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The dwarf spheroidal satellite galaxies (dSphs) of the Milky Way are some of the most dark matter
(DM) dominated objects known. We report on gamma-ray observations of Milky Way dSphs based
on 6 years of Fermi Large Area Telescope data processed with the new Pass 8 event-level analysis.
None of the dSphs are significantly detected in gamma rays, and we present upper limits on the DM
annihilation cross section from a combined analysis of 15 dSphs. These constraints are among the
strongest and most robust to date and lie below the canonical thermal relic cross section for DM of
mass < 100 GeV annihilating via quark and 7-lepton channels.

PACS numbers: 95.35.4+d, 95.85.Pw, 98.52.Wz
Keywords: dark matter; gamma rays; dwarf galaxies



INTRODUCTION

Approximately 26% of the energy density of the universe is composed of non-baryonic cold dark matter (DM) [1].
Weakly interacting massive particles (WIMPs) are an attractive candidate to constitute some or all of DM [2-4]. The
relic abundance of WIMPs is determined by their annihilation cross section at freeze-out [5], and the characteristic
weak-scale cross sections of WIMPs can naturally produce a relic abundance equal to the observed abundance of
DM. Self-annihilation of WIMPs would continue today in regions of high DM density and result in the production
of energetic Standard Model particles. The large mass of the WIMP (mpy) permits the production of gamma
rays observable by the Fermi Large Area Telescope (LAT), which is sensitive to energies ranging from 20 MeV to
>300GeV.

Kinematic data indicate that the dwarf spheroidal satellite galaxies (dSphs) of the Milky Way contain a substantial
DM component [6, 7]. The gamma-ray signal flux at the LAT, ¢, (phcm~2s71), expected from the annihilation of
DM with a density distribution ppym(7) is given by

1 (ov Bmax q N,
oo L [
dm 2miyy Jp,.  dEy

particle physics (1)

x/ / pon(r)didQY .
AQ Jlo.s.

J—factor

Here, the first term is dependent on the particle physics properties — i.e., the thermally-averaged annihilation cross
section, (ov), the particle mass, mpwm, and the differential gamma-ray yield per annihilation, d N, /dE,, integrated
over the experimental energy range.! The second term, known as the J-factor, is the line-of-sight (l.o.s.) integral
through the DM distribution integrated over a solid angle, AQ.

Milky Way dSphs can give rise to J-factors in excess of 10' GeV? cm™ [8, 9], which, coupled with their lack of
non-thermal astrophysical processes, makes them good targets for DM searches via gamma rays. Gamma-ray searches
for dSphs yield some of the most stringent constraints on (ov), particularly when multiple dSphs are analyzed together
using a joint likelihood technique [10-15]. Limits on (ov) derived from observations of dSphs have begun to probe
the low-mpy parameter space for which the WIMP abundance matches the observed DM relic density.

In contrast, DM searches in the Galactic center take advantage of a J-factor that is O(100) times larger, although
gamma-ray emission from non-thermal processes makes a bright, structured background. Several studies of the
Galactic center interpret an excess of gamma rays with respect to modeled astrophysical backgrounds as a signal of
20 to 50 GeV WIMPs annihilating via the bb channel [16-19]. Coincidentally, the largest deviation from expected
background in some previous studies of dSphs occurred for a similar set of WIMP characteristics; however, this
deviation was not statistically significant [13].

