constraints from direct detection experiments have 

improved with a Moore’s-law like behavior (a factor of 2 every 15 months) 
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Direct Detection 
•  Over the past 15 years, constraints from direct detection experiments have 

improved with a Moore’s-law like behavior (a factor of 2 every 15 months) 
•  Some important benchmarks: 

-1990s: Experiments excluded                       
the cross sections predicted for a             
WIMP that scatters and annihilates                
through Z-exchange 
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Direct Detection 
•  Over the past 15 years, constraints from direct detection experiments have 

improved with a Moore’s-law like behavior (a factor of 2 every 15 months) 
•  Some important benchmarks: 

-1990s: Experiments excluded                      
the cross sections predicted for a             
WIMP that scatters and annihilates                
through Z-exchange 
-Current and recent experiments                 
are testing WIMPs that interact                                           
through Higgs exchange                      
(including many SUSY models) 
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The Future of Direct Detection 
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The Future of Direct Detection 

•  Further extending the reach of LUX are planned large                
volume liquid xenon experiments, XENON1T and LZ  
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The Future of Direct Detection 

•  Further extending the reach of LUX are planned large                
volume liquid xenon experiments, XENON1T and LZ  

•  In parallel, SuperCDMS, DAMIC, CRESST and other experiments will              
advance our sensitivity to low-mass WIMPs 
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The Motivation for Indirect Searches  
!  To account for the observed dark matter 

abundance, a thermal relic must have an 
annihilation cross section (at freeze-out) 
of σv~2x10-26 cm3/s 

!   Although many model-dependent factors 
can cause the dark matter to possess a 
somewhat lower annihilation cross 
section today, most models predict 
current annihilation rates that are within 
an order of magnitude or so of this 
estimate 

!  Indirect detection experiments that are 
sensitive to dark matter annihilating at 
approximately this rate will be able to test 
a large fraction of WIMP models  
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Where To Look With Fermi? 
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

The Galactic Center 
-Brightest dark matter signal on the 
sky; significant backgrounds  
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Where To Look With Fermi? 
The Galactic Center 
-Brightest dark matter signal on the 
sky; significant backgrounds  

Dwarf Spheroidal Galaxies 
-Faint, but low background 
-Direct measurements of dark matter profiles 
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Where To Look With Fermi? 
Dwarf Spheroidal Galaxies 
-Faint, but low background 
-Direct measurements of dark matter profiles 

The Gamma-Ray Background 
-Largely from blazars, radio galaxies, starforming galaxies;  
but still room for dark matter 
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Where To Look With Fermi? 
Dwarf Spheroidal Galaxies 
-Faint, but low background 
-Direct measurements of dark matter profiles 

The Gamma-Ray Background 
-Largely from blazars, radio galaxies, starforming galaxies;  
but still room for dark matter 

Searches for Nearby Subhalos 
-Population studies of unidentified Fermi sources 

The Galactic Center 
-Brightest dark matter signal on the 
sky; significant backgrounds  
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We Are Testing the Thermal Relic Paradigm!  
!  Each of these gamma-ray strategies (GC, dwarfs, subhalos, EGRB) as 

well as cosmic-ray antiproton and positron measurements from AMS, 
are sensitive to dark matter with the annihilation cross section predicted 
for a simple thermal relic, for masses up to ~100 GeV 

!  This program is not a fishing expedition, but is testing a wide range of 
well-motivated dark matter models  

 
 

   

Fermi Collaboration, Dwarf Galaxies 
arXiv:1503.02641 
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FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for ℓ+ℓ−) [44] and Fermi
LAT dwarf spheroidals (for µ+µ− and τ+τ−) [43]. The dotted
portions of the curves are potentially affected by solar modu-
lation. We also indicate ⟨σv⟩therm ≡ 3 × 10−26 cm3s−1. The
AMS limits are shown for reasonable reference values of the
local DM density and energy loss rate (see text), and can vary
by a factor of a few, as indicated by the hatched band (for
clarity, this band is only shown around the e+e− constraint).

our upper bound on the annihilation cross section to
e+e− is approximately two orders of magnitude below
⟨σv⟩therm. If only a fraction f of DM annihilates like
assumed, limits would scale like f−2 (and, very roughly,
⟨σv⟩therm ∝ f−1). We also show in Fig. 3 the upper
bounds obtained for other leptonic final states. As ex-
pected, these limits are weaker than those found in the
case of direct annihilation to electrons – both because
part of the energy is taken away by other particles (neu-
trinos, in particular) and because they feature broader
and less distinctive spectral shapes. These new limits
on DM annihilating to µ+µ− and τ+τ− final states are
still, however, highly competitive with or much stronger
than those derived from other observations, such as from
the cosmic microwave background [44] and from gamma-
ray observations of dwarf galaxies [43]. Note that for
the case of e+e−γ final states even stronger limits can
be derived for mχ ! 50GeV by a spectral analysis of
gamma rays [73]. We do not show results for the b̄b
channel, for which we nominally find even weaker lim-
its due to the broader spectrum (for mχ ≃ 100GeV,
about ⟨σv⟩ " 1.1 · 10−24 cm3s−1). In fact, due to de-
generacies with the background modeling, limits for an-
nihilation channels which produce such a broad spectrum
of positrons can suffer from significant systematic uncer-
tainties. For this reason, we consider our limits on the
e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-

ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ⊙χ = (0.25− 0.7)GeV cm−3 [61, 74] (note that the form
of the DM profile has a much smaller impact). Uncer-
tainty bands of the same width apply to each of the other
final states shown in the figure, but are not explicitly
shown for clarity. Other diffusion parameter choices im-
pact our limits only by up to ∼10%, except for the case
of low DM masses, for which the effect of solar modula-
tion may be increasingly important [53, 75]. We reflect
this in Fig. 3 by depicting the limits derived in this less
certain mass range, where the peak of the signal e+ flux
(as shown in Fig. 1) falls below a fiducial value of 5GeV,
with dotted rather than solid lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [55, 76, 77] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [64]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. See the Appendix [45] for more details and further
discussion of possible systematics that might affect our
analysis.

Lastly, we note that the upper limits on ⟨σv⟩(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ ≃ ⟨σv⟩ρ⊙χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together

Bergstrom, Bringmann, Cholis, DH, 
Weniger, arXiv:1306.3983 
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The Galactic Center GeV Excess 
!  A bright and highly statistically significant excess 

of gamma-rays has been observed from the 
region surrounding the Galactic Center, difficult  
to explain with astrophysical sources or 
mechanisms, but very much like the signal 
predicted from annihilating dark matter 

    

DH, Goodenough (2009, 2010), DH, Linden (2011), 
Daylan et al (2014) Calore, Cholis, Weniger (2014) 
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-

10

FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
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significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
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ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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Basic Features of the GeV Excess 
!  The excess is distributed with 

spherical symmetry around the 
Galactic Center with a flux that falls  
as ~r -2.4, between ~0.06° and ~10° (if 
interpreted as dark matter 
annihilation products, this implies  
ρDM ~ r -1.2  between ~10-1500 pc 

!  The spectrum of this excess peaks at 
~1-3 GeV, and is in good agreement 
with that predicted from a ~35-50 
GeV WIMP annihilating to bb         
(for example) 

!  To normalize the observed signal 
with annihilating dark matter, a cross 
section of σv ~ 10-26 cm3/s is required 
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updated to employ the 2FGL catalogue, and masking out
the 300 brightest and most variable sources at a mask
radius corresponding to 95% containment. We then per-
form a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi

Collaboration p6v11 Galactic di↵use model (which we
refer to as the Pass 6 Di↵use Model),2 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [43]. In addition to these three back-
ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 1 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

We smooth the Galactic di↵use model template to
match the data using the gtsrcmaps routine in the Fermi
Science Tools, to ensure that the tails of the point spread
function are properly taken into account.3 Because the
Galactic di↵use model template is much brighter than
the other contributions in the region of interest, relatively
small errors in its smoothing could potentially bias our
results. However, the other templates are much fainter,
and so we simply perform a Gaussian smoothing, with a
FWHM matched to the FWHM of the Fermi PSF at the
minimum energy for the bin (since most of the counts are
close to this minimum energy).

By default, we employ a Region of Interest (ROI) of
|`| < 20�, 1� < |b| < 20�. An earlier version of this work
used the full sky (with the plane masked at 1 degree)
as the default ROI; we find that restricting to a smaller
ROI alleviates oversubtraction in the inner Galaxy and
improves the stability of our results.4 Thus we present
“baseline” results for the smaller region, but show the im-
pact of changing the ROI in Appendix A, and in selected
figures in the main text. Where we refer to the “full sky”
analysis the Galactic plane is masked for |b| < 1� unless
noted otherwise.

As found in previous studies [8, 9], the inclusion of the

2 Unlike more recently released Galactic di↵use models, the p6v11
di↵use model does not implicitly include a component corre-
sponding to the Fermi Bubbles. By using this model, we are
free to fit the Fermi Bubbles component independently. See Ap-
pendix B for a discussion of the impact of varying the di↵use
model.

