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How does this work on bigger scales?
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What Do We Know About Dark Matter?

+ Dark - Doesn’t produce (or absorb) light.

= Matter - Has a lot of mass (overall, at least)

+ Cold - Moving slowly, can accumulate in galaxies.

+ Collisionless - Dark Matter particles can pass right
through each other.
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FERMILAB-PUB-09-494-A

Possible Evidence For Dark Matter Annihilation In The Inner Milky Way From The
Fermi Gamma Ray Space Telescope

Lisa Goodenough' and Dan Hooper??3

ICenter for Cosmology and Particle Physics, Department of Physics, New York University, New York, NY 10003
“Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510
Department of Astronomy and Astrophysics, University of Chicago, Chicago, IL 60637

We study the gamma rays observed by the Fermi Gamma Ray Space Telescope from the direc-
tion of the Galactic Center and find that their angular distribution and energy spectrum are well
described by a dark matter annihilation scenario. In particular, we find a good fit to the data for
dark matter particles with a 25-30 GeV mass, an annihilation cross section of ~ 9 x 1072¢ cm? /s,

and that are distributed with a cusped halo profile, p(r) oc 7~ *

! within the inner kiloparsec of the

Galaxy. We cannot, however, exclude the possibility that these photons originate from an astro-
physical source or sources with a similar morphology and spectral shape to those predicted in an

annihilating dark matter scenario.

Searches for dark matter annihilation products are
among the most exciting missions of the Fermi Gamma
Ray Space Telescope (FGST). In particular, the FGST
collaboration hopes to observe and identify gamma
rays from dark matter annihilations occuring cosmolog-
ically [1], as well as within the Galactic Halo [2], dwarf
galaxies [3], microhalos [4], and the inner region of the
Milky Way [5].

Due to the very high densities of dark matter predicted
to be present in the central region of our galaxy, the
inner Milky Way is expected to be the single brightest
source of dark matter annihilation radiation in the sky.
This region is astrophysically rich and complex, however,
making the task of separating dark matter annihilation
products from backgrounds potentially challenging. In
particular, the Galactic Center contains a 2.6 x 10 M
black hole coincident with the radio source Sgr A* [6],

from the direction of the Galactic Center that is observed,
p(r) describes the dark matter density profile, and the
integral is performed over the line-of-sight. dN.,/dE, is
the spectrum of prompt gamma rays generated per an-
nihilation, which depends on the dominant annihilation
channel(s). Note that Eq. 1 provides us with predictions
for both the distribution of photons as a function of en-

powerful com!
identify and se

described in
point spread
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The Consistency of Fermi-LAT
Observations of the Galactic Center
with a Millisecond Pulsar Population
in the Central Stellar Cluster

Kevork N. Abazajian

Maryland Center for Fundamental Physics & Joint Space-Science Institute, Department of
Physics, University of Maryland, College Park, Maryland 20742 USA

E-mail: kev@Qumd.edu

Abstract. I show that the spectrum and morphology of a recent Fermi-LAT observation of
the Galaxy center are consistent with a millisecond pulsar population in the nuclear Central
stellar cluster of the Milky Way. The Galaxy Center gamma-ray spectrum is consistent with
the spectrum of four of eight globular clusters that have been detected in the gamma-ray. A
dark matter annihilation interpretation cannot be ruled out, though no unique features exist
that would require this conclusion.

Keywords: millisecond pulsars, gamma ray experiments, dark matter theory
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Pulsars Cannot Account for the Inner Galaxy’s GeV Excess

Dan Hooper!2, Tlias Cholis!, Tim Linden®, Jennifer Siegal-Gaskins*, and Tracy Slatyer®
! Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510
2 Department of Astronomy and Astrophysics, University of Chicago, 5640 S Ellis Ave., Chicago, IL 606
3 Department of Physics, University of California,
Santa Cruz, 1156 High Street, Santa Cruz, CA 95064
4 Einstein Fellow, California Institute of Technology,
1200 E. California Blvd., Pasadena, CA 91125 and
®School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540
(Dated: April 16, 2018)