Using a new LAT event-level analysis, known as Pass 8, we re-examine the sample of 25 Milky Way dSphs from
Ackermann et al. [13] using six years of LAT data. The Pass 8 data benefits from an improved point-spread function
(PSF), effective area, and energy reach. More accurate Monte Carlo simulations of the detector and the environment
in low-Earth orbit have reduced the systematic uncertainty in the LAT instrument response functions (IRFs) [20].
Within the standard photon classes, Pass 8 offers event types, subdivisions based on event-by-event uncertainties in
the directional and energy measurements, which can increase the sensitivity of likelihood-based analyses. In this work
we use a set of four PSF event-type selections that subdivide the events in our data sample according to the quality
of their directional reconstruction. In addition to the improvements from Pass 8, we employ the updated third LAT
source catalog (3FGL), based on four years of Pass 7 Reprocessed data, to model point-like background sources [21].
Together, these improvements, along with an additional two years of data taking, lead to a predicted increase in
sensitivity of 70% relative to the four-year analysis of Ackermann et al. [13] for the bb channel at 100 GeV. More
details on Pass 8 and other aspects of this analysis can be found in Supplemental Material [22].

1 Strictly speaking, the differential yield per annihilation in Equation (1) is a sum of differential yields into specific final states:
dNy/dEy =37, By dN/:/dE.Y7 where By is the branching fraction into final state f. Here, we make use of Equation (1) in the
context of single final states only.



LAT DATA SELECTION

We examine six years of LAT data (2008-08-04 to 2014-08-05) selecting Pass 8 SOURCE-class events in the energy
range between 500 MeV and 500 GeV. We selected the 500 MeV lower limit to mitigate the impact of leakage from the
bright limb of the Earth because the PSF broadens considerably below that energy. To further avoid contamination
from terrestrial gamma rays, events with zenith angles larger than 100° are rejected. We also remove time intervals
around bright GRBs and solar flares following the prescription used for the 3FGL catalog. We extract from this data
set 10°x10° square regions of interest (ROIs) in Galactic coordinates centered at the position of each dSph specified
in Table I.

At a given energy, 20%-40% of the events classified as photons in our six-year Pass 8 data set are shared with
the analysis of Ackermann et al. [13]. The low fraction of shared events can be attributed primarily to the larger
time range used for the present analysis (four versus six years) and the increase in gamma-ray acceptance of the
P8R2_SOURCE event class relative to PTREP_CLEAN. At most, the Pass 7 events can represent 35%—50% of the
new, larger sample. Migration of the individual reconstructed events, particularly residual cosmic rays, across ROI
and class selection boundaries further reduces the overlap, making the two analyses nearly statistically independent
[22].

J-FACTORS FOR DWARF SPHEROIDAL GALAXIES

The DM content of dSphs can be determined through dynamical modeling of their stellar density and velocity
dispersion profiles [23-25]. Recent studies have shown that an accurate estimate of the dynamical mass of a dSph can
be derived from measurements of the average stellar velocity dispersion and half-light radius alone [26, 27]. The total
mass within the half-light radius and the integrated J-factor have been found to be fairly insensitive to the assumed
DM density profile [13, 25, 28]. We assume that the DM distribution in dSphs follows a Navarro-Frenk-White (NFW)
profile [29],

3
PoTs
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where r; and pg are the NFW scale radius and characteristic density, respectively. We take J-factors and other
physical properties for the Milky Way dSphs from Ackermann et al. [13] (and references therein).

DATA ANALYSIS

We perform a binned Poisson maximum-likelihood analysis in 24 bins of energy,? logarithmically spaced from
500 MeV to 500 GeV, and an 0.1° angular pixelization. The low-energy bound of 500 MeV is selected to mitigate
the impact of leakage from the bright limb of the Earth because the PSF broadens considerably below that energy.
The high-energy bound of 500 GeV is chosen to mitigate the effect of the increasing residual charged-particle back-
ground at higher energies [30]. The data were analyzed with the Fermi Science Tools® version 10-01-01 and the
P8R2_SOURCE_V6 IRFs. Our diffuse background model includes a structured Galactic component and a spatially
isotropic component that represents both extragalactic emission and residual particle contamination.* Because the
energy resolution of the LAT was not accounted for when fitting the Galactic diffuse model, differences in response
(energy resolution and effective area) between IRF sets lead to different measured intensities for this component.
Thus, a small energy-dependent scaling has been applied to the Pass 7 Reprocessed Galactic diffuse model. Changes
with respect to the Pass7 Reprocessed model are less than 5% above 100 MeV. Details on the derivation of the
rescaled model are given in [22]. The gamma-ray characteristics of nearby point-like sources are taken from the 3FGL
catalog [21].