3 We checked the impact of smoothing the di↵use model with a
Gaussian and found no significant impact on our results.

4 This approach was in part inspired by the work presented in
Ref. [44].

FIG. 5: The variation in the quantity �2� lnL (referred to
as TS) extracted from the likelihood fit, as a function of the
inner slope of the dark matter halo profile, �. All values are
relative to the result for the best-fit (highest TS) template,
and positive values thus indicate a reduction in TS. Results
are shown using gamma-ray data from the full sky (solid line)
and only the southern sky (dashed line). Unlike in the analysis
of Ref. [8], we do not find any large north-south asymmetry
in the preferred value of �.

dark matter template dramatically improves the qual-
ity of the fit to the Fermi data. For the best-fit spec-
trum and halo profile, we find that the inclusion of
the dark matter template improves the formal fit by
TS⌘ �2� lnL ' 1100 (here TS stands for “test statis-
tic”), corresponding to a statistical preference greater
than 30�. When considering this enormous statistical
significance, one should keep in mind that in addition
to statistical errors there is a degree of unavoidable and
unaccounted-for systematic error, in that neither model
(with or without a dark matter component) is a “good
fit” in the sense of describing the sky to the level of Pois-
son noise. That being said, the data do very strongly
prefer the presence of a gamma-ray component with a
morphology similar to that predicted from annihilating
dark matter (see Appendices A-E for further details).

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of �.5

The results of this exercise are shown in Fig. 5. We find
that our default ROI has a best-fit value of � = 1.18, con-
sistent with previous studies of the inner Galaxy (which
did not employ any additional cuts on CTBCORE) that
preferred an inner slope of � ' 1.2 [8]. Fitting over the
full sky, we find a preference for a slightly steeper value
of � ' 1.28. These results are quite stable to our mask

5 Throughout, we describe the improvement in �2� lnL induced
by inclusion of a specific template as the “test statistic” or TS
for that template.
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FIG. 6: Left frame: The spectrum of the dark matter component, extracted from a fit in our standard ROI (1� < |b| < 20�,
|l| < 20�) for a template corresponding to a generalized NFW halo profile with an inner slope of � = 1.18 (normalized to the
flux at an angle of 5� from the Galactic Center). Shown for comparison (solid line) is the spectrum predicted from a 43.0 GeV
dark matter particle annihilating to bb̄ with a cross section of �v = 2.25⇥10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2. Right frame:
as left frame, but for a full-sky ROI (|b| > 1�), with � = 1.28; shown for comparison (solid line) is the spectrum predicted from
a 36.6 GeV dark matter particle annihilating to bb̄ with a cross section of �v = 0.75⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2.

of the Galactic plane; masking the region with |b| < 2�

changes the preferred value to � = 1.25 in our default
ROI, and � = 1.29 over the whole sky. In contrast to
Ref. [8], we find no significant di↵erence in the slope pre-
ferred by the fit over the standard ROI, and by a fit only
over the southern half (b < 0) of the ROI (we also find
no significant di↵erence between the fit over the full sky
and the southern half of the full sky). This can be seen
directly from Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons). The best-fit values
for gamma, from fits in the southern half of the standard
ROI and the southern half of the full sky, are 1.13 and
1.26 respectively.

In Fig. 6, we show the spectrum of the emission cor-
related with the dark matter template in the default
ROI and full-sky analysis, for their respective best-fit
values of � = 1.18 and 1.28.6 We restrict to energies
50 GeV and lower to ensure numerical stability of the
fit in the smaller ROI. While no significant emission is
absorbed by this template at energies above ⇠10 GeV,
a bright and robust component is present at lower en-
ergies, peaking near ⇠1-3 GeV. Relative to the analy-
sis of Ref. [8] (which used an incorrectly smoothed dif-
fuse model), our spectrum is in both cases significantly
harder at energies below 1 GeV, rendering it more con-

6 A comparison between the two ROIs with � held constant is
presented in Appendix A.

sistent with that extracted at higher latitudes (see Ap-
pendix A).7 Shown for comparison (as a solid line) is the
spectrum predicted from (left panel) a 43.0 GeV dark
matter particle annihilating to bb̄ with a cross section
of �v = 2.25 ⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2,
and (right panel) a 36.6 GeV dark matter particle anni-
hilating to bb̄ with a cross section of �v = 0.75 ⇥ 10�26

cm3/s ⇥ [(0.4GeV/cm3)/⇢
local

]2. The spectra extracted
for this component are in moderately good agreement
with the predictions of the dark matter models, yielding
fits of �2 = 44 and 64 over the 22 error bars between 0.3
and 50 GeV. We emphasize that these uncertainties (and
the resulting �2 values) are purely statistical, and there
are significant systematic uncertainties which are not ac-
counted for here (see the discussion in the appendices).
We also note that the spectral shape of the dark matter
template is quite robust to variations in �, within the
range where good fits are obtained (see Appendix A).

In Fig. 7, we plot the maps of the gamma-ray sky
in four energy ranges after subtracting the best-fit dif-
fuse model, Fermi Bubbles, and isotropic templates. In
the 0.5-1 GeV, 1-3 GeV, and 3-10 GeV maps, the dark-
matter-like emission is clearly visible in the region sur-
rounding the Galactic Center. Much less central emission
is visible at 10-50 GeV, where the dark matter compo-
nent is absent, or at least significantly less bright.

7 An earlier version of this work found this improvement only in
the presence of the CTBCORE cut; we now find this hardening
independent of the CTBCORE cut.
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The Evolving Nature of the Galactic Center Debate 
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Circa 2009-2010 
 What Galactic Center excess? 
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The Evolving Nature of the Galactic Center Debate 
Circa 2009-2010 
 What Galactic Center excess? 
 

Circa 2011-2013 
 Sure there seems to be a Galactic Center excess, but 
   1) Are we sure that it is spatially extended? 
   2) Are we mismodeling standard diffuse emission mechanisms?  
   3) Is there really a Galactic Center excess? 
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The Evolving Nature of the Galactic Center Debate 
Circa 2009-2010 
 What Galactic Center excess? 
 

Circa 2011-2013 
 Sure there seems to be a Galactic Center excess, but 
   1) Are we sure that it is spatially extended? 
   2) Are we mismodeling standard diffuse emission mechanisms?  
   3) Is there really a Galactic Center excess? 
 

Circa 2014-2015 
  What is generating this excess? 
   1) A large population of centrally located millisecond pulsars? 
   2) A series of recent cosmic ray outbursts? 
   3) Annihilating dark matter? 
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A Series of Cosmic Ray Outbursts? 

Carlson, Profumo, PRD, arXiv:1405.7685,   
Petrovic, Serpico, Zaharijas, arXiv:1405.7928 

!  It has been proposed that the recent (~106 yrs) burst-like injection of 
cosmic rays might be responsible for the excess 

!  Hadronic scenarios predict a                
signal that is not at all spherical;                               
highly incompatible with the data 

!  In more generality, the small-                               
scale structure of excess does                   
not correlate with the distribution          
of gas – this is incompatible with                  
any hadronic cosmic ray origin                    
of the excess  

In Fig. 3 we investigate the overall spatial distribution of
the emission from a new population of cosmic ray protons
injected in the Galactic Center region. The figure shows the
gamma-ray flux associated with a central proton source
for benchmark impulses of age 0.5, 2.5, and 19 Kyr (upper
panels) and of 100 Kyr, 2 Myr, as well as a continuous
source (lower panels). We use a linear scale in the three
upper panels to help the reader visually compare our results
with what is shown e.g. in Fig. 9, right panels, of Ref. [21].
To the end of emphasizing the emission outside the Galactic
plane, we instead employ a logarithmic scale for the older
bursts and continuous sources in the lower panels. In each
case, the fluxes are rescaled such that the maximum flux
equals unity. The Galactic plane mask (jbj < 1∘) is bounded
by white lines (or is masked out) and reference reticles have
been overlaid at radial increments of 2°.
The top three panels show that a recent (from a fraction

of a Kyr to tens of Kyr) impulsive cosmic ray proton
injection event in the Galactic Center region yields a highly
spherically symmetric and concentrated source, with mor-
phological properties very closely resembling and match-
ing those found in the Galactic Center analysis of Ref. [21]
(see their Fig. 9, right panels), as well as in the GCE source
residuals shown in the bottom panels of Fig. 1 in Ref. [20],
and in the residual found in Ref. [19] and shown in Fig. 3.