Using data from the Fermi Gamma-Ray Space Telescope, a spatially extended component of
gamma rays has been identified from the direction of the Galactic Center, peaking at energies
of ~2-3 GeV. More recently, it has been shown that this signal is not confined to the innermost
hundreds of parsecs of the Galaxy, but instead extends to at least ~3 kpc from the Galactic Center.
While the spectrum, intensity, and angular distribution of this signal is in good agreement with
predictions from annihilating dark matter, it has also been suggested that a population of unresolved
millisecond pulsars could be responsible for this excess GeV emission from the Inner Galaxy. In this
paper, we consider this later possibility in detail. Comparing the observed spectral shape of the Inner
Galaxy’s GeV excess to the spectrum measured from 37 millisecond pulsars by Fermi, we find that
these sources exhibit a spectral shape that is much too soft at sub-GeV energies to accommodate
this signal. We also construct population models to describe the spatial distribution and luminosity
function of the Milky Way’s millisecond pulsars. After taking into account constraints from the
observed distribution of Fermi sources (including both sources known to be millisecond pulsars,
and unidentified sources which could be pulsars), we find that millisecond pulsars can account for
no more than ~10% of the Inner Galaxy’s GeV excess. Each of these arguments strongly disfavor
millisecond pulsars as the source of this signal.

PACS numbers: 97.60.Gb, 95.55.Ka, 95.35.+d; FERMILAB-PUB-13-129-A
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Center Gamma-Ray Excess with
Millisecond Pulsars

llias Cholis®* Dan Hooper®® Tim Linden®

2Fermi National Accelerator Laboratory, Center for Particle Astrophysics, Batavia, IL
University of Chicago, Kavli Institute for Cosmological Physics, Chicago, IL

E-mail: cholis@fnal.gov, dhooper@fnal.gov, trlinden@uchicago.edu

Abstract. Millisecond pulsars have been discussed as a possible source of the gamma-ray excess |
observed from the region surrounding the Galactic Center. With this in mind, we use the observed 1
population of bright low-mass X-ray binaries to estimate the number of millisecond pulsars in the 2

Inner Galaxy. This calculation suggests that only ~1-5% of the excess is produced by millisecond

pulsars. We also use the luminosity function derived from local measurements of millisecond pulsars, F¢°
along with the number of point sources resolved by Fermi, to calculate an upper limit for the diffuse
emission from such a population. While this limit is compatible with the millisecond pulsar population 3
implied by the number of low-mass X-ray binaries, it strongly excludes the possibility that most of &
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Evidence for Unresolved Gamma-Ray Point Sources in the Inner Galaxy

Samuel K. Lee,’»? Mariangela Lisanti,® Benjamin R. Safdi,* Tracy R. Slatyer,* and Wei Xue*

i ! Princeton Center for Theoretical Science, Princeton University, Princeton, NJ 08544

! 2Broad Institute, Cambridge, MA 02142

9 Department of Physics, Princeton University, Princeton, NJ 08544

‘] 4 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139
E (Dated: February 4, 2016)

We present a new method to characterize unresolved point sources (PSs), generalizing traditional
template fits to account for non-Poissonian photon statistics. We apply this method to Fermi Large
Area Telescope gamma-ray data to characterize PS populations at high latitudes and in the Inner
Galaxy. We find that PSs (resolved and unresolved) account for ~50% of the total extragalactic
gamma-ray background in the energy range ~1.9 to 11.9 GeV. Within 10° of the Galactic Center
with |b| > 2°, we find that ~5-10% of the flux can be accounted for by a population of unresolved
PSs, distributed consistently with the observed ~GeV gamma-ray excess in this region. The excess is
fully absorbed by such a population, in preference to dark-matter annihilation. The inferred source
population is dominated by near-threshold sources, which may be detectable in future searches.

