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The Galactic Center
of the Residuals
SkymapsGeV
ofSkymaps
theExcess
Residuals
Much of this talk is based on:
! T. Daylan, D. Finkbeiner, DH, T. Linden, S. Portillo,

N. Rodd, and T. Slatyer, arXiv:1402.6703
! F. Calore, I. Cholis, C. Weniger, arXiv:1409.0042

For earlier work related to this signal and its
interpretation, see (among others):
! L. Goodenough, DH, arXiv:0910.2998
! DH, L. Goodenough, PLB, arXiv:1010.2752
! DH, T. Linden, PRD, arXiv:1110.0006
! K. Abazajian, M. Kaplinghat, PRD, arXiv:1207.6047
! DH, T. Slatyer, PDU, arXiv:1302.6589
! C. Gordon, O. Macias, PRD, arXiv:1306.5725
! W. Huang, A. Urbano, W. Xue, arXiv:1307.6862
! K. Abazajian, N. Canac, S.Horiuchi, M. Kaplinghat,

arXiv:1402.4090
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Basic Features of the GeV Excess
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FIG. 5: The variation in the quantity 2 ln L (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 .

match the data using the gtsrcmaps routine in the Fermi
Science Tools, to ensure that the tails of the point spread
dark matter template dramatically improves the qual3
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FIG. 6: Left frame: The spectrum of the dark matter component,
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comparison (solid line) is the spectrum predicted from a 43.0 GeV
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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

FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di↵use template,
model, point sources, and isotropic template (right), in units of photons/cm2 /s/sr. The right frames clearly contain a
Fermi bubbles, and isotropic templates. Template coefficients are obtained from the fit including these three templates
and central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
significant
a = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF
2 smoothed by a 0.25 Gaussian.
haveofbeen
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between ⇠0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.
ing to a statical preference for such a component at the
as shown in the right frame of Fig. 2, respectively). The
level of ⇠17 . In Fig. 8, we show the spectrum of the
normalizations of the Galactic Center and Inner Galaxy
dark-matter-like component, for values of = 1.2 (left
signals are compatible (see Figs. 6 and 8), although the
V. THE GALACTIC CENTER
10.0 GeV. Included in the fit is a model for the frame)
Galac- and = 1.3 (right frame). Shown for comparidetails of this comparison depend on the precise mortic di↵use emission, supplemented by a model spatially
son is the spectrum predicted from a 35.25 GeV WIMP
phology that is adopted.
tracing the observed 20 cm emission [45], a model
for
annihilating
to bb̄. The solid line represents the contribuWe note that the Fermi tool gtlike determines the
In this section, we describe our analysis of the Fermi
tion from prompt emission, whereas the dot-dashed and
the isotropic gamma-ray background, and all gamma-ray
quality of the fit assuming a given spectral shape for
data from the region of the Galactic Center, defined as
dotted lines also include an estimate for the contribution

Dan Hooper – Dark Matter Annihilation in the GC

Spectrum of the Residuals
7

!
er component,
extracted from a fit in our standard ROI (1 < |b| < 20 ,
zed NFW halo profile with an inner slope of = 1.18 (normalized to the
own for comparison (solid line) is the spectrum predicted from a 43.0 GeV
ection of v = 2.25 ⇥ 10 26 cm3 /s ⇥ [(0.4 GeV/cm3 )/⇢local ]2 . Right frame:
= 1.28; shown for comparison (solid line) is the spectrum predicted from
ith a cross section of v = 0.75 ⇥ 10 26 cm3 /s ⇥ [(0.4 GeV/cm3 )/⇢local ]2 .

Inner Galaxy - The DM template naturally picks up the following spectral
shape - the normalization of the NFW template is allowed to float
independently in every energy bin
!

|b| < 2
sistent with that extracted at higher latitudes (see Ap7
Galactic
Center
- comparison
Various (as
initial
default
pendix A).
Shown for
a solidseeds
line) is thefor the dark matter spectrum, the
trast to
predicted from (left panel) a 43.0 GeV dark
bestspectrum
fit spectrum
is then calculated
and fed back into the fitting algorithm,
¯
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As far as I am aware, no analysis of this data has disagreed with these
conclusions – the signal is there, and it has the basic features described
on the previous slides
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Overwhelming Statistical Significance
! This excess corresponds to a flux of ~104 photons (> 1 GeV)

per square meter, per year
! In our Inner Galaxy analysis, the quality of the best-fit found with
a dark matter component included improves over the best-fit
without a dark matter component by ~30 σ
! Signal-to-background is also fairly high
(roughly 1-to-2 in the innermost degree)
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The Morphology of the Excess
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! The excess is spherically symmetric with