As long as the injection episode is recent enough, the
morphology primarily traces the distribution of cosmic ray
protons, and is relatively insensitive to the details of the
target gas density distribution—the diametrically opposite
regime from what is assumed in the diffuse Galactic
emission background models of Refs. [20,21].
It is evident that the sub-Myr simulations show a

significant degree of spherical symmetry outside the
masked regions. Also, an excess with the same morpho-
logical aspect as in Fig. 9, right panels, of Ref. [21] can be
easily reproduced by young or very young sources, as
shown in the three upper panels. As the diffusion time
increases to several Myr, the emission profile becomes
more elongated and spherical symmetry is degraded. At
higher latitudes (jbj≳ 2∘), most of the spherical symmetry
is, however, restored as the molecular and atomic gas
distributions fall off, and the ionized component produces a
more isotropic emission. In the template analyses of
Refs. [20,21], a portion of this residual ridge emission
may also be absorbed by the Fermi diffuse model, although
it is difficult to exactly pinpoint this effect without repeat-
ing the full maximum likelihood analysis. It is also evident
that gas structure is mostly washed out for recent impulsive
sources, and that it becomes increasingly more prominent
for older sources and for the continuous emission cases.

FIG. 3 (color online). Hadronic gamma-ray flux density at 2 GeV from an approximately central source of high-energy
protons integrated over the line of sight. We show impulsive sources of increasing age in all panels with the exception of the bottom
right which shows a continuously emitting source in steady state. For each map, the fluxes are normalized to the maximum. For the ease
of comparing the morphology of the claimed GCE in Ref. [21] shown in their fig. 9, we employ a linear scale in the three upper panels.
The three lower panels employ, instead, a logarithmic scale to enhance the features of the emission outside the Galactic plane region.
Also overlaid are reference reticles in increments of two degrees and indicators of the Galactic plane mask jbj < 1∘. All maps have been
smoothed by a Gaussian of width σ ¼ 0.25∘ to match Ref. [21].
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A Series of Cosmic Ray Outbursts? 

   
Petrovic, Serpico, Zaharijas, arXiv:1405.7928 
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104   

!  The leptonic scenario proposed by Petrovic et al. is more difficult to rule out  
!  After exploring a wide range of leptonic outburst scenarios, there appear to 

be two main challenges (among others): 
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!  The leptonic scenario proposed by Petrovic et al. is more difficult to rule out  
!  After exploring a wide range of leptonic outburst scenarios, there appear to 

be two main challenges (among others): 
1) The morphology from a given                                          
outburst is “convex”, whereas the                                  
data is “concave” – to fit the data,                         
we need several outbursts, with                               
highly tuned parameters 
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!  The leptonic scenario proposed by Petrovic et al. is more difficult to rule out  
!  After exploring a wide range of leptonic outburst scenarios, there appear to 

be two main challenges (among others): 
1) The morphology from a given                                          
outburst is “convex”, whereas the                                  
data is “concave” – to fit the data,                         
we need several outbursts, with                               
highly tuned parameters 
2) The gamma-ray spectrum is                 
approximately uniform across the                                  
Inner Galaxy, but energy losses                  
should lead to softer emission from            
the outer regions – to fit the data,                      
we need the older outbursts to              
inject electrons with higher energies                          
than more recent outbursts 
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Millisecond Pulsar Basics 
!  Pulsars are rapidly spinning neutron 

stars which gradually convert their 
rotational kinetic energy into radio and 
gamma-ray emission 

!  Typical pulsars exhibit periods on the 
order of ~1 second and slow down and 
become faint over ~106 -108 years 

!  Accretion from a companion star can 
“spin-up” a dead pulsar to periods as 
fast as ~1.5 msec 

!  Such millisecond pulsars have low 
magnetic fields (~108-109 G) and thus 
slow down much more gradually, 
remaining bright for >109 years 

!  It seems plausible that large numbers of 
MSPs could exist in the Galactic Center 
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Gamma-Rays From Millisecond Pulsars 
!  Fermi has observed gamma-ray 

emission from ~70 MSPs – none of 
which are located near the Galactic 
Center  

!  Their average observed spectra is 
similar to that of the Galactic Center 
excess – this is the main reason that 
MSPs have been considered as a 
possible explanation for the excess 

!  The luminosity function of MSPs has 
been measured from the observed 
population (both for those MSPs in the 
field of the Galaxy and within globular 
clusters) 

 
 

2

ered in Ref. [47] do not yield spectra that are compat-
ible with the observed emission) [3, 4, 6]. In the case
of a burst dominated by high-energy cosmic ray elec-
trons, in contrast, such an event could potentially yield
a somewhat more spherically symmetric distribution of
gamma-rays (due to their inverse Compton scattering
with radiation rather than with the disk-like distribution
of gas) [50], although the accompanying bremsstrahlung
emission would be disk-like. It is very difficult, however,
to simultaneously account for the observed spectrum and
morphology of the gamma-ray excess in such a scenario.
Furthermore, the energy-dependance of diffusion would
lead to a more spatially extended distribution at higher
energies, in contrast to the energy-indepenent morphol-
ogy reported in Ref. [1].2

The second category of proposed astrophysical expla-
nations for the gamma-ray excess are scenarios involving
a large population of unresolved gamma-ray sources. Mil-
lisecond pulsars (MSPs) are known to exhibit a spectral
shape that is similar to that of the observed excess, and
have thus received some attention within this context [3–
8, 53]. In this letter, we discuss what is known about
the spectrum, luminosity function, and spatial distribu-
tion of millisecond pulsars in the Milky Way, and use
this information to evaluate whether they might be able
to account for the observed gamma-ray excess.

The Measured Spectra of Millisecond Pulsars: We have
recently reported measurements of the gamma-ray spec-
tra of 61 MSPs observed by the Fermi Gamma-Ray
Space Telescope, using data collected over a period of
5.6 years [54]. The best-fit spectrum of this collection
of (stacked) sources is shown in Fig. 1, and compared to
the spectrum of the observed gamma-ray excess. Over-
all, the spectral shape of the gamma-ray excess is fairly
similar to that observed from MSPs, and this comparison
has motivated an unresolved population of such sources
as a possible source of the Galactic Center gamma-ray
excess. At energies below ⇠1 GeV, however, the spec-
trum observed from MSPs is significantly softer than is
exhibited by the excess.

At this time, a few comments are in order. First, if
the observed catalog of gamma-ray MSPs is not repre-
sentative of the overall population, it is possible that
the stacked spectrum could differ from that produced
by a large and unbiased collection of such objects. The
gamma-ray emission from globular clusters is dominated
by MSPs, and their spectra has often been presented as

2 When considering models which invoke extreme physical condi-
tions to account for the excess at the Galactic Center, it may be
necessary to reevaluate the contributions from pion production,
bremsstrahlung, and inverse Compton emission. In the forthcom-
ing study of Calore et al. [51], a wide range of diffuse emission
models are considered, accounting for a wide variety of physi-
cal conditions in the inner region of the Galaxy, finding that a
spherical excess with a profile similar to that predicted by dark
matter annihilations is preferred by the data in all models (see
also Ref. [52]).

FIG. 1: The measured spectral shape (blue error bars) and
best fit parameterizaation (blue dashed) of the stacked emis-
sion from 61 millisecond pulsars observed by Fermi [54] (black
dashed) compared to that of the observed gamma-ray ex-
cess [1] (black error bars). Also shown is the spectral shape
from the stacked emission from 36 globular clusters (red er-
ror bars) [54], and the spectrum predicted from a 35.5 GeV
WIMP annihilating to b¯b (black solid).

that of an unbiased sample of MSPs. The spectra ob-
served from Fermi’s globular clusters (shown in Fig. 1
as red error bars [54]) is even softer than that from
MSPs [54], however, and provides a very poor fit to the
observed excess.

Prior to the study of Ref. [1] and their application
of cuts to CTBCORE [46], significant systematic uncer-
tainties complicated the determination of the low-energy
spectrum of the gamma-ray excess (for an illustrative ex-
ample, see Fig. 10 of Ref. [8]). After cutting on CTB-
CORE, however, the shape of the low-energy spectrum
is much more robust to variations in analysis procedure.
And while imperfections in the diffuse emission model
used may impact the spectral shape of the excess, the
variations considered in Ref. [51] do not favor the possi-
bility of a significantly softer low-energy spectrum than
was found in Ref. [1].

