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z=0.0 .

Dwarf spheroidal galaxies (dSphs)

| 4 Dark matter content constrained
by stellar kinematics

i @ High mass-to-light ratio
B ] Close
8 1 Astrophysically “clean”

4 Ability to combine targets in a
joint likelihood analysis

80 kpc
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Formalism S

Gamma-ray flux Observables
¢s(AQ) = L _(ov) / o diy dE, enc[:)llosstzgcriézglwggéirtadclﬁss | :rr;?on)
’ B dm 277?’%)M Emin dE 4 ) "

pa,tlcle physms

| / / 2 ()l L
AQ Jl.o.s.

v

J—factor

Assumed DM density profile .
s B 10°°<L/Le< 10" dSph
(9-9-, NFW) / ¢ 10*%<L/Ly<10%° dSph
_ por?

ppm(r) = 5 100 1000
T(TS T T) Mean 3D Half-light Radius [pc]

Wolf et al. 2010

® 10%°<L/Le<10*° dSph




. ’ DARK
Formalism ENERGY

Likelihood for individual target

~

Li(p,0; ={ai, J;i} | D;) =L;(p,0; | Di) L5 (J; | Jobs.is T4)

Joint likelihood

Li(p,0;|Di) =] Li(n,0:1Dij) -
j
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Limits for 15 Confirmed dSphs @;ﬁiﬁ!z‘f['i

15 dSphs, 6 yrs of Fermi-LAT data, Pass 8, 500 MeV to 500 GeV

Only 20 to 30% overlap of events with 4-year Pass 7 analysis (~statistically independent)

10721 — —
5 | — 4-year Pass 7 Limit
O 10-22 | = 6-year Pass 8 Limit ]
C% | —- Median Expected '
N o3 68% Containment
8 o 10 ] 95% Containment
- | i .
o = ., Thermal Relic
c g 1077 .
S O Cross Section
-4% N—" :
— /I>\ 1072}
< & S
e s
(- 10—26 i — Thermal B,elic Cross Section |
<E E =T (Steigman et al. 2012)
= 27 | T 3

101 102 103 104
DM Mass (Ge\//c2) LAT Collaboration

arXiv:1503.02641 7
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Limits for 15 Confirmed dSphs @;ﬁiﬁ!z‘f['i

15 dSphs, 6 yrs of Fermi-LAT data, Pass 8, 500 MeV to 500 GeV

Only 20 to 30% overlap of events with 4-year Pass 7 analysis (~statistically independent)

10721, —
=— 4-year Pass 7 Limit

1022 _ — 6-year Pass 8 Limit
| —- Median Expected
68% Containment
107% 3 95% Containment

Thermal Relic
Cross Section

_—
—
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— — —

Thermal Relic Cross Section
(Steigman et al. 2012)
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DM Annihilation Cross Section

108 102108 104
DM Mass (GeV/c2) LAT Collaboration
arXiv:1503.02641 8
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Limits for 15 Confirmed dSphs Q/D@z\;

dSphs represent complementary targets to the Galactic Center
GC J-tactor ~100 times larger, but complex conventional non-thermal emission

1072 ————— —— .
X 1
- | — Pass 8 Combined dSphs )
(| — Fermi-LAT MW Halo N
10-23L|-- H.E.S.S. GC Halo 1
| — MAGIC Segue 1 \
K \
- [|1&+ Abazajian et al. 2014 (1o) \
n 10724 L|— Gordon & Macias 2013 (20) ' i
mE [ — Daylan et al. 2014 (20)
= | — Calore et al. 2014 (20)
= 1070} |
) L
102 Thermal Rl Crs Scion
_ bb |
1027 — - .
10 102 108 10
DM Mass (GeV/c?) LAT Collaboration
Systematic uncertainty in J-factor arXiv:1503.02641

of GC could shift contours 9
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Limits for 15 Confirmed dSphs Q/D@z\;

dSphs represent complementary targets to the Galactic Center
GC J-tactor ~100 times larger, but complex conventional non-thermal emission

