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4 Today’s Program in 5 Acts

“s ermi
o ST
* Part I: Modeling of the Dark Matter distribution

— Rotation Curves, N-body simulations

e Part II: Modeling the Conventional Astrophysical Sources in the SMC

— Cosmic-ray emissivity

e Part IlI: The Fermi-LAT Analysis
— Correlation between DM and astrophysics

e Part IV: Results

Galactic latstude (deg)

* Part V: Summary/Conclusions

304 302 300
Galactic longitude (deg)

Fermi-LAT Collaboration, A&A 523, A46 (2010) — e —
-20 0 20 40 60
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Prelude: A Brief Introduction

Why Dark Matter?

Why the SMC?

Yovan

‘ Fornax G—
100,000 light years



Prelude: A Brief Introduction

Why Dark Matter?

Why the SMC?

2 L XA

rd
— High density of dark matter —
Fewer astrophysical sources than GC/LMC
Higher measurable signal (J-factor) than dwarf spheroidal galaxies

Part of the dark matter picture




A Part I: Modeling the Dark Matter

b ool Distribution
/ Space Telescope

SMC Rotation Curve Results: rotation curve +

8O T N-body simulations
i L Observed Total V,,, 7
L Stars (M/L, = 2.3) -
i :L_;'He gos L
- T et L] o 1.80+0.35 1
AN i B 2.65+0.06 3
R Y 0.69:0.14
T I's [kpc] 5 5.1
or ) 00 [Molkpc®] | 7.0x105 | 4.1x10°
. Preliminary - J [GeVZicm5] | 4.56x10™ | 1.13x101°
O PR ST TR R S S SN THN SN SN SN T T S S SH T S S S SH S S S S S S S + +
00 05 1.0 15 20 25 30 log1o J 19.720.2 | 19.120.2
Radius/kpc /
et
Best for N-body
G lized NEW densit g1o.  and Rotation Second best
eneralize ensity profile: for Rotation
p(r) = - Po —5= O(Tmax — T)
(L) [1+(L) ] ° Bekki & Stanimirovic, MNRAS (2009) 395 (1)
rs rs

R. Caputo | UCSC Fermi Symposium 2015 Di Cintio et al., MINRAS (2013) 437 415 4



20.0
17.5

. e - 15.0
Selection Criteria 30.0° M., -
_ _ 2008 Aug. 4 to 2014 |
Observation Period Aug. 5
: . 7.5
< -42.0°
239557414 to < )
MET (s) 428903014 S 5.0 £
A4 , Q
S 45.0° ©
Energy Range (GeV) 0.5 to 500 g
| &
] ] 10°%10° centered |
Fit Region (8,b)=(302°80, -44°.30) 8.0
Zenith Range 0.<100°

31.0° 308.0° 304.0° 300.0° 296.0° 292.0°
Galactic Longitude

1 new point source,
1 re-centered (3FGL J0021.66835),
and SMC (white outline)

R. Caputo | UCSC Fermi Symposium 2015 5



SMC Modeling

Emissivity model (LMC?):
gamma-rays come from
cosmic rays interacting with
interstellar gas in the SMC

2D Gaussian emissivity
profile multiplied by gas
column density — Best fit to
LAT data (1 component)

2D Gaussian (alternative)

R. Caputo | UCSC

Part II: Modeling the Astrophysical Sources

* M. R. Buckley et. al, Phys. Rev. D 91, 102001 (2015)

arXiv:1502.01020 [astro-ph.HE]

Fermi Symposium 2015
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am Part I11: The Fermi-LAT Analysis

_—sserml
P Lo
SMC DM Fits 175
15.0
-39.0° dl12.5
Broadband fit (standard binned 10.0
Poisson Likelihood) P 7.5
— normalizations of diffuse and point -
sources . >0
— DM: power law index (I' = 2 )* g -45.0°
N ‘ 2.5

Scan likelihood of assumed DM signal ;|
(energy bin-by-bin)

— background normalizations fixed

— free component: DM normalization

31.0° 308.0° 304.0° 300.0° 296.0° 292.0°
Galactic Longitude

|dentify degeneracies...