The Observed Distribution of MSPs in the Milky Way:
Along with many MSP detections made at radio wave-
lengths, Fermi has reported the observation of gamma-
rays from 62 MSPs. While most of these objects have
been found in or around the disk of the Milky Way, some
have also been observed to reside within globular clus-
ters. In the left frame of Fig. 2, we plot the distribu-
tion of Fermi’s MSPs on the sky. This population has
been shown to be well described by a thick disk-like dis-
tribution, with an exponential scale height of ⇠0.5-1.0
kpc [56, 57]. In the right frame of Fig. 2, we use a MSP
thick-disk distribution model fit to this population to
estimate the morphology predicted from the unresolved
members of this population (solid contours). This pre-
diction is very elongated along the disk, and does not
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FIG. 6: The MSP gamma-ray luminosity function as calculated using the two independent and complementary techniques
described in the text. The error bars denote the luminosity function determined from the population of MSPs observed by
Fermi, excluding those residing in globular clusters (see Sec. IV A). The red and blue bands represent the luminosity function
determined using gamma-ray and X-ray observations of the globular cluster 47 Tucanae (see Sec. IV B). In each frame, the red
band denotes the luminosity function accounting only for the 17 MSPs observed in X-rays, whereas the blue band accounts for
sub-threshold MSPs assuming an extrapolation in which LdN/dL is constant at low luminosities (down to a minimum X-ray
luminosity of 1.1 ⇥ 1026 erg/s). The width of the red and blue bands correspond only to the Poisson variance in the number
of simulated systems within a decade of each �-ray luminosity, and does not represent the statistical and systematic errors on
the measured X-ray luminosities of the 47 Tuc MSPs. In the upper left frame, we have assumed an equal degree of beaming at
gamma-ray and X-ray wavelengths, while in the other frames we assume that the gamma-ray emission is more isotropic, such
that the solid angle of the gamma-ray emission is 1.5 (upper right), 2.0 (lower left), or 2.5 (lower right) times that of the X-ray
emission. For a beaming ratio of ⇠2.0-2.5, these two techniques yield very similar MSP luminosity functions.

They fit this correlation to a normal distribution follow-
ing log10(F�/FX) = 2.31 ± 0.48 [1]. This correlation is
consistent with the observation that MSPs convert (on
average) approximately 10% of their spin-down energy
into gamma-rays [1, 15], and approximately 0.06% of
their spin-down energy into X-rays [22]. In attempting to
apply this correlation to the population of globular clus-
ter MSPs detected in X-rays, but not in gamma-rays, we
note that the correlation could be biased in several ways.
Most importantly, a large population of X-ray bright, but
gamma-ray dim MSPs could exist, which would not be
absent in the field sample. Upon examining the list of X-
ray detected rotationally-powered MSPs from Ref. [22]

(see Table 6.7, p. 132), however, we find that Fermi has
successfully detected gamma-ray pulsations from 10 of
the 13 field MSPs in this catalog.7 This argues against
there being a strong selection effect in the X-ray/gamma-
ray correlation.

Another difficulty in translating the correlation from
Abdo et al. [1] into a constraint on the population of
globular cluster MSPs is the breakdown of the X-ray flux

7
The three systems currently missing in gamma-ray observations

are B1257+12, J1012+5307 and B1534+12

Cholis, DH, Linden, arXiv:1407.5625, 1407.5583 
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Could Millisecond Pulsars Generate the 
Galactic Center Excess? 

!  From the measured luminosity function, we conclude that more than 2000 
MSPs within 1.8 kpc of the Galactic Center would be required to account 
for the excess; this would include ~230 that are quite bright (Lϒ>1034 erg/s) 
and ~60 that are very bright (Lϒ>1035 erg/s) 

!  Fermi observes very few MSP candidates from this region, leading us to 
conclude that less than ~10% of the excess originates from MSPs 

!  Estimates based on the numbers of bright LMXBs observed in globular 
clusters and in the Galactic Center lead us to expect that MSPs might 
account for ~1-5% of the observed excess 

!  If MSPs account for this signal, the          
population is very different from that            
observed elsewhere in the Milky Way 
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FIG. 6: The MSP gamma-ray luminosity function as calculated using the two independent and complementary techniques
described in the text. The error bars denote the luminosity function determined from the population of MSPs observed by
Fermi, excluding those residing in globular clusters (see Sec. IV A). The red and blue bands represent the luminosity function
determined using gamma-ray and X-ray observations of the globular cluster 47 Tucanae (see Sec. IV B). In each frame, the red
band denotes the luminosity function accounting only for the 17 MSPs observed in X-rays, whereas the blue band accounts for
sub-threshold MSPs assuming an extrapolation in which LdN/dL is constant at low luminosities (down to a minimum X-ray
luminosity of 1.1 ⇥ 1026 erg/s). The width of the red and blue bands correspond only to the Poisson variance in the number
of simulated systems within a decade of each �-ray luminosity, and does not represent the statistical and systematic errors on
the measured X-ray luminosities of the 47 Tuc MSPs. In the upper left frame, we have assumed an equal degree of beaming at
gamma-ray and X-ray wavelengths, while in the other frames we assume that the gamma-ray emission is more isotropic, such
that the solid angle of the gamma-ray emission is 1.5 (upper right), 2.0 (lower left), or 2.5 (lower right) times that of the X-ray
emission. For a beaming ratio of ⇠2.0-2.5, these two techniques yield very similar MSP luminosity functions.

They fit this correlation to a normal distribution follow-
ing log10(F�/FX) = 2.31 ± 0.48 [1]. This correlation is
consistent with the observation that MSPs convert (on
average) approximately 10% of their spin-down energy
into gamma-rays [1, 15], and approximately 0.06% of
their spin-down energy into X-rays [22]. In attempting to
apply this correlation to the population of globular clus-
ter MSPs detected in X-rays, but not in gamma-rays, we
note that the correlation could be biased in several ways.
Most importantly, a large population of X-ray bright, but
gamma-ray dim MSPs could exist, which would not be
absent in the field sample. Upon examining the list of X-
ray detected rotationally-powered MSPs from Ref. [22]

(see Table 6.7, p. 132), however, we find that Fermi has
successfully detected gamma-ray pulsations from 10 of
the 13 field MSPs in this catalog.7 This argues against
there being a strong selection effect in the X-ray/gamma-
ray correlation.

Another difficulty in translating the correlation from
Abdo et al. [1] into a constraint on the population of
globular cluster MSPs is the breakdown of the X-ray flux

7
The three systems currently missing in gamma-ray observations

are B1257+12, J1012+5307 and B1534+12

Cholis, DH, Linden, arXiv:1407.5625, 1407.5583 
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Evidence For Unresolved Point Sources? 
!  Two recent studies find that ~1-10 GeV photons from the direction of the 

Inner Galaxy are more clustered than expected, suggesting that the GeV 
excess might be generated by a population of unresolved point sources 

 
 

 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124  
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
 

4

• Isotropic Point Sources

The source-count function for the isotropic PS template is also modeled as a broken power law, as in (S8), except
with Ap / µp,iso / ✏

(p). As above, the isotropic PS template can be specified by either its overall normalization
parameter A

iso
PS or the pixel-averaged intensity I

iso
PS .

For the IG analysis, the contribution from the isotropic PS component is subdominant and thus poorly con-
strained. Scanning over the isotropic PS parameters slows down the NPTF, so for the majority of the IG
analyses, we fix the source-count–function parameters to the best-fit values found in the high-latitude analysis.
Removing this constraint leaves the results unchanged, as discussed in Sec. IVA.

Given these templates and their associated generating functions, the overall photon-count probability distribution

p

(p)
k (✓) can be written as a function of the 12 parameters

✓ = {Aiso, Adi↵, Abub, ANFW, APS, Sb, n1, n2, A
iso
PS, S

iso
b , n

iso
1 , n

iso
2 } .

(S12)

Then, for a data set d consisting of the set of {np} photon counts in each pixel p, the likelihood function for observing
a particular photon-count distribution over all pixels in the ROI is

p(d|✓,M) =
Y

p

p

(p)
np

(✓) . (S13)

With the priors specified above, this likelihood function can be used in the standard framework of Bayesian inference
to compute both the posteriors and the evidence for models M that include various subsets of the parameters ✓. We
use the MultiNest package for the Bayesian calculations [25, 26].

B. Data Selection Criteria

The NPTF analysis was performed using the Extended Pass 7 Reprocessed Fermi data from ⇠August 4, 2008
to ⇠December 5, 2013 made available by [11]. Ultraclean front-converting events with zenith angle less than 100�

and “DATA QUAL==1 && LAT.CONFIG==1 && ABS(ROCK.ANGLE) < 52” are selected, and a Q2 cut on the CTBCORE
parameter is used to remove events with poor directional reconstruction. The main body of the Report focused
primarily on two regions of interest: a high-latitude analysis with |b| � 30� and an IG analysis that included all pixels
within 30� of the GC, with |b| � 2�. These regions are shown in Fig. S1. When masking identified PSs from the
Fermi 3FGL catalog [15], all pixels within 5 ⇥ 0.198� of the source are excluded. This mask is su�ciently large to
completely contain the flux from the majority of the PSs; the results do not qualitatively change as the mask size is
varied, for example, to 7⇥ 0.198�.
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FIG. S1: The counts map for the high-latitude (|b| � 30�) analysis (clipped at 15 counts) is shown in the left panel. The IG
analysis focuses on the region within 30� of the GC, with |b| � 2�. The associated counts map (clipped at 50 counts) is shown
in the right panel. All pixels within ⇠1� of known Fermi 3FGL sources are masked.
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Evidence For Unresolved Point Sources?  
Lee et al.’s Conclusions include the following: 
  1) The brightest sources (including those in source catalogs) are distributed  
along the disk – not tracing the excess 
  2) The fit suggests that the GeV excess could be generated by ~103 
unresolved sources, most with a flux that is just slightly below Fermi’s 
threshold for point source detection  