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

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.
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The Morphology of the Excess
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! 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°)

coefficients from this fit in order t
on the preferred value. Since
tially overlap upon smoothing, w
correlated errors of the maximu
add to the spectral errors in qu
interpolation of the best fit NFW
the solid line on the same figure.

We caution that systematic u

FIG. 11: The variation in TS for the dark matter template, as performed in Sec. IV’s Inner Galaxy analysis
(leftdi↵use
frame)model
and template
with the
Sec. V’s Galactic Center analysis (right frame), when breaking our assumption of spherical symmetry
for
the
dark
matter
toward somewhat steeper values
template. All values shown are relative to the choice of axis ratio with the highest TS; positive values thus
indicatefurther
a reduction
question
in Appendix A
in TS. The axis ratio is defined such that values less than one are elongated along the Galactic Plane, whereas
values
greater
increased values
of found for l
than one are elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous
component
thatdark
is matter slo
plausible
that the
approximately spherically symmetric, with an axis ratio near unity.

tance from the Galactic Center, f
by an Einasto profile [32].

FIG. 14: To constrain the degree to which the gamma-ray excess 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 Center. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠10 , beyond which systematic and statistical limitations make such determinations
difficult. For comparison, we also show the predictions for a
generalized NFW profile with = 1.3. The spectrum of the

To address the same question
our Galactic Center analysis, we
fit using dark matter templates w
sity profiles which are set to zero
We find that templates correspon
set to zero outside of 800 pc (6
a fit that is worse relative to th
truncated template at the level o
respectively).

We have also tested our Gala
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FIG. 14: To constrain the degree to which the gamma-ray excess 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 Center. The dark-matter-like emission is clearly and consistently
present in each ring !template out to ⇠10 , beyond which systematic and statistical limitations make such determinations
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An Excess Relative to What?
Although it is clear at this point that Fermi has observed an excess
relative to standard astrophysical background models, it is important and
reasonable to be asking to what extent we can trust and rely upon the
predictions of such background models
Are there any viable astrophysical models that can explain the excess?
Do variations in the background model significantly impact the
characteristics of the residual excess?

FERMILAB-PUB-14-289-A
Prepared for submission to JCAP

arXiv:1409.0042v1 [astro-ph.CO] 29 Aug 2014
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Background model systematics for the
Fermi GeV excess
Francesca Calore,a Ilias Cholisb and Christoph Wenigera

arXiv:1409.0042
Highly Recommended!

a GRAPPA,
b Fermi

University of Amsterdam, Science Park 904, 1090 GL Amsterdam, Netherlands
National Accelerator Laboratory, Center for Particle Astrophysics, Batavia, IL 60510,

!USA
First comprehensive study of the systematic uncertainties on the

relevant astrophysical backgrounds
Abstract.
The possible gamma-ray
in the range
inner Galaxy
the Galactic center
(GC)
! Considered
a veryexcess
wide
ofandmodels,
with
extreme variation in
suggested by Fermi -LAT observations has triggered a large number of studies. It has been
interpreted
as a variety
di↵erent phenomena
such as a signal
WIMP dark matter
cosmic
ray ofsource
distribution
andfrominjection,
gas distribution, diffusion,
annihilation, gamma-ray emission from a population of millisecond pulsars, or emission from
convection,
re-acceleration,
interstellar
radiation
cosmic
rays injected in a sequence
of burst-like events or continuously
at the GC.
We present and magnetic fields
the first comprehensive study of model systematics coming from the Galactic di↵use emission
in!the
inneronly
part of does
our Galaxy
and their
impact on
the inferredfor
properties
of the excess
Not
the
excess
persist
all such
background models, the
emission at Galactic latitudes 2 < |b| < 20 and 300 MeV to 500 GeV. We study both
spectral
andmodel
morphological
properties
of the
excess are “remarkably
theoretical
and empirical
systematics, which we deduce
from a large range
of Galactic
di↵use emission models and a principal component analysis of residuals in numerous test
stable” to these variations
regions along the Galactic plane. We show that the hypothesis of an extended spherical
excess emission with a uniform energy spectrum is compatible with the Fermi -LAT data in
! region
Theof excess
notthat
appear
thecounterpart
result ofof
our
interest at 95%does
CL. Assuming
this excess to
is thebe
extended
the the mismodeling of
one seen in the inner few degrees of the Galaxy, we derive a lower limit of 10.0 (95% CL) on
standard astrophysical emission processes
its extension away from the GC. We show that, in light of the large correlated uncertainties
E-mail: f.calore@uva.nl, cholis@fnal.gov, c.weniger@uva.nl