We perform a bin-by-bin likelihood analysis of the gamma-ray emission coincident with each dSph following the
procedure of Ackermann et al. [13]. The flux normalizations of the Galactic diffuse and isotropic components and
3FGL catalog sources within the 10° x 10° ROI were fit simultaneously in a binned likelihood analysis over the

2 Constraints are insensitive to finer binning.
3 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software
4 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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broadband energy range from 500 MeV to 500 GeV. The normalizations of the background sources are insensitive to
the inclusion of a putative power-law source at the locations of the dSphs, which is consistent with the lack of any
strong signal associated with the dSphs. Fixing the normalizations of the background sources with the broad-band
fit before fitting each bin individually avoids numerical instability resulting from the fine binning in energy and the
degeneracy of the diffuse background components at high Galactic latitudes.

After fixing the background normalizations, we scan the likelihood as a function of the flux normalization of the
putative DM signal independently in each energy bin (this procedure is similar to that used to evaluate the spectral
energy distribution of a source). Within each bin, we model the putative dSph source with a power-law spectral model
(AN/dE « E~T) with spectral index of I' = 2. By analyzing each energy bin separately, we avoid selecting a single
spectral shape to span the entire energy range at the expense of introducing additional degrees of freedom into the
fit.

While the bin-by-bin likelihood function is essentially independent of spectral assumptions, it does depend on the
spatial model of the DM distribution in the dSphs. We model the dSphs with spatially extended NFW DM density
profiles projected along the line of sight. The angular extent of the emission profile for each dSph is set by the scale
radius of its DM halo, which contains approximately 90% of the total annihilation flux. We use the set of DM halo
scale radii from Ackermann et al. [13], which span a range of subtended angles between 0.1° and 0.4°.

We test a wide range of DM annihilation hypotheses by using predicted gamma-ray spectra to tie the signal
normalization across the energy bins. Spectra for DM annihilation are generated with the DMFIT package based on
Pythia 8.165 [13, 31, 32]. We reconstruct a broad-band likelihood function by multiplying the bin-by-bin likelihood
functions evaluated at the predicted fluxes for a given DM model.

We combine the broad-band likelihood functions across 15 of the observed dSphs® and include statistical uncertain-
ties on the J-factors of each dSph by adding an additional J-factor likelihood term to the binned Poisson likelihood
for the LAT data. The J-factor likelihood for target ¢ is given by

1
B In(10)Jobs,iV2mo; (3)
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where J; is the true value of the J-factor and Jops,i is the measured J-factor with error ;. This parameterization of
the J-factor likelihood is obtained by fitting a log-normal function with peak value Jons i to the posterior distribution
for each J-factor as derived by Martinez [8], providing a reasonable way to quantify the uncertainties on the J-factors.
This approach is a slight modification of the approach in Ackermann et al. [10, 13], where an effective likelihood was
derived considering a flat prior on the J-factors. We note that the J-factor correction is only intended to incorporate
the statistical uncertainty in the J-factors, and not the systematic uncertainty resulting from the fitting procedure or
choice of priors [22]. More details on the derivation of the J-factor likelihood and the effects of systematic uncertainties
can be found in Supplemental Material [22].