 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124  
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
 

Disk-Like 
Population 

Excess-Like 
Population 
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Evidence For Unresolved Point Sources? 
A few comments of my own: 
!  It is difficult to tell whether these clustered gamma-rays result from 

unresolved sources, or from backgrounds that are less smooth than the 
models 

!  Keep in mind that these clusters consist of only a few photons each, on  
top of large and imperfectly known backgrounds  

!  These studies do not make use of any spectral information (they use 
only a single energy bin); whether these putative sources have a 
spectrum that matches that of the excess will be an important test 

 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124 
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
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Are These Sources Millisecond Pulsars? 
!  The measured luminosity function of MSPs is very different from that of this 

new putative source population 
!  Where are all of the bright MSPs? (bright sources are disk-like, not DM-like) 

 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124 
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
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Are These Sources Millisecond Pulsars? 
!  The measured luminosity function of MSPs is very different from that of this 

new putative source population 
!  Where are all of the bright MSPs? (bright sources are disk-like, not DM-like) 
!  If these are point sources, they are                   

very weird point sources 
!  A new class of standard candles?!                           

– 68% possess luminosities within                               
a factor of 2 (ΔM ~ 0.4) 

 

MSP     
Luminosity 
Function 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124 
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
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Are These Sources Millisecond Pulsars? 
!  The measured luminosity function of MSPs is very different from that of this 

new putative source population 
!  Where are all of the bright MSPs? (bright sources are disk-like, not DM-like) 
!  If these are point sources, they are                   

very weird point sources 
!  A new class of standard candles?!                           

– 68% possess luminosities within                               
a factor of 2 (ΔM ~ 0.4) 

!  Furthermore, these gamma-ray                     
clusters show no correlation with the                 
locations of known radio pulsars             
(T. Linden, arXiv:1509.02928) 

 

MSP     
Luminosity 
Function 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124 
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
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What’s Next? 
!  After years of effort, the origin of the Galactic Center excess remains 

unclear – it looks a lot like annihilating dark matter, but we can’t 
entirely rule out other possibilities 

!  How do we go from establishing a very intriguing signal, to being 
able to claim discovery?   
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Fermi Collaboration, 1503.02641 

Dwarf Galaxies  
!  The most recent analysis by the Fermi Collaboration (making use of 6 

years data) remains compatible with a dark matter interpretation of the 
Galactic Center excess 

!  That being said, if the Galactic                               
Center signal is coming from              
annihilating dark matter, one                        
might expect gamma rays from         
dwarfs to be detected soon 

 
   

Dan Hooper – The Search For Dark Matter 



 
Reticulum II, Tucana III, and Cetus II are each nearby (~25-30 kpc)  
  
 
 

   

Milky Way Companions 
Found in Two Years of DES Data

12

Blue = Known prior to 2015 
Red triangles = DES Y2Q1 candidates 

Red circles = DES Y1A1 candidates 
Green = Other new candidates

Stellar density field from 
SDSS and DES

DES footprint in Galactic coordinates (~5000 deg2)

Drlica-Wagner et al. 2015 
arXiv:1508.03622
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Significance Scans over  
Annihilation Channel and Mass

20

No statistically significant signal towards any individual confirmed or candidate dSph!
No statistically significant signal found in joint likelihood analysis!

Peak local significances of 2 to 3 ! for a few of the new targets

Most of the new targets have not yet been confirmed as DM dominated dSphs  
⇒ Use distance scaling relation for provisional J-factor estimates with uncertainty 0.4 dex

Expected ±1! 
Expected ±2!

PRELIMINARY

PRELIMINARY

Gray curves for other dSph targets   Black curves for joint likelihood

From Keith Bechtol’s talk, TAUP 2015 (for the DES and Fermi Collaborations) 
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Fermi’s View of the New Dwarf Galaxies!  
!  This spring, three groups reported an excess from Reticulum II, but with only 

2.4-3.2σ significance, (Geringer-Sameth et al. Drlica-Wagner, et al, DH & Linden) 

!  No papers on Tucana III or the other most recently discovered dwarfs yet, 
but Fermi’s has recent begun presenting preliminary results in talks: 
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Galactic Center 
Favored  
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Nearby Dark Matter Subhalos  
!  The Milky Way’s dark matter halo is predicted        

to contain a huge number of smaller subhalos,        
the vast majority of which are too small to               
retain gas and form stars, leading to a         
population of invisible dark matter clumps  

!  The most massive and nearby of these            
objects could be detectable as spatially        
extended gamma-ray sources, without       
observable emission at other wavelengths                     
– a population of such sources would be a smoking gun for dark matter 

!  Using the results of the Aquarius simulation, we can estimate the number 
of bright, |b|>20° subhalos that Fermi should detect:  

 

 
 
 

   

Bertoni, DH, Linden, 1504.02087 
Bertoni, DH, Linden, in prep. 

Figure 8. The results of our scan over the parameters described in Tab. ??, for a single outburst.
The GC GeV excess is best-fit by an outburst with an age of about ⌧ ⇠ 1 Myr, a hard injected
spectral index (↵ < 1.5), and with strong re-aceleration (vA > 100 km/s). Anisotropic di↵usion does
not significantly improve the overall fit.

lower (higher) masses can also provide a good fit to the measured spectrum. We also note
that the spectrum of 3FGL J2212.5+0703 is compatible with that observed from the GeV
Galactic Center excess (for comparison, the Galactic Center excess is well-fit by dark matter
annihilating to bb̄ for masses of 36–55 GeV [1, 58]).

Numerical simulations such as the Aquarius Project [39] and Via Lactea II [45] have
each identified and studied expansive populations of subhalos residing within the halos of
Milky Way-like galaxies. Aquarius, for example, resolves their subhalo population down to
masses of 3.24 ⇥ 104M� [39]. We can use the results of such simulations (extrapolated to
include subhalos below their resolution) to estimate how many dark matter subhalos should
be detectable as gamma-ray sources by Fermi, as a function of the annihilation cross section.

Following the approach described in Ref. [29], updated to implement the mass-concentration
relationship of Ref. [41], we calculate an estimate for the number of subhalos predicted to
be detectable by Fermi. For a 40 GeV dark matter particle annihilating to bb̄, for exam-
ple, we predict the following number of high-latitude (|b| > 20�) subhalos which generate a
gamma-ray flux above a threshold of F

threshold

:

N ⇠ 1.2⇥
✓

�v

10�26 cm3 s�1

◆
1.5✓ F

threshold

10�9 cm�2 s�1

◆
. (5.1)

N ⇠ 4.0⇥
✓

�v

10�26 cm3 s�1

◆
1.5✓ F

threshold

3⇥ 10�10 cm�2 s�1

◆
. (5.2)

Although uncertainties in the subhalo concentrations and tidal stripping introduce un-
certainties at the level of a factor of a few, we consider this to represent a reasonable estimate
for the number of dark matter subhalos that we might expect Fermi to observe. For an annihi-
lation cross section near the upper limit derived from observations of dwarf spheroidal galax-
ies [18, 19], we expect Fermi to detect roughly one subhalo with F

threshold

> 10�9 cm�2 s�1 (>
1 GeV), and perhaps as many as⇠10 with F

threshold

> 10�10 cm�2 s�1. If 3FGL J2212.5+0703
is in fact a dark matter subhalo (and none of the other 18 subhalos candidates are), it would
suggest an annihilation cross section of �v ⇠ (0.2�1.5)⇥10�26 cm3/s (90% C.L.). Of course,
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The Intriguing Source 3FGL J2212.5+0703  
!  The Fermi source 3FGL J2212.5+0703     

is a very promising subhalo candidate 
!  This bright, high-latitude source has a 

Galactic Center-like spectrum and is      
not observed at any other wavelengths 

!  More important, this source appears to    
be spatially extended by ~0.2° (~4σ) 

 
 
 

   

Figure 2. Residual maps of the 5� ⇥ 5� region surrounding 3FGL J2212.5+0703. The left frame is
unsmoothed, whereas the center and right frames have been smoothed with a Gaussian function with
a smoothing length of 4 or 9 pixels, respectively.

Figure 3. As in Fig. 2, but for the source 3FGL J1119.9-2204, which exhibits no evidence of spatial
extension. This is shown as an example of a point-like Fermi source.

3 Testing the Statistical Significance and Robustness of 3FGL J2212.5+0703’s
Spatial Extension

In this section, we will describe a series of tests we have performed to establish the probabil-
ity that the spatial extension observed from 3FGL J2212.5+0703 is spurious, resulting from
factors such as problems with the di↵use emission model, or the confusion between multi-
ple nearby gamma-ray sources. To explore these possibilities, we make use of a collection
of associated gamma-ray sources in the 3FGL catalog, as well as simulating a large num-
ber of sources, applying our analysis tools to see if these real and simulated sources might
occasionally yield false evidence of spatial extension.