that a↵ect the subtraction of the Galactic di↵use emission in the relevant regions, the energy
spectrum of the excess is equally compatible with both a simple broken power-law of break
energy Ebreak = 2.1 ± 0.2 GeV, and with spectra predicted by the self-annihilation of dark
matter, implying in the case of b̄b final states a dark matter mass of m = 49+6.4
5.4 GeV.
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Figure 15. Geometry of the ten GCE Table 3. Definition of the ten GCE segments that are
segments used in our morphology anal- Figure
shown16.in Same
figure
15, as
ofwith
Galactic
latitude
and as illustrated in
as figure
14, function
but from a fit
the segmented
GCE btemplate
Figure 15. Geometry of the ten GCE Table 3.ysis,
Definition
that
areWe `,
15.
show
results forwith
GDE their
model Fangular
(black dots),
well
as
the
envelope
for all 60 GDE
see tableof3.the ten GCE segments figure
longitude
together
sizeas ⌦
.
ROI
models
(blue dotted lines) and the systematic errors that we derived from fits in 22 test regions along
segments used in our morphology anal- shown in figure 15, as function of Galactic latitude
b and
ysis, see table 3.
longitude `, together with their angular size ⌦ROIthe
. Galactic disk (yellow boxes, in analogy to figure 12). See figure 28 below for the spectra of all
components.

Calore, Cholis, Weniger, arXiv:1409.0042

the fit. The definition of the segments aims at studying the symmetries of the GCE around
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The Evolving Nature of the Galactic Center Debate
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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?
! 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 smallscale structure of excess does
not correlate with the distribution
of gas – this is incompatible with
any hadronic cosmic ray origin
FIG. 3 (color online). Hadronic
for the excess

gamma-ray flux density at 2 GeV from an ap
protons integrated over the line of sight. We show impulsive sources of increasing age in
right which shows a continuously emitting source in steady state. For each map, the fluxes
of comparing the morphology of the claimed GCE in Ref. [21] shown in their fig. 9, we em
The three lower panels employ, instead, a logarithmic scale to enhance the features of th
Also overlaid are reference reticles in increments of two degrees and indicators of the Gala
smoothed by a Gaussian of width σ ¼ 0.25∘ to match Ref. [21].

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

023015-7

Dan Hooper – Dark Matter Annihilation in the GC

A Series of Cosmic Ray Outbursts?
! 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):

Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104
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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
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Log [ Flux ]

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

Angle from the Galactic Center
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A Series of Cosmic Ray Outbursts?
! 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):

Log [ Flux ]

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

~1050 erg, ~105 yr
~1051 erg, ~106 yr

Angle from the Galactic Center

Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104
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A Series of Cosmic Ray Outbursts?
! 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):
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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 over 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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~1049

erg,
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Softer Spectra

yr

~1050 erg, ~105 yr
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Hard Spectrum

Angle from the Galactic Center
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A Series of Cosmic Ray Outbursts?
! 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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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 over 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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erg,
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~1050 erg, ~105 yr
~1051 erg, ~106 yr
Hard Spectrum

Angle from the Galactic Center

Leptonic outburst models could potentially fit
the excess, but they require a number of
rather extreme and carefully tuned features
Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104
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Millisecond Pulsars 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 be in the Galactic Center
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Gamma-Rays From Millisecond Pulsars
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emission from ~60 MSPs – none of
which are located near the Galactic
Center
! Their average observed spectra is
similar (but not identical) 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)

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

11
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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

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.
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Data Selection Criteria

Evidence For Unresolved Point Sources?