~Te

Dark-matter (DM) annihilation in the Galactic halo  excess. The choice of this energy range keeps the signal-
can contribute to the flux of high-energy gamma rays  to-background ratio in the region of interest (ROI) high,
detected b e: erlments such as the Ferrm Lar Ze Area mamtams a sufﬁmentl lar Ze number of photons over the '

s

Strong Support for the Mllhsecond Pulsar Orlgln of the Galactlc Center GeV Excess

-

Richard Bartels,’>* Suraj Krishnamurthy,'>T and Christoph Weniger*: *

| LGRAPPA Institute, University of Amsterdam, Science Park 904, 1090 GL Amsterdam, Netherlands
(Dated: 4 February 2016)

astvro—phﬁf'HE]' 3 Feb 2016

ST

Using v-ray data from the Ferm: Large Area Telescope, various groups have identified a clear
excess emission in the Inner Galaxy, at energies around a few GeV. This excess resembles remarkably
well a signal from dark-matter annihilation. One of the most compelling astrophysical interpretations
is that the excess is caused by the combined effect of a previously undetected population of dim
«v-ray sources. Because of their spectral similarity, the best candidates are millisecond pulsars.
Here, we search for this hypothetical source population, using a novel approach based on wavelet
decomposition of the y-ray sky and the statistics of Gaussian random fields. Using almost seven years
of Fermi-LAT data, we detect a clustering of photons as predicted for the hypothetical population
of millisecond pulsar, with a statistical significance of 10.0c. For plausible values of the luminosity
function, this population explains 100% of the observed excess emission. We argue that other
extragalactic or Galactic sources, a mismodeling of Galactic diffuse emission, or the thick-disk
population of pulsars are unlikely to account for this observation.

-
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5.05104v3 [astro-ph.HE] 9 Mar 2016

Introduction. Since its launch in 2008, the Fermi  ther possible support for the MSP hypothesis might come
Large Area Telescope (LAT) has revolutionized our un- from Chandra observations of low-mass x-ray binaries
derstanding of the v-ray sky. Among the major successes (which are progenitor systems of MSPs) in M31, which
are the detection of more than 3000 v-ray sources [1], show a centrally peaked profile in the inner 2 kpc [27, 28],
the discovery of the Fermi bubbles [2], some of the most as well as the recent observation of extended hard X-ray

4 stringent limits on dark-matter annihilation [3] and, most ~ emission from the Galactic Center by NuSTAR [29).

3 recently, the detection of cross-correlations between the It was claimed that an interpretation of 100% of
g extragalactic y-ray background and various galaxy cata- the GCE emission in terms of MSPs would be already
/ logs [4]. ruled out: a sizeable fraction of the required 103-10*

One of the most interesting y-ray signatures identified =~ MSPs should have been already detected by the Fermi-
in the Fermi-LAT data by various groups [5-16], is an LAT [30, 31], but no (isolated) MSP has been identified
excess emission in the Inner Galaxy at energies around a 50 far in the bulge region. This conclusion depends cru-
few GeV. This excess attracted great attention because  Cially, however, on the adopted y-ray luminosity of the
it has properties typical for a dark-matter annihilation brightest MSPs in the bulge population, on the effective
signal. This Galactic center excess (GCE) is detected  Source sensitivity of Fermi-LAT, and on the treatment of
both within the inner 10 aremin of the Galactic Center ~ unassociated sources in the Inner Galaxy [25, 32]. A real-

(GQC) [7, 9, 10] and up to Galactic latitudes of more than istic sensitivity study for MSPs in the context of the GeV
100 19 1E 17 191 Té Fomdomomce e o Lo ldes wvcie . excess. takine into account all these effects. was lacking
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DISRUPTED GLOBULAR CLUSTERS CAN EXPLAIN THE GALACTIC CENTER GAMMA RAY EXCESS
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ABSTRACT

The Fermi satellite has recently detected gamma ray emission from the central regions of our Galaxy.
This may be evidence for dark matter particles, a major component of the standard cosmological
model, annihilating to produce high-energy photons. We show that the observed signal may instead
be generated by millisecond pulsars that formed in dense star clusters in the Galactic halo. Most
of these clusters were ultimately disrupted by evaporation and gravitational tides, contributing to a
spherical bulge of stars and stellar remnants. The gamma ray amplitude, angular distribution, and
spectral signatures of this source may be predicted without free parameters, and are in remarkable
agreement with the observations. These gamma rays are from fossil remains of dispersed clusters,
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telling the history of the Galactic bulge.
Subject headings:

1. INTRODUCTION

While there are strong indications for the existence
of cold dark matter from its gravitational effects (e.g.
Planck Collaboration et al. 2014), there has not yet been
any conclusive direct or indirect detection of the corre-
sponding dark matter particles. One promising avenue to
look for these particles is through annihilation in which
two dark matter particles (a particle and its antiparticle)
convert into high energy photons that we can observe.
The dark matter annihilation signal is expected to be
strongest where the density of dark matter is highest,
i.e., in the centers of galaxies.