3.1 Using Associated 3FGL Sources as a Control Group

In addition to the unassociated sources discussed in the previous section, the 3FGL catalog
contains many sources that are associated with emission observed at other wavelengths.
While unlikely to be dark matter subhalos, these sources provide us with an opportunity to
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     J2212.5+0703         Example Point Source 

Bertoni, DH, Linden, 1504.02087; and in prep. 
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This source merits 
greater attention          
and scrutiny! 
 



Summary 
!  Direct detection experiments have improved in sensitivity at an exponential 

rate over the past 15 years, and have ruled out many well-motivated 
models; many others will be explored over the next decade 

!  Indirect searches using gamma rays and cosmic rays are currently testing 
the range of annihilation cross sections predicted for a thermal relic, for 
masses up to ~100 GeV 

!  Direct, LHC, indirect searches are collectively testing the WIMP paradigm!  
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Summary 
!  Direct detection experiments have improved in sensitivity at an exponential 

rate over the past 15 years, and have ruled out many well-motivated 
models; many others will be explored over the next decade 

!  Indirect searches using gamma rays and cosmic rays are currently testing 
the range of annihilation cross sections predicted for a thermal relic, for 
masses up to ~100 GeV 

!  Direct, LHC, indirect searches are collectively testing the WIMP paradigm!  
 
!  The Galactic Center’s GeV excess is particularly compelling:                 

highly statistically significant, robust, distributed spherically out to at       
least 10° from the Galactic Center, and difficult to explain with known or 
proposed astrophysics 

!  The spectrum and angular distribution of this signal is very well fit by a   
~45 GeV WIMP; observations of dwarf galaxies and searches for subhalos 
will be important to confirm a dark matter origin of this signal 
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Axions 
!  Proposed in 1977 as part of an effort to solve the Standard Model’s 

Strong CP problem, axions are among the best motivated candidates for 
dark matter  

!  The first axion models               
were quickly ruled out;                             
presently viable models                         
include axions with                           
masses below ~10-3 eV                              
and with extremely              
feeble couplings 

        

   
 

Essig et al., New Light Weakly Coupled  
Particles Working Group, arXiv:1311.0029 
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Axions as Dark Matter 
 
 
 

!  It is difficult to reliably calculate the abundance of axions produced in the 
Big Bang – depends on the temperature of post-inflation reheating, and on 
how many axions were produced in the decays of topological strings and 
domain walls    

!  That being said, under reasonable assumptions, one finds that ~10-5 eV 
axions could make up all of the dark matter 

!  The microwave cavity experiment ADMX is working to obtain sensitivity to 
this mass range  

!  Fermilab is playing a               
leading role in the                    
development of ADMX’s                 
high frequency cavities,           
enabling them to push                            
toward higher masses      
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Dark Matter at the LHC  
!  The LHC provides us with our most comprehensive view of the 

TeV scale, possibly including the physics of dark matter  
!  Very different search strategies could be optimal, depending on 

the nature of dark matter 
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Dark Matter at the LHC  
Case 1: Models with strongly interacting particles (typical SUSY-like)  
!  Produce colored superparticles (squarks, gluinos), and detect missing 

energy in their decays 
!  Very powerful and broad coverage… if such strongly interacting states 

exist below a few TeV  
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Dark Matter at the LHC  
Case 2: Models without strongly interacting partners 
!  Processes that allow dark matter particles to annihilate into Standard 

Model particles in the early universe can be reversed in colliders 
!  Dark matter production leads to events with one or more jets and 

missing energy (among many other possible signals) 
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Dark Matter at the LHC  
Case 2: Models without strongly interacting partners 
!  Processes that allow dark matter particles to annihilate into Standard 

Model particles in the early universe can be reversed in colliders 
!  Dark matter production leads to events with one or more jets and 

missing energy (among many other possible signals) 
!  In many models, dark matter interacts with the Standard Model through 

new mediators, with masses near the electroweak-scale 
!  Searches for Z’s, additional Higgs bosons, sleptons, etc. have direct 

consequences for dark matter 
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Indirect Detection (annihilation/decay products) 
 
 

  

Cosmic Rays 

Gamma Rays 

Neutrinos 

X-Rays/Multi-Wavelength 
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    A 3.57 keV Line? 
!  In early 2014, two groups reported the 

observation of an unexpected X-ray 
line from a collection of galaxy clusters  

!  A signal of decaying dark matter? 
Perhaps sterile neutrinos? 

                        

14

0.6

0.7

0.8

Fl
ux

 (c
nt

s 
s-1

 k
eV

-1
)

3 3.2 3.4 3.6 3.8 4
Energy (keV)

-0.005

0

0.005

0.01

0.015

R
es

id
ua

ls

XMM - MOS
Full Sample

6 Ms

3.57 ± 0.02 (0.03)

0.8

1

1.2

Fl
ux

 (c
nt

s 
s-1

 k
eV

-1
)

3 3.2 3.4 3.6 3.8 4
Energy (keV)

-0.02

0

0.02

0.04

R
es

id
ua

ls

XMM - PN
Full Sample

2 Ms

3.51 ± 0.03 (0.05)

Fl
ux

 (c
nt

s 
s-1

 k
eV

-1
)

R
es

id
ua

ls

XMM - MOS

525.3 ks 

Centaurus+
Coma +

Ophiuchus

3.57 keV

0.25

Fl
ux

 (c
nt

s 
s-1

 k
eV

-1
)

3 3.2 3.4 3.6 3.8 4
Energy (keV)

-0.005

0

0.005

0.01

Re
sid

ua
ls

3.57 keV
XMM - MOS

Rest of the Sample 
(69 Clusters) 

4.9 Ms

0.5

0.75

Fl
ux

 (c
nt

s 
s-1

 k
eV

-1
)

3 3.2 3.4 3.6 3.8 4
Energy (keV)

-0.02

0

0.02

R
es

id
ua

ls

3.57 keV
XMM - PN

Rest of the Sample 
(69 Clusters)

 1.8 Ms

Figure 6. 3�4 keV band of the rebinned XMM-Newton spectra of the detections.The spectra were rebinned to make the excess at ⇠3.57
keV more apparent. (APJ VERSION INCLUDES ONLY THE REBINNED MOS SPECTRUM OF THE FULL SAMPLE).

nax dwarf galaxies (Boyarsky et al. 2010; Watson et al.
2012), as showin in Figure 13(a). It is in marginal (⇠90%
significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
this line.

3.2. Excluding Bright Nearby Clusters from the Sample

Bulbul et al. (1402.2301), Boyarsky et al. (1402.4119) 
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    A 3.57 keV Line? 
!  In early 2014, two groups reported the 

observation of an unexpected X-ray 
line from a collection of galaxy clusters  

!  A signal of decaying dark matter? 
Perhaps sterile neutrinos? 

!  Searches for such a line from dwarf 
galaxies (Malyshev et al.) and galaxies 
(Anderson et al., Riemer-Sorensen) 
appear to be in tension with a 
decaying dark matter interpretation 

!  Future observations by high-resolution 
X-ray telescopes (ASTRO-H) should 
be able to clarify this situation  
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significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
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Dan Hooper – Dark Matter Annihilation in the GC 

Calore, Cholis, Weniger, arXiv:1409.0042 
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Figure 14. Spectrum of the GCE emission for model F (black dots) together with statistical and
systematical (yellow boxes, cf. figure 12) errors. We also show the envelope of the GCE spectrum for
all 60 GDE models (blue dashed line, cf. figure 7).
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Figure 15. Geometry of the ten GCE
segments used in our morphology anal-
ysis, see table 3.

#ROI Definition ⌦ROI [sr]

I, II
p
`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization
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Figure 16. Same as figure 14, but from a fit with the segmented GCE template as illustrated in
figure 15. We show results for GDE model F (black dots), as well as the envelope for all 60 GDE
models (blue dotted lines) and the systematic errors that we derived from fits in 22 test regions along
the Galactic disk (yellow boxes, in analogy to figure 12). See figure 28 below for the spectra of all
components.
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the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization
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channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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The Morphology of the Excess 
!  The excess is spherically symmetric with 

respect to the Galactic Center, strongly 
preferring axis-ratios within 20% of unity 
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FIG. 11: The variation in TS for the dark matter template, as performed in Sec. IV’s Inner Galaxy analysis (left frame) and
Sec. V’s Galactic Center analysis (right frame), when breaking our assumption of spherical symmetry for the dark matter
template. All values shown are relative to the choice of axis ratio with the highest TS; positive values thus indicate a reduction
in TS. The axis ratio is defined such that values less than one are elongated along the Galactic Plane, whereas values greater
than one are elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous component that is
approximately spherically symmetric, with an axis ratio near unity.