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 sufficiently 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 .

! Two recent studies find that ~1-10 GeV photons from the direction of the

50

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

counts
counts

latitude [degrees]

50

0

0

counts

longitude [degrees]

FIG. S1: The counts map for the high-latitude (|b| 30 ) analysis (clipped0at 15 counts)counts
is shown in the left
50panel. 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.

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Evidence For Unresolved Point Sources?
! Lee et al. use smooth and point source population templates that trace the
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following morphologies:
1) The dark matter density squared (tracing the excess)
2) The Fermi diffuse model
3) The Galactic Disk
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0 using
! The question is this:
Which
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distributions
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gamma-ray clusters trace?

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

Disk-Like
Population

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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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 prefers the GeV excess to be generated by ~103 unresolved
sources, most with a flux that is just slightly below Fermi’s threshold for point
source detection
Excess-Like
Population

Disk-Like
Population

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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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 prefers the GeV excess to be generated by ~103 unresolved
sources, most with a flux that is just slightly below Fermi’s threshold for point
source detection
Excess-Like
3) The Fermi diffuse model doesn’t
Population
absorb much of the clustering
Disk-Like
Population

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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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 are
being modeled
! 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 extends over several orders of

magnitude, and well above the threshold for detection by Fermi; very
different than this new putative source population
! Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)

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 extends over several orders of

magnitude, and well above the threshold for detection by Fermi; very
different than 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
MSP
! A new class of standard candles?!
Luminosity
– 68% possess luminosities within
Function
a factor of 2 (ΔM ~ 0.4)

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?
! One interesting test is to see whether the gamma-ray clusters correlate

with the locations of known radio pulsars
! Compare the gamma-ray fluxes observed from the directions of ~200
known radio pulsars to those with (l ,b )
(-l ,b ), (l ,-b ), or (-l ,-b )

Control Directions

Direction of Known Pulsar

Tim Linden (in preparation)
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! One interesting test is to see whether the gamma-ray clusters correlate

with the locations of known radio pulsars
! Compare the gamma-ray fluxes observed from the directions of ~200
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Are These Sources Millisecond Pulsars?
! One interesting test is to see whether the gamma-ray clusters correlate

with the locations of known radio pulsars
! Compare the gamma-ray fluxes observed from the directions of ~200
known radio pulsars to those with (l ,b )
(-l ,b ), (l ,-b ), or (-l ,-b )

Which plot is the control group?
Control
Directions

Tim Linden (in preparation)

Directions of
ATNF Pulsars
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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 rule
out other possibilities
! How do we go from establishing a very intriguing signal, to being
able to claim discovery?
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Dwarf Galaxies
! The Fermi Collaboration recently presented an update of their analysis

of dwarf spheroidal galaxies, making use of 5 years of (Pass 8) data
! No significant excess, but constraints remain 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

Fermi Collaboration, 1503.02641
(see also Geringer-Sameth, et al. 2015)
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Dwarf Galaxies
! Past gamma-ray searches for dark matter in dwarf galaxies were

driven in roughly equal parts by “classical” dwarfs (most importantly,
Draco and Sagittarius), and “ultra-faint” dwarfs discovered by SDSS
(Segue 1, Ursa Major II, Willman 1, etc.)
! Much of the sky was not explored by SDSS, however, leaving us
hopeful that many ultra-faint dwarfs remained to be discovered

color-magnitude diagrams for each candidate are provided in Figures 4 – 11. The rightmost panels
of these figures show the satellite membership probabilities of individual stars that are assigned by
the likelihood fit using a single representative isochrone
with ⌧ =
13.5 Matter
Gyr and
Z = 0.0001.
Dan Hooper
– Dark
Annihilation
in the Stars
GC
with high membership probabilities contribute most to the statistical significance of each candidate.
The constellation designation, should these candidates be confirmed as dwarf galaxies, is listed in
parenthesis.

New Dwarf Galaxies!