Combining the broad-band gamma-ray and J-factor likelihood functions, our likelihood function for target ¢ becomes,

Li(p,0; = {a;, J;} | D;) =Li(p,0; | Di) Ly (J; | Jobs,is 04)- (4)

Here, p are the parameters of the DM model, 6; is the set of nuisance parameters that includes both nuisance
parameters from the LAT analysis («;) and the dSph J-factor (J;), and D; is the gamma-ray data. We incorporate
additional information about the event-wise quality of the angular reconstruction by forming the LAT likelihood
function (£;) from the product of likelihood functions for four PSF event types. The four PSF event types (PSFO,
PSF1, PSF2, and PSF3) subdivide the events in the SOURCE-class data set into exclusive partitions (D; ;) in order
of decreasing uncertainty on the direction measurement. The resulting joint LAT likelihood function is given by

Li(p,0:|D;) :H&(uﬂi | D 5)- (5)

The spectral and spatial model of gamma-ray counts for each event type partition is evaluated using a set of IRFs
computed for that class and type selection.

5 Selected to have kinematically determined J-factors and avoid ROI overlap. The set is identical to that in Ackermann et al. [13].



We evaluate the significance of DM hypotheses using a test statistic (TS) defined as

TS = -2 1In <W> , (6)
L(fr,0]D)

where p, are the parameters of the null (no DM) hypothesis and & and 0 are the best-fit parameters under the DM
hypothesis. £ can here be either the likelihood for an individual dSph or the joint likelihood for the dSphs in our
combined sample. We note that following the methodology of Ackermann et al. [13] we use background parameters
(é) derived under the hypothesis of a DM source with a I' = 2 power-law spectrum when evaluating both the null
and DM hypotheses. This is a good approximation as long as the best-fit signal is small relative to the background
in the ROI. Based on the asymptotic theorem of Chernoff [33], the TS can be converted to a significance based on a

mixture of x? distributions. The validity of this assumption is examined further in Supplemental Material [22].

RESULTS

We find no significant gamma-ray excess associated with the Milky Way dSphs when analyzed individually or as
a population. In the combined analysis of 15 dSphs, the largest deviation from the background-only hypothesis has
TS = 1.3 occurring for mpy = 2 GeV annihilating through the eTe™ channel. Among the dSphs in our combined
analysis, the dSph with the largest individual significance is Sculptor with TS = 4.3 for mpy = 5 GeV annihilating
through the p* i~ channel. The maximum TS of our combined analysis is well below the threshold set for gamma-ray
source detection and is completely consistent with a background fluctuation [21]. We set upper limits on (ov) at
95% confidence level (CL) for WIMPs with mpy between 2 GeV and 10 TeV annihilating into six different standard
model channels (bB7 = wtp, eTe™, WTW =, uu). ¢ Figure 1 shows the comparison of the limits for the bb and
77~ channels with expectation bands derived from the analysis of 300 randomly selected sets of blank fields. Sets of
blank fields are generated by choosing random sky positions with |b| > 30° that are centered at least 0.5° from 3FGL
catalog sources. We additionally require fields within each set to be separated by at least 7°. Our expected limit
bands are evaluated with the 3FGL source catalog based on four years of Pass 7 Reprocessed data and account for
the influence of new sources present in the six-year Pass 8 data set.

Comparing with the results of Ackermann et al. [13], we find a factor of 3-5 improvement in the limits for all
channels using six years of Pass 8 data and the same sample of 15 dSphs. The larger data set as well as the gains
in the LAT instrument performance enabled by Pass 8 both contribute to the increased sensitivity of the present
analysis. An additional 30-40% improvement in the limit can be attributed to the modified functional form chosen
for the J-factor likelihood (Equation 3). Statistical fluctuations in the Pass 8 data set also play a substantial role.
Because the Pass 8 six-year and Pass 7 Reprocessed four-year event samples have a shared fraction of only 20-40%,
the two analyses are nearly statistically independent. For masses below 100 GeV, the upper limits of Ackermann
et al. [13] were near the 95% upper bound of the expected sensitivity band while the limits in the present analysis are
within one standard deviation of the median expectation value.

Uncertainties in the LAT IRFs, modeling of the diffuse background, and estimation of J-factors all contribute
systematic errors to this analysis. By examining maximal variations of each contributor, we find that at 100 GeV
they lead to £9%, +8%, and +33% shifts in our limits, respectively (see Supplemental Material [22]).