FIG. 12: The change in the quality of the fit in our Galactic
Center analysis, for a dark matter template that is elongated
along an arbitrary orientation (x-axis) and with an arbitrary
axis ratio (y-axis). As shown in Fig. 11, the fit worsens if the
this template is significantly stretched either along or perpen-
dicular to the direction of the Galactic Plane (corresponding
to 0� or 90� on the x-axis, respectively). A mild statistical
preference, however, is found for a morphology with an axis
ratio of ⇠1.3-1.4 elongated along an axis rotated ⇠35� coun-
terclockwise from the Galactic Plane.

of Sgr A⇤.
An important question to address is to what degree the

gamma-ray excess is spatially extended, and over what
range of angles from the Galactic Center can it be de-

FIG. 13: To test whether the excess emission is centered
around the dynamical center of the Milky Way (Sgr A⇤), we
plot the change in the TS associated with the dark matter
template found in our Galactic Center analysis, as a function
of the center of the template. Positive values correspond to a
worse fit (lower TS). The fit clearly prefers this template to
be centered within ⇠0.05� of the location of Sgr A⇤.

tected? To address this issue, we have repeated our In-
ner Galaxy analysis, replacing the dark matter template
with 8 concentric, rotationally symmetric ring templates,
each 1� wide, and centered around the Galactic Center.
However instead of allowing the spectrum of the ring tem-
plates to each vary freely (which would have introduced
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FIG. 14: To constrain the degree to which the gamma-ray ex-
cess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Cen-
ter. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠10�, beyond which sys-
tematic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions for a
generalized NFW profile with � = 1.3. The spectrum of the
rings is held fixed at that of Fig. 6, and the fluxes displayed
in the plot correspond to an energy of 2.67 GeV.

an untenable number of free parameters), we fix their
spectral shape between 0.3 GeV - 30 GeV to that found
for the dark matter component in the single template
fit. By floating the ring coe�cients with a fixed spec-
tral dependence, we obtain another handle on the spatial
extent and morphology of the excess. In order to be self-
consistent we inherit the background modeling and ROI
from the Inner Galaxy analysis (except that we mask the
plane for |b| < 2� rather than |b| < 1�) and fix the spectra
of all the other templates to the best fit values from the
Inner Galaxy fit. We also break the template associated
with the Fermi Bubbles into two sub-templates, in 10�

latitude slices (each with the same spectrum, but with
independent normalizations). We smooth the templates
to the Fermi PSF.

The results of this fit are shown in Fig. 14. The dark-
matter-like emission is clearly and consistently present in
each ring template out to ⇠ 10�, beyond which system-
atic and statistical limitations make such determinations
di�cult. In order to compare the radial dependence with
that expected from a generalized NFW profile, we weight
the properly smoothed NFW squared/projected template
with each ring to obtain ring coe�cients expected from
an ideal NFW distribution. We then perform a minimum
�2 fit on the data-driven ring coe�cients taking as the
template the coe�cients obtained from an NFW profile
with � = 1.3. We exclude the two outermost outlier ring

coe�cients from this fit in order to avoid systematic bias
on the preferred � value. Since the ring templates spa-
tially overlap upon smoothing, we take into account the
correlated errors of the maximum likelihood fit, which
add to the spectral errors in quadrature. We show an
interpolation of the best fit NFW ring coe�cients with
the solid line on the same figure.

We caution that systematic uncertainties associated
with the di↵use model template may be biasing this fit
toward somewhat steeper values of � (we discuss this
question further in Appendix A, in the context of the
increased values of � found for larger ROIs). It is also
plausible that the dark matter slope could vary with dis-
tance from the Galactic Center, for example as exhibited
by an Einasto profile [32].

To address the same question within the context of
our Galactic Center analysis, we have re-performed our
fit using dark matter templates which are based on den-
sity profiles which are set to zero beyond a given radius.
We find that templates corresponding to density profiles
set to zero outside of 800 pc (600 pc, 400 pc) provide
a fit that is worse relative to that found using an un-
truncated template at the level of � TS=10.7 (57.6,108,
respectively).

We have also tested our Galactic Center fit to see if
a cored dark matter profile could also provide a good
fit to the data. We find, however, that the inclusion
of even a fairly small core is disfavored. Marginalizing
over the inner slope of the dark matter profile, we find
that flattening the density profile within a radius of 10
pc (30 pc, 50 pc, 70 pc, 90 pc) worsens the overall fit
by � TS=3.6 (12.2, 22.4, 30.6, 39.2, respectively). The
fit thus strongly disfavors any dark matter profile with a
core larger than a few tens of parsecs.

Lastly, we confirm that the morphology of the anoma-
lous emission does not significantly vary with energy. If
we fit the inner slope of the dark matter template in
our Inner Galaxy analysis one energy bin at a time, we
find a similar value of � ⇠1.1-1.3 for all bins between 0.7
and 13 GeV. At energies ⇠ 0.5 GeV and lower, the fit
prefers somewhat steeper slopes (� ⇠ 1.6 or higher) and
a corresponding spectrum with a very soft spectral in-
dex, probably reflecting contamination from the Galactic
Plane. At energies above ⇠ 13 GeV, the fit again tends
to prefers a steeper profile.

The results of this section indicate that the gamma-
ray excess exhibits a morphology which is both approxi-
mately spherically symmetric and steeply falling (yet de-
tectable) over two orders of magnitude in galactocentric
distance (between ⇠20 pc and ⇠2 kpc from Sgr A*). This
result is to be expected if the emission is produced by
annihilating dark matter particles, but is not anticipated
for any proposed astrophysical mechanisms or sources of
this emission.
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FIG. 13: To test whether the excess emission is centered
around the dynamical center of the Milky Way (Sgr A⇤), we
plot the change in the TS associated with the dark matter
template found in our Galactic Center analysis, as a function
of the center of the template. Positive values correspond to a
worse fit (lower TS). The fit clearly prefers this template to
be centered within ⇠0.05� of the location of Sgr A⇤.

tected? To address this issue, we have repeated our In-
ner Galaxy analysis, replacing the dark matter template
with 8 concentric, rotationally symmetric ring templates,
each 1� wide, and centered around the Galactic Center.
However instead of allowing the spectrum of the ring tem-
plates to each vary freely (which would have introduced

The Morphology of the Excess 
!  The excess is spherically symmetric with 

respect to the Galactic Center, strongly 
preferring axis-ratios within 20% of unity 

!  The excess extends to well outside of the 
Galactic Center (out to at least 10°) 

!  The excess is very precisely          
centered around Sgr A*             
(within ~0.03° or ~5 pc) 

!  The intensity of the excess                 
continues to rise to within                         
~10 pc of Sgr A*                                 
(no flattening or core) 
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FIG. 14: To constrain the degree to which the gamma-ray ex-
cess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Cen-
ter. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠10�, beyond which sys-
tematic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions for a
generalized NFW profile with � = 1.3. The spectrum of the
rings is held fixed at that of Fig. 6, and the fluxes displayed
in the plot correspond to an energy of 2.67 GeV.

an untenable number of free parameters), we fix their
spectral shape between 0.3 GeV - 30 GeV to that found
for the dark matter component in the single template
fit. By floating the ring coe�cients with a fixed spec-
tral dependence, we obtain another handle on the spatial
extent and morphology of the excess. In order to be self-
consistent we inherit the background modeling and ROI
from the Inner Galaxy analysis (except that we mask the
plane for |b| < 2� rather than |b| < 1�) and fix the spectra
of all the other templates to the best fit values from the
Inner Galaxy fit. We also break the template associated
with the Fermi Bubbles into two sub-templates, in 10�

latitude slices (each with the same spectrum, but with
independent normalizations). We smooth the templates
to the Fermi PSF.

The results of this fit are shown in Fig. 14. The dark-
matter-like emission is clearly and consistently present in
each ring template out to ⇠ 10�, beyond which system-
atic and statistical limitations make such determinations
di�cult. In order to compare the radial dependence with
that expected from a generalized NFW profile, we weight
the properly smoothed NFW squared/projected template
with each ring to obtain ring coe�cients expected from
an ideal NFW distribution. We then perform a minimum
�2 fit on the data-driven ring coe�cients taking as the
template the coe�cients obtained from an NFW profile
with � = 1.3. We exclude the two outermost outlier ring

coe�cients from this fit in order to avoid systematic bias
on the preferred � value. Since the ring templates spa-
tially overlap upon smoothing, we take into account the
correlated errors of the maximum likelihood fit, which
add to the spectral errors in quadrature. We show an
interpolation of the best fit NFW ring coe�cients with
the solid line on the same figure.

We caution that systematic uncertainties associated
with the di↵use model template may be biasing this fit
toward somewhat steeper values of � (we discuss this
question further in Appendix A, in the context of the
increased values of � found for larger ROIs). It is also
plausible that the dark matter slope could vary with dis-
tance from the Galactic Center, for example as exhibited
by an Einasto profile [32].