10722, — —
| — Pass 8 Combined dSphs
|| — Fermi-LAT MW Halo
10~23}|— MAGIC Segue 1
| 104 Abazajian et al. 2014 (10)
-/ || — Daylan et al. 2014 (20)
w 10724 {— Calore et al. 2014 (20)
™ X
=
=
/:>\ 10—25 i =
& -
10-26| e Stotgman ot al. 2012)
- T
10—27 e . e . e . e
10 10° 10° 10
2
DM Mass (GeV/C ) LAT Collaboration
Systematic uncertainty in J-factor arXiv:1503.02641

of GC could shift contours 10



Dark Energy Camera
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Milky Way Companions DARK
Found in First-year DES Data R

Stellar density field
P e TR - from SDSS and DES

* CVn || ...... Sl e Boo Il

Boo 1° Leo lle -

Leo V

0
2 -
- '..
-
3
P v o 2l .
"y o Y o, © £ . N
i s b Y eOIV eg .......
- . l‘
' e » . .
5
.
.' £
:
| . : ' Leol .
. -
g . g
Y - - 'O
'. . - . > - ©
. - * NN G o s =
. . s | Bah v o, el
. . ‘. . -
.
. '.. . N
.' - . .
. . bl
. .
:

. ..
PRCL) e
oo

............

AP

-------

DES Collaboration
Bechtol et al.
arXiv:1503.02584

DES footprint in Galactic coordinates
Y1A1 dataset includes ~1600 deg? in SPT field, ~200 deg? in Stripe 82 field .
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A Recent Flurry of Discoveries <’/;$z\*¢[':’,

Discovery Timeline: Milky Way Satellite Galaxies

e®¢ Confirmed Galaxies
000 Galaxy Candidates .
How many more remain
to be found??
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Limits for 8 DES Candidates

3B
DARK

Take advantage of existing LAT analysis pipeline with new targets

—62°

—64°

Counts maps > 1 GeV, 10 deg x 10 deg

_ 32

+ +
DES J0222.7-5217 p2: B U DES J0255.4-5406 DES J0443.8-5017
B 3FGL J0228.3-5545 24 -
» 20 )
16 2
3FGL J0244.8-5818
12 o
E 540
X 8 3
O
+3FGL J0209.4-5229
4 o
3FGL J0157.0- —56
= .§E8E R 0.7-201 +3FGL J0425.0-5331
JF
1 .
—58
0
280°  275°  270°  265°
GLON
: 32
DES J0335.6-5403 28 DES J0344.3-4331 DES J2251.2-5836
; 24 eo
20
16
12 —50°
}_
8 i X
O —52°
3FGL J0335.3-4459
4 +
—54°
1
3FGL J0314.3-51(C
+
0 —56°
270° 265° 260° 255° 250° 245°
GLON GLON GLON

LAT & DES Collaborations
Drlica-Wagner et al.
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L imits for 8 DES Candidates <’/;}?i\*gf[‘\i

Take advantage of existing LAT analysis pipeline with new targets

Model-independent flux upper limits

DES J0222.7-5217 DES J0255.4-5406 DES J0335.6-5403

“n 10-6
3 HIITI
% 10 _ TI IIII
C 2 IIWI
;/ =
v " DES J0443.8-5017
= 1076}
> ; IT
20 - ¥
g 107 gr I IIII
- - I3 77 I8
10° 10*

Energy (MeV)

LAT & DES Collaborations
Drlica-Wagner et al.
arXiv:1503.02632 15



A Common mass scale for <’ DARK
Milky Way Satellite Galaxies

SURVEY

108 IIIIIII I T T T TTTI | IIIIIIIl T T Trirl 1 1T T 1Tl |

— -
- Seg .
o B Dra -
§, B o Umalll CVIIUmal % ﬁ P Leﬁol F _
Q o Leo || nx
S 107 |- b CVI Umi T T
8 — ¢ % Leo T l _
™ - _
- — 1 0 -
= B W Com Her Sex _
S . _
@ 106 |- 1 -
= = Leo IV -
B Strigari et al. 2008 7
_IIIIII| | | IIIIIII | ] IIIIII| | | IIIIII| | | IIIIII| | |
108 104 105 106 107

Luminosity (L)

With notable exceptions, e.g., Segue 2, see Kirby et al. 2013
16
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J-factor Distance Scaling Q/;ﬁwﬁ;

If most Milky Way dSphs are hosted by similar DM halos,
DM annihilation flux is mainly determined by heliocentric distance