Detailed analyses of the Fermi satellite’s map of the
gamma-ray sky have revealed an excess around the
Galactic center peaking at energies of ~2 GeV (e.g.
Hooper & Goodenough 2011; Gordon & Macias 2013;

Daylan et al. 2014). _This excess appears to be roughly

L

Introduction.
Large Area Telescope (LAT) has revolutionized our un-
derstanding of the v-ray sky. Among the major successes
are the detection of more than 3000 v-ray sources [1],
the discovery of the Fermi bubbles [2], some of the most
stringent limits on dark-matter annihilation [3] and, most
recently, the detection of cross-correlations between the
extragalactic y-ray background and various galaxy cata-
logs [4].

One of the most interesting ~y-ray signatures identified
in the Fermi-LAT data by various groups [5-16], is an
excess emission in the Inner Galaxy at energies around a
few GeV. This excess attracted great attention because
it has properties typical for a dark-matter annihilation
signal. This Galactic center excess (GCE) is detected
both within the inner 10 arcmin of the Galactic Center

(GC) [7, 9, 10] and up to Galactic latitudes of more than
1NMN° 192 1= 17 1]
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Since its launch in 2008, the Fermi

pulsars.

Mon, Jul 21 2014, 8:00 PM
the central few pc around Sgr A* itself, extending fro; i :

soft X-rays to ~100 TeV gamma rays (Baganoff et &
2001; Aharonian et al. 2004; Bélanger et al. 200
Perez et al. 2015). The origin of this emission is sul
ject to debate; see van Eldik (2015) for a review. The r
gion near the event horizon of Sgr A* is likely responsib
for bright outbursts in soft X-rays (Baganoff et al. 2001
but this scenario struggles to explain the steady emissic
at much higher energies. Alternative explanations for tl
GeV and TeV flux include the supernova remnant Sgr
East (Crocker et al. 2005), though this is strongly di
favored based on its observed offset from the very hig
energy emission centered on Sgr A* (Acero et al. 2010
Secondary emission from particles accelerated by Sgr A
is another candidate, either in a steady state or fro
a past burst of accretion (e.g. Atoyan & Dermer 200
Aharonian & Neronov 2005; Chernyakova et al. 2011

The Milky Way can't make that
many pulsars.

Mon, undefined 15 2014, 8:00 PM

Maybe the Milky Way makes
pulsars differently?

Fri, Jun 26 2015, 8:00 PM

The excess is bumpy! Like
you'd expect from pulsars!

-~

ther possible support for the MSP hypothesis might come
from Chandra observations of low-mass x-ray binaries
(which are progenitor systems of MSPs) in M31, which
show a centrally peaked profile in the inner 2 kpc [27, 28],
as well as the recent observation of extended hard X-ray
emission from the Galactic Center by NuSTAR [29].

It was claimed that an interpretation of 100% of
the GCE emission in terms of MSPs would be already
ruled out: a sizeable fraction of the required 10°-10*
MSPs should have been already detected by the Fermi-
LAT [30, 31], but no (isolated) MSP has been identified
so far in the bulge region. This conclusion depends cru-
cially, however, on the adopted 7-ray luminosity of the
brightest MSPs in the bulge population, on the effective
source sensitivity of Fermi-LAT, and on the treatment of
unassociated sources in the Inner Galaxy (25, 32]. A real-
istic sensitivity study for MSPs in the context of the GeV
excess. takine into account all these effects. was lackine

Mon, Jul 20 2015, 8:00 PM

And we found a new way to
make pulsars!
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And we found a new way to

Abstract. If millisecond pulsars (MSPs) are responsible for the excess gamma-ray emission § make pulsars!
observed from the region surrounding the Galactic Center, the same region should also contain |
a large population of low-mass X-ray binaries (LMXBs). In this study, we compile and utilize
a sizable catalog of LM XBs observed in the the Milky Way’s globular cluster system and in the §
Inner Galaxy, as well as the gamma-ray emission observed from globular clusters, to estimate Even then, you still can't make
the flux of gamma rays predicted from MSPs in the Inner Galaxy. From this comparison, § enough pulsars.

