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stars to trace it,

and not much else

• there are many (20+ so far) 
• they are nearby (<250 kpc) 
• can achieve high sensitivity by 

combining many of them

D W A R F  S P H E R O I D A L S
A S  D M  L A B O R A T O R I E S

high dm content,

10s to 1000s

~105-107 solar masses

2

(no gamma-ray emission)



W I M P  PA R A D I G M
A B U N D A N C E  &  O B S E R VA B I L I T Y

χ

χ

W- / Z / q

W+/ Z / q

π0

γ

γ

(primary process in LAT search)

• annihilation with weak cross section (~2e-26 cm3 s-1 ) gives ΩDM 
• same process would make it visible in high density areas today
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M O T I VAT I O N
W H A T  K E E P S  T H I S  I N T E R E S T I N G ?

• no significant detections 
• very low systematics —> 
• factor of 2-3 drop in upper 

limits over the last years

excluded

J-factor Diffuse IRFS

33% 8% 9%
@ 100 GeV 
WIMP Mass

b-quark channel

4

arXiv:1111.0320 
arXiv:1503.02641
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M O T I VAT I O N
W H A T  K E E P S  T H I S  I N T E R E S T I N G ?

thermal relic 
cross section

a thermal relic WIMP with 
mass below this point 

cannot account for all DM
excluded

b-quark channel

5

arXiv:1111.0320 
arXiv:1503.02641

(Steigman et al. 2012)



M O T I VAT I O N
W H A T  K E E P S  T H I S  I N T E R E S T I N G ?

GC fits 
e.g. arXiv:1402.6703

b-quark channel

(similar for τ)

6

arXiv:1111.0320 
arXiv:1503.02641

(Steigman et al. 2012)
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I M P R O V I N G
A  FA N C Y  D I A G R A M
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8

• all-sky gamma-ray monitor 
• public data 
• ~1 m2 effective area 
• 6+ years of observation 
• energies from 30 MeV to over 300 GeV

Fermi Large Area Telescope

Effective Area Angular Resolution Point-Source 
Sensitivity

+25% +10-15% +40%

>  1  G E V @  1 - 1 0  G E V>  1  G E V

T H E  L AT instrument

U P G R A D E D

Pass 8
• complete event reconstruction 
• applied to all prior data 
• available this month!!

x
x

x
x
x
x
x

x
x x x

x x
x x xx x x

x

ACD

silicon 
strips + 

tungesten

CsI calorimeter

γ

xγ→e+e-



instrument

9

PA S S  8  
E V E N T  T Y P E S

• energy 
• incoming angle 
• event class (probability to be a photon)

each event PSF is a parameterized function of

Alex Drlica-Wagner   |   LHC Results Forum

Pass 8 PSF Classes

31Brandon Anderson, Stockholm University | 5th Fermi Symposium

Pass 8

4

effective area
angular 

resolution
point-source 

sensitivity

+25% +10-15% +40%
>  1  G E V @  1 - 1 0  G E V>  1  G E V

M O R E  DATA ,  M O R E  AC C U R AC Y,

A N D  M O R E  I N F O R M AT I O N !

(for more information see P. Bruel’s talk from Wednesday)

containment 
in psf classes

Brandon Anderson, Stockholm University | 5th Fermi Symposium

Pass 8

4

effective area
angular 

resolution
point-source 

sensitivity

+25% +10-15% +40%
>  1  G E V @  1 - 1 0  G E V>  1  G E V

M O R E  DATA ,  M O R E  AC C U R AC Y,

A N D  M O R E  I N F O R M AT I O N !

(for more information see P. Bruel’s talk from Wednesday)

containment 
in psf classes

• Events can be divided into classes 
based on the quality of the event 
reconstruction. 

• Combine events from all PSF event 
classes into a joint likelihood fit to avoid 
loss in effective area. 

• Results in another ~10-20% gain in 
point-source sensitivity.

x x
68% PSF

did this 

come from 
this?

• what tracker layer it converted in 
• if it passed through any gaps/cracks

averaged over, e.g.

new feature, PSF types
• uses deeper instrument info to 

subdivide events by angular uncertainty 
• each set (4) gets its own PSF



J O I N T  L I K E L I H O O D
J O I N T  L I K E L I H O O D

technique

(combine information from all PSF types)

(combine information from all targets)

(term accounts for uncertainty in J-factor)
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T Y P E  I  E R R O R S
S U B - T H R E S H O L D  S O U R C E S

3FGL:  4 years, 3033 sources
2FGL:  2 years, 1873 sources

background

15
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Random Positions (2FGL)

FIG. 6. Cumulative distribution of TS from 7500 randomized blank-sky regions fit with a 25 GeV DM particle annihilating
through the bb̄ channel. The solid black line shows the distribution obtained from analyzing Monte Carlo simulations of blank-
sky regions. The solid blue and red lines show the distributions for LAT data analyzed with the 3FGL and 2FGL point-source
catalogs, respectively. Shaded bands indicate the one sigma uncertainties on the cumulative fraction, which are highly correlated
between bins.

Canes Venatici II, Coma Berenices, Hercules, Leo IV, Segue 1, Ursa Major II, Willman 1) and classical (Carina,
Draco, Fornax, Leo II, Sculptor, Sextans, Ursa Minor) galaxies. For soft annihilation spectra (e.g., the bb̄ channel for
DM with mass < 100 GeV), the classical and ultra-faint populations yield comparable limits, each ⇠ 40% worse than
the combined limit. For harder annihilation spectra with spectral energy distributions that peak above 10GeV, the
limits from the ultra-faint population are roughly comparable to the combined limits, while the classical dSphs yield
limits up to five times weaker. Considering only the classical dSphs, models with the thermal relic cross section are
excluded for slightly lower masses (<⇠ 80 GeV).