Our results begin to constrain some of the preferred parameter space for a DM interpretation of a gamma-ray excess
in the Galactic center region [16-19]. As shown in Figure 2, for interpretations assuming a bb final state, the best-fit
models lie in a region of parameter space slightly above the 95% CL upper limit from this analysis, with an annihilation
cross section in the range of (1-3)x10726 cm3s~! and mpy between 25 and 50 GeV. However, uncertainties in the
structure of the Galactic DM distribution can significantly enlarge the best-fit regions of (ov), channel, and mpy [38].

In conclusion, we present a combined analysis of 15 Milky Way dSphs using a new and improved LAT data set
processed with the Pass8 event-level analysis. We exclude the thermal relic annihilation cross section (~2.2 x
10726 cm3s~1) for WIMPs with mpy < 100 GeV annihilating through the quark and 7-lepton channels. Our results
also constrain DM particles with mpy; above 100 GeV surpassing the best limits from Imaging Atmospheric Cherenkov
Telescopes for masses up to ~1TeV for quark channels and ~ 300 GeV for the 7-lepton channel. These constraints
include the statistical uncertainty on the DM content of the dSphs. The future sensitivity to DM annihilation in

6 Results for all channels as well as bin-by-bin likelihood functions for each target are available in machine-readable format at: http:
//wwu-glast.stanford.edu/pub_data/1048/.
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb (left) and 717~ (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb (left) and 777~ (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (30 limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with pe = 0.389 GeV em™>. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16-19].

dSphs will benefit from additional LAT data taking and the discovery of new dSphs with upcoming optical surveys
such as the Dark Energy Survey [39] and the Large Synoptic Survey Telescope [40].
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TABLE I. Properties of Milky Way dSphs.

Name 2 [ Distance log1o(Jobs)® Ref.
(deg) (deg) (kpe) (log,0[ GeV2 cm~°)

Bootes 1 358.1 69.6 66 18.8 +0.22 [41]
Canes Venatici II 113.6 82.7 160 17.9+0.25 [42]
Carina 260.1 —22.2 105 18.1 £0.23 [43]
Coma Berenices 241.9 83.6 44 19.0 +0.25 [42]
Draco 86.4 34.7 76 18.8 £ 0.16 [44]
Fornax 237.1 —65.7 147 18.2 +0.21 [43]
Hercules 28.7 36.9 132 18.1 +0.25 [42]
Leo II 220.2 67.2 233 17.6 £ 0.18 [45]
Leo IV 265.4 56.5 154 17.9 £ 0.28 [42]
Sculptor 287.5 ~83.2 86 18.6 + 0.18 [43]
Segue 1 220.5 50.4 23 19.5 +£0.29 [46]
Sextans 243.5 42.3 86 18.4 +0.27 [43]
Ursa Major II 152.5 37.4 32 19.3 +0.28 [42]
Ursa Minor 105.0 44.8 76 18.8 £ 0.19 [44]
Willman 1 158.6 56.8 38 19.1 +0.31 [47]
Bootes II ¢ 353.7 68.9 42 - -

Bootes III 35.4 75.4 47 - -

Canes Venatici I 74.3 79.8 218 17.7+0.26 [42]
Canis Major 240.0 —8.0 7 — —

Leo I 226.0 49.1 254 17.74+0.18 [48]
Leo V 261.9 58.5 178 - -

Pisces II 79.2 —47.1 182 - -

Sagittarius 5.6 —14.2 26 - -

Segue 2 149.4 —38.1 35 - -

Ursa Major 1 159.4 54.4 97 18.3 £ 0.24 [42]

& Galactic longitude and latitude.
b J-factors are calculated assuming an NFW density profile and integrated over a circular region with a solid angle of

AQ ~ 2.4 x 10~ *sr (angular radius of 0.5°).
¢ dSphs below the horizontal line are not included in the combined analysis.
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