20.0 . .
: J-factors for known dSphs from
*  Ultra-faint dSph Martinez et al. and LAT Collaboration
19.5} e Classical dSph 1 arXiv:1309.2641, arXiv:1503.0264
7
& 19.0}
>
5 1851
— . .
2 1801 (Distance)2 scaling
& with 0.4 dex scatter
17.5}F
17.0
1.0
T‘g 0.5t ]
< 0.0 —]—H—| T I } H { 2 LAT & DES Collaborations
~ —05} i Drlica-Wagner et al.
10 arXiv:1503.02632

50 100 150 200 250 300 350
Distance (kpc) 17



Limits for 8 DES Candidates ’f@:}ég

J-factor estimates from distance scaling

1072 ———— —— —
[— DES J0222.7-5217 —— DES J2108.8-5109
| — DES J0255.4-5406 —— DES J2339.9-5424 2
1022 || — DES J0335.6-5403 ~ —— DES J2251.2-5836 1 Reticulum II
[|— DES J0344.3-4331 = - Combined DES Candidate dSphs ;
| — DES J0443.8-5017 === Combined Known dSphs p
‘:l‘\ 10—23 :
79
5 107
N—" -
N
> -
L 102}
Thermal Relic Cross Section
10_26 3 (Steigman et al. 2012) 3
_ bb
101 102 103 104
2
DM Mass (GeV/C ) LAT & DES Collaborations
J-factor estimate for Reticulum Il Drlica-Wagner et al.

Log(J) = 19.3 £ 0.4 (GeV2 cm™ sr) arXiv:1503.02632 18



Limits for 8 DES Candidates ’33251

J-factor estimates from distance scaling

10—21 i

- e I — —
[— DES J0222.7-5217 —— DES J2108.8-5109 JReticulum i
| — DES J0255.4-5406  —— DES J2339.9-5424 L7

1022 || — DES J0335.6-5403 ~ —— DES J2251.2-5836 %
| — DES J0344.3-4331 = - Combined DES Candidate dSphs
|—— DES J0443.8-5017 == (Combined Known dSphs P d

Thermal Relic Cross Section
(Steigman et al. 2012) 3

_I_

! T'T
10_27 —— . ] . e ) o
10! 102 103 10*
DM Mass (GeV/c?)  LAT & DES Collaborations
J-factor estimate for Reticulum I Drlica-Wagner et al.

Log(J) = 19.3 £ 0.4 (GeV2 cm’S sr) arxiv:1503.02632 19



Gamma-ray Emission (’EE%QW
tOWardS Retlculum “ SURVEY

Most significant gamma-ray excess for any dSph (or candidate) found at
gamma-ray energies between 2 to 10 GeV in the direction of Reticulum li

Interpretation of significance depends on adopted trials factor

Local Post-trials for DM mass Global Sianificance
Significance and annihilation channel 9
Fermi-DES 240 150 0.26 o
Geringer-Sameth et al. 280 230 Analysg ‘cieuseg on
Reticulum Il
. No trials, use best-fit from Depends on J-factor
AloRFEIREt el 320 Galactic Center relative to other dSphs

Also, possible blazar PMN J0335-5046 located ~0.1 deg away

LAT & DES Collaborations
Drlica-Wagner et al.
arXiv:1503.02632

Geringer-Sameth et al. Hooper & Linden
arXiv:1503.02320 arXiv:1503.06209
20
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Spectroscopy of Reticulum 1l <’/ ENERGY

Dynamical and chemical confirmation of
nearest candidate from DES as a DM dominated dSph

L. - < 7 +* 1T, ., 7 "+t 31 ¢ty rrrrTrrrTrrrrrrrrr e
538 (c) |
8 DES Collaboration -
LT Simon et al.
—o3.9F arXiv:1504.02889
5 6 -
S -54.0F
o r
=S : Z,
18 -54.1F 4r -
1 A r
Y] T T s Yt |
. S g sa3fF o . e ] H % HE H H EEH
L AR T I ST B o Lo e et . . 0 LML TA N2
00 02 04 06 08 1.0 54.40 54.16 53.92 53.68 53.44 0 100 200 300

g-r RA (J2000) ~ V (km s™)

Velocity dispersion (3.3 = 0.7 km s1) indicétes mass-to-light
ratio of 470 + 210 Msol/ Lsol Within the half-light radius (55 pc)

Good agreement with independent analysis by Walker et al.

arXiv:1504.03060 o1



Martinez et al. + LAT analysis

arXiv:1309.2641, arXiv:1503.0264
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J-factor Comparison (0.5 deg) @FNFR“Y