.02584v1 [astro-ph.GA] 9 Mar 2015

Eight New Milky Way Companions Discovered in First-Year Dark Energy
Table 2. Properties of DES satellite galaxy candidates
Survey Data

!
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,
R.
+17
+57 A. Bernstein , D. Tucker ,
J0344.3-4331 (Eri II)
330
83 14
7.4 ± 0.1
172 57
10.10 ± 0.23
< 0.0006
13,14 , R. A. Gruendl15,13 , L. N. +7
16,4 , A. Fausti
4,16 ,
I. Sevilla
Costa3.9
Neto4 , M.
A. G. Maia
DES J2251.2-5836
(Tuc II)
58
3 da
± 0.2
120+30
–
–
1
30
+1.4
9 , S. Allam
17,2
19 , G.
18 , E.<Bertin
DES J0255.4-5406
(Hor
I) , R. Armstrong
87
2.418
± 0.3
60+76
9.96 ± 0.21
0.0005 20,21 ,
T. Abbott
,0.7A. H. 3.5
Bauer
M.
30 Bernstein
+0.4
+2
DES J2108.8-5109
(Ind I)
692
0.8 0.4 11 2.2 ± 0.5
12 2
–
–
12 , E. Buckley-Geer
19 ,
D. DES
Brooks
, D. L.2.8Burke
, A.
Carnero
Rosell4,16
, F.
J. Castander
+5.0
+153
J0443.8-5017 (Pic I)
126
3.7
±
0.4
43
10.00
±
0.16
<
0.0004
1.7
21
22 D. L. DePoy23 , S. Desai
24,25 , H. T. Diehl2 ,+20
26,18 , J. Estrada2 ,
C. B.
D’Andrea
F. Eifler
DES
J2339.9-5424, (Phe
II)
95
2.8+1.2
3.7 ± 0.4
33 T.
–
–
0.7
11
+0.9
+8
27
28,39
2
2
19
27 ,
DES
J0222.7-5217
(Eri
III)
95
0.9
2.4
±
0.6
11
–
–
0.7
A. E. Evrard , E. Fernandez
, D. A. Finley
, B. Flaugher , 5E. Gaztanaga , D. Gerdes
L. Girardi16 , M. Gladders29,1 , D. Gruen30,31 , G. Gutierrez2 , J. Hao2 , K. Honscheid32,33 , B. Jain18 ,
DES
Collaboration
see
1503.02079
9 , S. Kent
2 , R. Kron1 , K. arXiv:1503.02584;
34,35 N. Kuropatkin
2 , O.also
23 , H. Lin2 ,
D. James
Kuehn
Lahav1290%
, T.ofS.theLiposterior
Note.
— Uncertainties
are calculated
from the the, highest
density interval
containing
distribution. Stellar masses are computed for a Chabrier initial mass function.
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This R.
spring,
discoveries of more than a dozen new dwarf galaxy
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! Particularly exciting is Reticulum II, which is nearby (~30 kpc) and has
(The DES Collaboration)

been confirmed with spectroscopy to be an ultra-faint dwarf galaxy
! Three groups have studied the Fermi data from the direction of
Reticulum II, each finding a modest (local) excess (2.4-3.2σ)
(Geringer-Sameth et al. Drlica-Wagner, et al, DH & Linden)

alactic Center excess (for comparison, the Galactic Center excess is well-fit by dark matt
nnihilating to bb̄ for masses of 36–55 GeV [1, 58]).
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Numerical simulations such as the Aquarius Project [39] and Via Lactea II [45] hav
ch identified and studied expansive populations of subhalos residing within the halos
ilky Way-like galaxies. Aquarius, for example, resolves their subhalo population down
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Nearby Dark Matter Subhalos

Although uncertainties in the subhalo concentrations
and tidal stripping introduce u
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The Intriguing Source 3FGL J2212.5+0703
! The Fermi source 3FGL J2212.5+0703 is an exciting subhalo candidate
! This bright, high-latitude source has a ~35 GeV WIMP-like spectrum

and is not observed at any other wavelengths
! More telling, this source appears to be spatially extended by ~0.2° (~4σ)
! Although a small fraction of astrophysical gamma-ray sources are
2. Residual maps of the 5 ⇥ 5 region surrounding 3FGL J2212.5+0703. The left frame is
extended (PWN,Figure
SNRs,
molecular clouds, nearby galaxies), these are
unsmoothed, whereas the center and right frames have been smoothed with a Gaussian function with
a smoothing
of 4 orat
9 pixels,
(and are predicted
to be)length
bright
otherrespectively.
wavelengths