we conclude that only up to ~4-23% of the observed gamma-ray excess is likely to originate |
from MSPs. This result is consistent with, and more robust than, previous estimates which
utilized smaller samples of both globular clusters and LMXBs. If MSPs had been responsible
for the entirety of the observed excess, INTEGRAL should have detected ~ 103 LMXBs from
within a 10° radius around the Galactic Center, whereas only 42 LMXBs (and 46 additional
LMXB candidates) have been observed.
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ABSTRACT

An excess of y-ray emission from the Galactic Center (GC) region with respect to predictions based on a
variety of interstellar emission models and ~y-ray source catalogs has been found by many groups using data
from the Fermi Large Area Telescope (LAT). Several interpretations of this excess have been invoked. In this
| paper we search for members of an unresolved population of «-ray pulsars located in the inner Galaxy that are
3 predicted by the interpretation of the GC excess as being due to a population of such sources. We use cataloged
LAT sources to derive criteria that efficiently select pulsars with very small contamination from blazars. We
search for point sources in the inner 40° x 40° region of the Galaxy, derive a list of approximately 400 sources,
and apply pulsar selection criteria to extract pulsar candidates among our source list. We performed the entire
data analysis chain with two different interstellar emission models (IEMs), and found a total of 135 pulsar
{ candidates, of which 66 were selected with both IEMs.
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ABSTRACT

The Fermi-LAT Collaboration recently presented a new catalog of gamma-ray sources located within the
40° x 40° region around the Galactic Center (Ajello et al. 2017) — the Second Fermi Inner Galaxy (2FIG) cata-
log. Utilizing this catalog, they analyzed models for the spatial distribution and luminosity function of sources
with a pulsar-like gamma-ray spectrum. Ajello et al. (2017) v1 also claimed to detect, in addition to a disk-
like population of pulsar-like sources, an approximately 7o preference for an additional centrally concentrated
population of pulsar-like sources, which they referred to as a “Galactic Bulge” population. Such a population
would be of great interest, as it would support a pulsar interpretation of the gamma-ray excess that has long
been observed in this region. In an effort to further explore the implications of this new source catalog, we at-
tempted to reproduce the results presented by the Fermi-LAT Collaboration, but failed to do so. Mimicking as
closely as possible the analysis techniques undertaken in Ajello et al. (2017), we instead find that our likelihood
analysis favors a very different spatial distribution and luminosity function for these sources. Most notably, our
results do not exhibit a strong preference for a “Galactic Bulge” population of pulsars. Furthermore, we find
that masking the regions immediately surrounding each of the 2FIG pulsar candidates does not significantly im-
pact the spectrum or intensity of the Galactic Center gamma-ray excess. Although these results refute the claim
of strong evidence for a centrally concentrated pulsar population presented in Ajello et al. (2017), they neither
rule out nor provide support for the possibility that the Galactic Center excess is generated by a population of
low-luminosity and currently largely unobserved pulsars. In a spirit of maximal openness and transparency, we
have made our analysis code available at https://github.com/bsafdi/GCE-2FIG.

v:1710.10266v1 [astro-ph.HE] 27 Oct 2017
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pulsar-like by Ajello et al. (2017).2 More specifically, Ajello
et al. (2017) classifies a source as a pulsar candidate if its
spectrum prefers a power-law with an exponential cutoff over
that of a simple power-law at a level of TS > 9 and is best-fit
by a spectral index I' < 2 and a cutoff energy E.,,; < 10 GeV.