SURVEY

Simon et al. analysis
arXiv:1504.02889

dSph
Reticulum Il

Log J
18.9 £ 0.6

Segue 1 19.5 £ 0.29
Ursa Major |l 19.3 = 0.28
Coma Berenices 19.0 + 0.25

Geringer-Sameth et al. analysis

arXiv:1408.0002

dSph Log J

All in units of GeV2 cm™= sr

Bonnivard et al. analysis
arXiv:1504.02048, arXiv:1504.03309

dSph LogJ

Ursa Major Il 19.42 Ursa Major Il 19.9
Segue 1 19.36 Coma Berenices 19.6
Coma Berenices| 19.02 Reticulum I 19.5
Willman 1 19.5

+0.4 dex systematic uncertainty from triaxiality )



Status of 2015 Q:
Milky Way Companions

SURVEY

Object Classification Photometry arXiv References
: 1503.02079, 1503.02584, 1504.02889,
Reticulum Il dSph DECam (DES) 1504.03060, 1504.07916
Horologium dSph DECam (DES) 1503.02079, 1503.02584, 1504.07916
Kim 2 / Indus | / DECam (Stromlo Milky Way
?
DES J2108.8—5109 Globular cluster? Satellite Survey + DES) 1502.03952, 1503.02079, 1503.02584
Eridanus I dSph? DECam (DES) 1503.02079, 1503.02584
Tucana Il dSph? DECam (DES) 1503.02079, 1503.02584
Pictor /
?
DES J0443.8 —5017 : DECam (DES) 1503.02079, 1503.02584
Phoenix Il /
?
DESJ2339 9-5424 : DECam (DES) 1503.02079, 1503.02584
Eridanus Il / "
DES.J0222 75517 : DECam (DES) 1503.02079, 1503.02584
Grus ? DECam (DES) 1503.02079
Hydra I dSph? DECam (SMASH) 1503.06216
Pegasus Il dSph? SDSS + DECam 1503.08268
N Lgevens 2/ ? PapSTARRS 1503.05554
t Triangulum |l + Large Binocular Camera
“= 30 kpc away, also interesting target for DM searches, see Hooper & Linden arXiv:1503.06209 53



Thinking Further Ahead Q/D@\E\;

Tens to hundreds of additional dSphs expected

Second year of DES completed in Feb 2015, increases coverage to >4000 deg?

| m Massive in the past (Vpesr > 12 km/s) Regular Dwarfs | .| m Massive in the past (Vpear > 12 km/s)
® Pre-reionization fossils (z > 8) (L > 10° Lo) _ | ® Pre-reionization fossils (z > 8)
A Earliest Infall (2peqr > 3) A Earliest Infall (2peqr > 3) — l n?
- NlT T
100 1 100} Tl T E I
[ : [ LSST " ) O
- [ T :
g LSST I $ ' ¢l
< 4
= a? [
z A S
¢ H f O I
S TI= 1 1
S i T N
2 T+ 1 i
ol A
10 | - £ {{ HA ﬂ {1 10} n?
[ ] [ s+ 4
: {ﬂ )\ { 4 ' M -
DES 1 1 Hyper-Faint Dwarfs |
1| DES (L <10°Lo) |
23.0 23.5 24.0 24.5 25.0 25.5 26.0 23.0 23.5 24.0 24.5 25.0 25.5 26.0
Survey Limiting Magnitude (r) Survey Limiting Magnitude (r)

¢ ¢ ¢

DE LSST DES Hargis et al. 2014 LSST
2

arxiv:1407.4470 4



Large Magellanic Cloud

Large Magellanic Cloud (@i e
and Smlth CIOUd b%lJHVFY

Smith High-velocity Cloud

Conservative J-factor estimates in range from J-factor estimates range from
9.4 x 101910 2.8 x 1020 (GeV2 cm™ sr)

1 0—24

(ov) (cm® s71)

[[—— LMC (95% CL) (this work) ——— Calore+ 2014 (20)

[[— Ackermann+ 2014 Dwarfs (95% CL) Daylan+ 2014 (20) ]
|| —— Ackermann+ 2015 Dwarfs (95% CL) Gordan & Macias 2013 (20) | |
[|= - Ackermann+ 2012 MW (30) © Abazajian+ 2014 (10)