Annihilation Channels

WIMPs may annihilate through a variety of Standard Model channels. For the quark and boson channels, the
resulting gamma-ray spectra are all similar and largely depend on mDM. The three leptonic channels have harder
spectral energy distributions with a peak in energy flux that is closer to mDM. We perform our analysis for six
representative annihilation channels (bb̄, ⌧+⌧�, µ+µ�, e+e�, W+W�, and uū) and for each we assume a 100%
branching fraction. The resulting constraints, shown in Figure 8, are similar to the bb̄ and ⌧+⌧� channels depicted in
the main body of this work, except for the e+e� and µ+µ� channels which are somewhat higher.

• blank field analysis.  number of type I errors decreases with updated catalog 
• implies we had some un-modeled background (could still be more) 
• direct increase in sensitivity

11

arXiv:1503.02641



Moore (2009)

• Dark matter content determined from 
stellar velocity dispersion 
– Classical dwarfs: spectra for several 

thousand stars 
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars 
• Fit stellar velocity distribution of each 

dwarf (assuming an NFW profile) 
• Calculate the J-factor by integrating 

out to a radius of 0.5 deg. 
– Comparable to the half-light radius of 

many dwarfs 
– Minimizes uncertainty in the J-factor 
– Large enough to be insensitive to the 

inner profile behavior (core vs. cusp) 
• Include the J-factor uncertainty in the 

gamma-ray analysis

Dark Matter Content
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No. 1, 2007 dSph VELOCITY DISPERSION PROFILES L55

TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

(Walker et al. 2008)

J - FA C T O R S signal

• spectroscopic velocity measurements 
• fit mass distribution with NFW profile 
• integrate to get J-factor

• mass profile 
• priors on parameters (scale radius, 

density, etc.) 
• can we reduce the prior dependence? 

Uncertainty 

Determination
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FIG. 7. Change in the limits derived for the DM annihilation cross section under the assumption of alternative sets of J-factors.
Alternative J-factors are taken from Geringer-Sameth et al. [9] and Charbonnier et al. [58]. Non-informative priors are used
to derive J-factors following the procedure of Essig et al. [59]. Burkert J-factors are derived using the multi-level modeling
approach of Martinez [8] and are taken from Ackermann et al. [13].
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D A R K  E N E R G Y  S U R V E Y

• expanded on 12 ‘classical’ dsphs 
• added 15 in a ~14,000 deg2 patch 
• 95% complete to r=22 mag  
• can see faintest dsphs out to 50 kpc

SDSS
• will cover 5,000 deg2 
• sensitive to r=24 mag 
• faintest to 120 kpc 
• 1,600 deg2 so far

DES

– 5 –

Fig. 1.— Locations of 27 known Milky Way satellite galaxies (blue; McConnachie 2012a) and eight

DES dwarf galaxy candidates (red) in Galactic coordinates (Mollweide projection). The coordinate

grid shows the equatorial coordinate system with solid lines for the equator and zero meridian.

The gray scale indicates the logarithmic density of stars with r < 22 from SDSS and DES. The

large contiguous region in the northern equatorial hemisphere shows the coverage of SDSS (Ahn

et al. 2014). The full DES footprint is outlined in red, and is now partially filled in by a region of

⇠ 1,600 deg2 near to the Magellanic Clouds and a region of ⇠ 200 deg2 overlapping with the SDSS

Stripe 82 field along the celestial equator. Both fields were observed during the first year of DES

and that compose the Y1A1 data set.

• expect 5+ from isotropy 
• 20+ from N-body simulations 

and sensitivity

targets

C O M PA R A T I V E LY

13

arXiv:1503.02584v2 



R E T I C U L U M  2

targetsD A R K  E N E R G Y  S U R V E Y

14

Location
• nearby:  30 kpc (Segue I is 23) 
• off-plane:  -50 deg 
• isolated:  no nearby sources

LAT Observation

arXiv:1503.02632

DM content
• mass:  5.6±2.4 x 105 M⊙ 
• one of the highest J-factors: (Segue I ~ 19.5)   

• log(J(0.5°)) = 19.5+1.0-0.6 
• log(J(0.5°)) = 18.9±0.6

arXiv:1504.03309v1

arXiv:1504.02889v1

• 2.2σ local significance
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pass 8!

event types

joint (x4) 
likelihood

sub-threshold sources

j-factor priors

DES +9?
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E F F E C T  O N  C O N S T R A I N T S ?

17

• can we make a guess before 
spectroscopic follow-up? 

• regardless of DM content, J-factor 
is proportional to 1/distance2 

• just assuming they all have the 
same content does okay

J-factor estimates

• this doesn’t fit so well to other 
analyses' J-factors 

• no accounting for detection 
biases / distributions / etc. 

• these might not even be bound 
objects

Caveats

arXiv:1503.02632
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arXiv:1503.02632
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D S P H  H U N T I N G
T O W A R D S  F U L L  S E T

targets

19

• take an N-body (VLII) 
• fit dsph mass threshold to 

observed radial distribution 
• project total population

Population Projection
• DES running now 
• LSST should see all dsphs 

(starting 2022)

Upcoming Surveys

Tollerud et al. 2008
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L I M I T  C O M PA R I S O N

6

FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (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 Pass 7 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 bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. 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].

DM distribution can significantly enlarge the best-fit re-
gions of h�vi, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥
10�26 cm3 s�1) for WIMPs with mDM

<⇠ 100 GeV annihi-
lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100 GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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