By combining the Galactic coordinates and fluxes of these
sources with an efficiency function that describes the proba-
bility of detecting a given source at a particular sky location
and flux, one can test various models for the underlying spatial
distribution and luminosity function of the pulsar-like source
population. For the disk-like component of pulsars, Ajello
et al. (2017) adopt the standard Lorimer distribution (Lorimer

1. A COMPARISON WITH AJELLO ET AL.

The Fermi-LLAT Collaboration recently presented the Sec-
ond Fermi Inner Galaxy (2FIG) source catalog (Ajello et al.
2017).! This catalog consists of 374 sources that have been
detected with a test statistic (TS) of 25 or greater, located
within the 40° x 40° region surrounding the Galactic Cen-
ter. Among this list, there are 104 sources (86 of which are
not contained in the 3FGL catalog (Acero et al. 2015)) that
exhibit best-fit spectral parameters that are characterized as

ye
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ABSTRACT

An excess of y-ray emission from the Galactic Center (GC) region with respect to predictions based on a
variety of 1nterstellar emission models and y-ray source catalogs has been found by many groups using data
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The Fermi-LAT Collaboration recently presented a new catalog of gamma-ray sources located within the
40° x 40° region around the Galactic Center (Ajello et al. 2017) — the Second Fermi Inner Galaxy (2FIG) cata-
log. Utilizing this catalog, they analyzed models for the spatial distribution and luminosity function of sources
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ABSTRACT

An excess of y-ray emission from the Galactic Center (GC) region with respect to predictions based on a
variety of interstellar emission models and ~y-ray source catalogs has been found by many groups using data
from the Fermi Large Area Telescope (LAT). Several interpretations of this excess have been invoked. In this
paper we search for members of an unresolved population of ~y-ray pulsars located in the inner Galaxy that are
predicted by the interpretation of the GC excess as being due to a population of such sources. We use cataloged
LAT sources to derive criteria that efficiently select pulsars with very small contamination from blazars. We
cearch for npoint sources in the inner 40° x 40° reeion of the Galaxv derive 3 list of annroximatelv 400 sources.
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And we found a new way to
make pulsars!

Tue, Jan 17 2017, 8:00 PM

: ABSTRACT

An anomalous emission component at energies of a few GeV and located towards the inner Galaxy is
| present in the Fermi-LAT data. It is known as the Fermi-LAT GeV excess. Using almost 8 years of
¥ data we reanalyze the characteristics of this excess with SKYFACT, a novel tool that combines image
] reconstruction with template fitting techniques. We find that an emission profile that traces stellar
mass in the boxy and nuclear bulge provides the best description of the excess emission, providing
strong circumstantial evidence that the excess is due to a stellar source population in the Galactic
bulge. We find a luminosity to stellar mass ratio of (2.1 £0.2) x 10?” ergs™* Mél for the boxy bulge,
j and of (1.440.6) x 1027 erg s~ M' for the nuclear bulge. Stellar mass related templates are preferred

Even then, you still can't make
enough pulsars.

WE HAVE FOUND THE
PULSARS!!

1. INTRODUCTION

/ An anomalous emission component, often referred to as
¥ the Galactic center GeV excess (GCE), has been identi-
¢ fied in the Fermi-LAT data by many groups (e.g. Good-
t enough & Hooper 2009; Vitale & Morselli 2009; Hooper
E & Linden 2011; Abazajian & Kaplinghat 2012; Macias
¥ & Gordon 2014; Daylan et al. 2016; Zhou et al. 2015;
j Calore et al. 2015b; Huang et al. 2016; de Boer et al.
12016; Ajello et al. 2016). Its spectrum peaks at ener-
¥ gies of a few GeV and it appears to be uniform over the
| emission region. The morphology is usually described as
' almost spherically symmetric around the Galactic center,
with a radial extent of ~ 10°. Intriguingly, a signal from
i dark matter (DM) annihilation into b-quark pairs and
} a DM mass ~ 50 GeV has been shown to be consistent
I with the GCE (Goodenough & Hooper 2009; Abazajian
b & Kaplinghat 2012; Macias & Gordon 2014; Daylan et al.
¥ 2016; Calore et al. 2015a), provided the centrally peaked
‘ DM distribution in the Galactic bulge follows a radial
| power-law profile with index v ~ 1.2. However, the ex-
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over conventional DM profiles with high statistical significance.

et al. 2010; Su et al. 2010; Ackermann et al. 2014), the
low-latitude behavior of which is not well-characterized }

(Ackermann et al. 2017a; Linden et al. 2016).