102 |

Buckley et al.
arXiv:1502.01020

10t 102

Mass (GeV)

4.2 x 101810 1.8 x 1020 (GeV2 cm sr)

H[(— NFW -
[| == Burkert -, ]

bb
10! 102 10° 104
mpm (GeV)
Drlica-Wagner et al.
arXiv:1405.1030
25



Conclusions

4 Confirmed dSphs already provide robust DM constraints

Upper limits below the canonical thermal relic cross section for DM
of mass < 100 GeV annihilating via quark and tau-lepton channels

4 More targets can quickly translate to more sensitive searches

Projected sensitivity in
51to 10 yrs expressed as an
upper limit...

3

(ov) (em” s7)

dSphs also have excellent
discovery potential

1072 ¢

10224

[|=—— Pass 8 Observed Limit (5 years)

|| — Pass 8 Median Limit (5 years)

- Pass 8 Median Limit (10 years)

Pass 8 Median Limit (10 years, 3x Dwarfs)

[|--- Abramowski+ 2011 H.E.S.S. GC Halo (95% C.L.) \

[|— Wood+ 2013 CTA GC Halo 500h (95% C.L.) '||
1
\

Preliminary |

1023}
10*4;
1025;

1070 |

1027; -
' Fermi + more dSphs bb |
10 10° 10* 10° 10° 104

Mass (GeV) 26
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Segue 1

Credit: Marla Geha




Segue 1

Credit: Marla Geha




Ultra-faint galaxies are discovered as
arcminute-scale statistical over-densities
of individually resolved stars

Segue 1
Credit: Marla Geha
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J-factor Comparison (0.5 deg) ’

.\I/

[];

Z% lis

H

|
o Charbonnler et al. (2011) :
. Ackermann et al. (2013)
v: Germger-Sameth etal (2015)
i This work :
—_ 68% CIS

v/

d [kpc]

] g

”;ﬁ'é:t'l'él

. J-factor :

0ngn’( = 0'550

m C lcfzssical:
0 Ulirafaint

180|160| 23|218|407|86|138|250|101|205|132|160i66|79|97|35|66|82|38|44|30

i

Leo5 Leod4 Segt

Cvni

LeoT Sext

For Leol Car Leo2 Her Cvn2 Bool Scl

Bonnivard et al.
arXiv:1504.02048

UMal Seg2 UMi

Dra

Wili

Coma UMa2
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J-factor Comparison (0.5 deg) <’/;;§z.f\f['::

= | | | | | |
s 5 5 i 5 Bonmvard et al: (2015b)

£

© o " s i s ;
> Classical
3 201 LS Ultrafamt §

to -
s worldl] I L
I '

. - Retll: |

S @ Optimised setup : 5 5
2471 A Pi-weighted o
S . ¢ Binned analysis ' : :
6l Vv Half samples . -
. — 68% Cls (+ tnaX|aI|ty systematlcs [] )

157  dkpe] | e z
32 | 30 | 44 | 38 | 82 | 66 | 23
Ret Il UMa Il Coma Wil | Dra UMi Seg |

Bonnivard et al.
arxXiv:1504.03309
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Thinking Further Ahead &€ —

Tens to hundreds of additional dSphs expected

Second year of DES completed in Feb 2015, increases coverage to >4000 deg?

TABLE 1
PREDICTED NUMBER OF DWARF GALAXIES FOR LSST AND DES

+ PanSTARRS,

DES (+ 10/90)  LSST (+ 10/90)
SkyMapper, etc.

L > 103Lg, Tiim = 23.8

Massive in the past 712 2816
Pre-reionization Fossils 7fg 304_-é1
Earliest Infall 57_L3 23:151
L < ].OdL@, Tlim — 23.8
Massive in the past 1013 40129
Pre-reionization Fossils 10134 43130
Earliest Infall gjg 351L51$§
L>10°Lg, T1m = 25.8
ive i +3 +8
MaSSIYe - tlfe past : 812 33;166 Hargis et al. 2014
Pre-reionization Fossils 9__Fi 37_T_§4 XV 1407 4470
Earliest Infall 65 2571
L < 103L®, Tlim = 25.8
ive i +31 +117
Massive in the past 42715 171769 See also He et al. 2015
Pre-reionization Fossils 56‘_“%? 179f213318 arXiv:1309. 4780
Earliest Infall 20117 81190
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