To address the same question within the context of
our Galactic Center analysis, we have re-performed our
fit using dark matter templates which are based on den-
sity profiles which are set to zero beyond a given radius.
We find that templates corresponding to density profiles
set to zero outside of 800 pc (600 pc, 400 pc) provide
a fit that is worse relative to that found using an un-
truncated template at the level of � TS=10.7 (57.6,108,
respectively).

We have also tested our Galactic Center fit to see if
a cored dark matter profile could also provide a good
fit to the data. We find, however, that the inclusion
of even a fairly small core is disfavored. Marginalizing
over the inner slope of the dark matter profile, we find
that flattening the density profile within a radius of 10
pc (30 pc, 50 pc, 70 pc, 90 pc) worsens the overall fit
by � TS=3.6 (12.2, 22.4, 30.6, 39.2, respectively). The
fit thus strongly disfavors any dark matter profile with a
core larger than a few tens of parsecs.

Lastly, we confirm that the morphology of the anoma-
lous emission does not significantly vary with energy. If
we fit the inner slope of the dark matter template in
our Inner Galaxy analysis one energy bin at a time, we
find a similar value of � ⇠1.1-1.3 for all bins between 0.7
and 13 GeV. At energies ⇠ 0.5 GeV and lower, the fit
prefers somewhat steeper slopes (� ⇠ 1.6 or higher) and
a corresponding spectrum with a very soft spectral in-
dex, probably reflecting contamination from the Galactic
Plane. At energies above ⇠ 13 GeV, the fit again tends
to prefers a steeper profile.

The results of this section indicate that the gamma-
ray excess exhibits a morphology which is both approxi-
mately spherically symmetric and steeply falling (yet de-
tectable) over two orders of magnitude in galactocentric
distance (between ⇠20 pc and ⇠2 kpc from Sgr A*). This
result is to be expected if the emission is produced by
annihilating dark matter particles, but is not anticipated
for any proposed astrophysical mechanisms or sources of
this emission.

!
Galactic Center Model: We can test models where the DM 
profile is spatially offset from the true position of the Galactic 
Center. We find the data to prefer a NFW profile centered on the 
position of Sgr A* to within 0.05o

The Morphology of the Gamma-Ray Excess



Evidence For Unresolved Point Sources? 
!  Lee et al. use smooth and point source population templates that trace the 

following morphologies:  
        1) The dark matter density squared (tracing the excess)  
        2) The Fermi diffuse model 
        3) The Galactic Disk 
 
 
 
 
 

!  The question their analysis asks is this: Which of these distributions do the 
observed gamma-ray clusters most trace?  

         
 
 
 
 
 
 
 
 

 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124  
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104) 
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FIG. S14: (Left) The Fermi p6v11 di↵use background in the IG region (smoothed using Fermi tools), with |b| < 2� masked.
Counts are clipped at 30. (Right) The spatial profile for the thick-disk distribution given in (S15); normalization is arbitrary.

FIG. S15: Best-fit source-count function for PSs within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked, for
models with both an NFW PS population (green band) and a di↵-corr PS population (blue band). For this analysis, the NPTF
includes an additional template corresponding to di↵use-correlated PSs. This new template either has support in the inner 10�

(left) or over the full ROI (30� from the GC with |b| � 2�) (right). As for the standard IG analyses, the isotropic PS parameters
are fixed to their best-fit values at high latitudes.

Figure S16 shows the results of this analysis when no sources are masked, in the form of the best-fit source-count
functions for the NFW PS (green band) and disk PS (blue band) populations. Here the disk-correlated PS template
accounts for the observed 3FGL sources,10 but the NFW PS population is still strongly preferred by the data. The
source-count function of the NFW PS template is similar in shape to our earlier results from the analysis with known
sources masked (as shown in e.g. Fig. 2), with a steep cuto↵ just below the source sensitivity threshold; the parameters
of the broken power law are n1 = 29.2+13.6

�14.2, n2 = �0.44+0.95
�1.02, and Fb = 2.72+0.72

�0.48⇥10�10 photons/cm2/s. The best-fit

slope of the disk-correlated PS template below the break is n2 = 1.47+0.05
�0.03. It is worth noting that in this case there is

no externally imposed threshold, as no sources are masked. This supports the idea that the low-flux sources absorbed
by the NFW PS template represent a separate population, with a cuto↵ in the source-count function slightly below
the current source sensitivity threshold.

In this case, the fraction of flux that is absorbed by the NFW PS template is 9.23+0.76
�0.78% (in the inner 10� region

with |b| > 2�), while the DM contribution is consistent with zero. When the NFW PS template is omitted, the
fraction of flux absorbed by the disk PS population remains unchanged, and the DM template absorbs 8.39+0.75

�0.68%
of the flux. These results are consistent with the flux attributed to the DM template in [5]. The normalization of

10 The source-count function for the disk PSs should not be trusted much below threshold, as the fit is clearly being driven by the high-flux
PSs.
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di↵use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di↵use model template is shown as evaluated at 1 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.18. Red dashed lines indicate the
boundaries of our standard Region of Interest (we also mask bright point sources and the region of the Galactic plane with
|b| < 1�).

we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di↵erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emis-
sion from the Galactic Plane and point sources into our
regions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where the
CTBCORE cut has the greatest impact. These new event
classes and their characterization are further detailed in
[40], and accompanied by a data release of all-sky maps
for each class, and the instrument response function files
necessary for use with the Fermi Science Tools.

Throughout the remainder of this study, we will em-
ploy the Q2 event class by default, corresponding to the
top 50% (by CTBCORE) of Fermi ’s front-converting, Ul-
traclean photons, to maximize event quality. We select
Q2 rather than Q1 to improve statistics, since as demon-
strated in Fig. 3, the angular resolution improvement in
moving from Q2 to Q2 is minimal. In Appendix A we
demonstrate that our results are stable upon removing
the CTBCORE cut (thus doubling the dataset), or ex-
panding the dataset to include lower-quality events.1

1 An earlier version of this work found a number of apparent
peculiarities in the results without the CTBCORE cut that
were removed on applying the cut. However, we now attribute
those peculiarities to an incorrect smoothing of the di↵use back-

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),
which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a series of maps
of the gamma-ray sky binned in energy. We apply the
point source subtraction method described in Ref. [42],

ground model. When the background model is smoothed cor-
rectly, we find results that are much more stable to the choice
of CTBCORE cut, and closely resemble the results previously
obtained with Q2 events. Accordingly, the CTBCORE cut ap-
pears to be e↵ective at separating signal from poorly-modeled
background emission, but is less necessary when the background
is well-modeled.
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FIG. S14: (Left) The Fermi p6v11 di↵use background in the IG region (smoothed using Fermi tools), with |b| < 2� masked.
Counts are clipped at 30. (Right) The spatial profile for the thick-disk distribution given in (S15); normalization is arbitrary.

FIG. S15: Best-fit source-count function for PSs within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked, for
models with both an NFW PS population (green band) and a di↵-corr PS population (blue band). For this analysis, the NPTF
includes an additional template corresponding to di↵use-correlated PSs. This new template either has support in the inner 10�

(left) or over the full ROI (30� from the GC with |b| � 2�) (right). As for the standard IG analyses, the isotropic PS parameters
are fixed to their best-fit values at high latitudes.

Figure S16 shows the results of this analysis when no sources are masked, in the form of the best-fit source-count
functions for the NFW PS (green band) and disk PS (blue band) populations. Here the disk-correlated PS template
accounts for the observed 3FGL sources,10 but the NFW PS population is still strongly preferred by the data. The
source-count function of the NFW PS template is similar in shape to our earlier results from the analysis with known
sources masked (as shown in e.g. Fig. 2), with a steep cuto↵ just below the source sensitivity threshold; the parameters
of the broken power law are n1 = 29.2+13.6

�14.2, n2 = �0.44+0.95
�1.02, and Fb = 2.72+0.72

�0.48⇥10�10 photons/cm2/s. The best-fit

slope of the disk-correlated PS template below the break is n2 = 1.47+0.05
�0.03. It is worth noting that in this case there is

no externally imposed threshold, as no sources are masked. This supports the idea that the low-flux sources absorbed
by the NFW PS template represent a separate population, with a cuto↵ in the source-count function slightly below
the current source sensitivity threshold.

In this case, the fraction of flux that is absorbed by the NFW PS template is 9.23+0.76
�0.78% (in the inner 10� region

with |b| > 2�), while the DM contribution is consistent with zero. When the NFW PS template is omitted, the
fraction of flux absorbed by the disk PS population remains unchanged, and the DM template absorbs 8.39+0.75

�0.68%
of the flux. These results are consistent with the flux attributed to the DM template in [5]. The normalization of

10 The source-count function for the disk PSs should not be trusted much below threshold, as the fit is clearly being driven by the high-flux
PSs.
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