J2212.5+0703

Example Point Source

Figure 2. Residual maps of the 5 Figure
⇥ 5 region
surrounding
3FGL
The
left frame iswhich exhibits no evidence of spatial
3. As
in Fig. 2, but
for J2212.5+0703.
the source 3FGL
J1119.9-2204,
unsmoothed, whereas the center andextension.
right frames
have
been smoothed
with
a
Gaussian
function
with
This
is shown
as an
example
of
a
point-like
Fermi
source.
Bertoni, DH, Linden,
1504.02087;
and in prep.
a smoothing length of 4 or 9 pixels, respectively.
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Testing the Statistical Significance and Robustness of 3FGL J2212.5+0703’s
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The Intriguing Source 3FGL J2212.5+0703
we plot the (pre-tidal stripping) mass of a subhalo that produces the gamma-ray flux of 3FGL
J2212.5+0703, as a function of distance. Here, we have assumed a dark matter particle with
a mass of 40 GeV and an annihilation cross section of v = 2 ⇥ 10 26 cm3 /s to bb̄.4 From
the flux alone, one cannot disentangle the mass of a subhalo from its proximity. From the
information contained in this plot, 3FGL J2212.5+0703 could equally well be a subhalo not
much smaller than a dwarf galaxy located at a distance of ⇠ 10 kpc, or a solar mass clump
of dark matter located in the vicinity of the Solar System.
Although one might imagine that the degree of extension of a subhalo could be used to
constrain its characteristics, there is an approximate degeneracy between the size and distance
that makes this only mildly informative. In the right frame of Fig. 8, we plot the angular
extension for a subhalo with the same flux as 3FGL J2212.5+0703 as a function of distance,
again assuming a dark matter particle with a mass of 40 GeV and an annihilation cross
section of v = 2 ⇥ 10 26 cm3 /s to bb̄. In both frames of Fig. 8, the inner dark blue regions
enclose the parameter space in which the subhalo’s concentration varies within a factor of
XXX (corresponding to the approximately 1 halo-to-halo variation found in simulations),
whereas the outer light blue region encloses variations of up to a factor of XXX. For each
of these regions, the degree of tidal stripping was allowed to vary between 90% and 99.5%.
Although this plot illustrates a trend in favor of less extension for more distant subhalos, for
the degree of extension observed from 3FGL J2212.5+0703 ( ⇡ 0.19 ), it is not possible to
constrain its distance.
Even if the flux and angular extent of 3FGL J2212.5+0703 cannot definitely determine
the mass or distance of the corresponding dark matter subhalo, we can use the subhalo
population found in numerical simulations to make probabilistic statements regarding its
characteristics.
In Ref. [29], it was found that the di↵erential number of subhalos detectable by Fermi
is described by the following distribution:

! This source could be a very large

subhalo (only slightly less massive
than a dwarf galaxy) at a distance of
~10 kpc, or a very small and nearby
clump of dark matter, or anything in
between
! The observed extension (~0.2°) is
consistent for dark matter subhalos
over a wide range of masses

This source merits considerably
more attention and scrutiny!

M

dN
/ M 0.17 ,
dM

(5.2)

where M is the subhalos’ mass. From this expression, we find that half of all observable
Bertoni, DH, Linden, 1504.02087; and
subhalos will have a mass within about 20% of the maximum mass (where the maximum
subhalo mass is that corresponding to the boundary between baryon-free subhalos and starforming dwarf galaxies, on the order of M200 ⇠ 109 1010 M , prior to tidal stripping).

in prep.
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Summary
! Indirect searches are currently testing the WIMP paradigm!
! Although many indirect detection anomalies have appeared over the years,

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 very difficult to explain with
known/proposed astrophysics
! The spectrum and angular distribution of this signal is very well fit by a

~45 GeV WIMP (annihilating to b quarks), distributed as ρ ~ r -1.2
! The normalization of this signal requires a dark matter annihilation cross

section of σv ~ 10-26 cm^3/s; in good agreement with the range predicted
for a simple thermal relic
! Many dark matter models can account for the observed emission without

conflicting with constraints from direct detection experiments or colliders –
future prospects are encouraging
! Future observations of dwarf galaxies and subhalo candidates will be

important to test the origin of this signal