Besides DM, more ’conventional’ astrophysical expla-
nations do exist, with various degrees of plausibility. i
These are either related to a large number of hitherto §
unresolved point sources in the Galactic bulge, just at
and below the detection threshold of Fermi-LAT, or to §
diffuse photons coming from a central population of cos- $
mic rays. Nowadays, a population of unresolved millisec- §
ond pulsars (MSPs), whose y-ray spectrum was shown to {f
match that of the GCE (Abazajian 2011; Abazajian et al. . '
2014; Calore et al. 2015b), represents the most promis- §
ing astrophysical interpretation to the GCE (Abazajian
2011; Gordon & Macias 2013; Petrovi¢ et al. 2015; Yuan §
& Zhang 2014). Corroborative evidence for this interpre- [
tation was recently found in analyses of the -ray data
using wavelet fluctuations, and non-Poissonian template §
fits (Bartels et al. 2016; Lee et al. 2016). Spectral classi- !
fication of low-significance y-ray sources and analyses of §
their distribution remain however inconclusive about the
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ABSTRACT

An anomalous emission component at energies of a few GeV and located towards the inner Galaxy is
present in the Fermi-LAT data. It is known as the Fermi-LAT GeV excess. Using almost 8 years of
data we reanalyze the characteristics of this excess with SKYFACT, a novel tool that combines image
reconstruction with template fitting techniques. We find that an emission profile that traces stellar
mass in the boxy and nuclear bulge provides the best description of the excess emission, providing

mrcumstantlal ev1dence that the excess 1s due to a stellar source Voulatlon in the Galactlc ,
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We analyze the gamma-ray sky at energies of 0.5 to 50 GeV using the undecimated wavelet
transform on the sphere. Focusing on the inner 60° x 60° of the sky, we identify and characterize
four separate residuals beyond the expected Milky Way diffuse emission. We detect the Fermi
Bubbles, finding compelling evidence that they are diffuse in nature and contain very little small-
scale structure. We detect the “cocoon” inside the Southern Bubble, and we also identify its northern
counterpart above 2 GeV. The Northern Cocoon lies along the same axis but is ~ 30% dimmer than
the southern one. We characterize the Galactic center excess, which we find extends up to 20° in
|6]. At latitudes |b| < 5° we find evidence for power in small angular scales that could be the result
of point-source contributions, but for |b] > 5° the Galactic center excess is dominantly diffuse in
its nature. Our findings show that either the Galactic center excess and Ferm: Bubbles connect
smoothly or that the Bubbles brighten significantly below 15° in latitude. We find that the Galactic
center excess appears off-center by a few degrees towards negative £. Additionally, we find and
characterize two emissions along the Galactic disk centered at £ ~ +25° and —20°. These emissions
are significantly more elongated along the Galactic disk than the Galactic center excess.

I. INTRODUCTION

cosmic rays (CRs) propagating in the Galaxy and inter-

Electromagnetic radiation has allowed us a gateway
to the mysteries of the Universe since time immemorial.
Over the ages, we have become sensitive to radiation
of increasingly higher energy. The highest energy pho-
tons are classified as gamma rays. Gamma-ray astron-
omy started in 1961 with 22 events observed by Ezplorer
11 [1]. This was followed by OSO-3, which observed 621
photons and provided the first proof of emission from our
own Milkv Wav [2] Observations ensned with the A4 9-2

acting with the interstellar medium (ISM). The mecha-
nism of diffuse emission is conventionally broken down
into three classes, depending on the type of CR and the
type of target it impinges upon. The dominant contri-
bution to diffuse emission is from inelastic collisions of
CR nuclei with ISM gas; these collisions produce neutral
particles, predominantly 7° and 7 mesons, whose decay
products include photons. This emission is convention-
ally referred to as 7%-emission [14, 15]. CR electrons can
also interact with the ISM gas [16]. The resulting photons
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If 1t 1s dark matter, 1t 1s this type of
dark matter!
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Conclusions

+ Most of the mass in the universe is invisible - and appears to
be made of a matter that doesn’t interact with light.

+ The evidence for dark matter is extremely strong.

+* The amount of dark matter is best explained if it is a particle
that interacts with normal matter in the early universe.

= We know how to look for this dark matter, but haven’t
found it yet.
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Astronomy is hard!
We see billions of events, and
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Talk to your kids — about building better instruments.
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