* Fermi-LAT Collaboration, 2014, Phys. Rev. D, 89,
042001 arXiv:1310.0828 [astro-ph.HE]

R. Caputo | UCSC Fermi Symposium 2015 7




., Part 11l: The Fermi-LAT Analysis

Gamma-ray
pi

o oa Talacins
Correlations between SMC and DM template
gNFW profile

— 1_ I | LI I 1 1 I I Ll I LI I _

o = .

-.6 0.8 —_ —— 47 Tuc —— 3FGL J0029.1-7045 —— 3FGL J0112.9-7506 —

uf? "E  —— PS1 ~— Isotropic ~— SMC -

— 06_— ------ Galactic —:

O - Preliminar .

© 04 Y —

O = -

s % -

O 0 E“‘ ......................................... ‘ 2‘
-0.2;_—'_' | .
-0.4;—’_'_1_17’ |1 4 float 100
0.6 PS1, Isotropic and SMC - nominal

= 4 val
085 o 1 value
e — 4
-1' 1 L 11 l 1 1 1 1 1 L1 1 l 1 1
10° 10* |
Energy [MeV

Correlation Factor (p) calculated using covariance matrices

*See talk by E. Charles on Wednesd%y
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/ Space Telescope

Part 1V: Results

R. Caputo | UCSC Fermi Symposium 2015 9
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/ Spa

107

T slescope

Part 1V: Results

Assume all gamma rays are from DM annihilation
Remove the SMC model...

Shape of excess
not consistent with

' : 107 TR 0
T See, Doy R DM annihilation to
— 10 GeV 50 GeV .
bb Preliminary bb ortt
107} | 108
i . +T } T N k
% 10} *‘}"‘ | .é. 10
3 <
S 3
g :
" 107} \ Preliminary & o7
\ \
\
\\ \
‘ \
\\ \‘
10°® 1 ) 10

10° 10*
Energy (MeV)

All gamma-rays from SMC are
not from DM annihilation
(excluded by dsphs)

6 GeV: 2.4x102° cm3/s, 3.0x102° cm3/s

10 GeV: 3.3x102° cm3/s, 5.2x102° cm3/s
8.2x10725 cm?/s, 1.4x1072° cm3/s
 1.8x1024 cm3/s, 2.8x1024 cm3/s

R. Caputo | UCSC Fermi Symposium 20 10



~

Part 1V: Results

e ’33637“77LL
Gan

/S Tl;

Assume all gamma rays are from DM annihilation
Remove the SMC model... Shape of excess

10 | " not consistent with
—— 6Ge&V  — 356GV Fux DM annihilation to

10 GeV 50 GeV
bb Preliminary bb ortt

107} 1 107

‘Cosmic rays and astropysmal
sources must contribute
_in part to the gamma ray flux

) " [ B |
10* 1oS 10; 10* 10°
Energy (MeV) Energy (MeV)

Energy Flux (MeV em * s ')

All gamma-rays fror_n _SM_C are 6 GeV: 2.4x102° cm3/s, 3.0x102° cm3/s
not from DM annihilation 3.3x1025 cm3/s. 5.2x1025 cm®/s

(excluded by dsphs) 8.2x1025 cm3/s, 1.4x10-25 cmd/s

 1.8x1024 cm3/s, 2.8x1024 cm3/s
R. Caputo | UCSC Fermi Symposium 20 10



/D
@ss ermi

Gamma. ray

/ Space Telescope

* 95% CL upper limits assuming a generalized NFW (gNFW) - best fit
— bands from 100 MC trials

— thermal relic shown is from Steigman et. al (2012)

Part 1V: Results

LR | L |

YT T YT T T

—— QObserved Limit —— Observed Limit

107"} ---- Median Expected 5 channel 107 F ---- Median Expected rr channel
68% Containment gNFW profile 68% Containment gNFW profile
1072 95% Containment 95% Containment

<aov> (cm’s ')
<ov> (cm’s!)

Preliminary Preliminary

A A Al A A A s aaaal A A A A L A A A AL A Al
10 10° 10’ 10*
"ln.‘, (GeV) Mmpyy (GeV)

R. Caputo | UCSC Fermi Symposium 2015 11
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/ Space Telescope
* 95% CL upper limits assuming a generalized NFW (gNFW) - best fit

— bands from 100 MC trials
— thermal relic shown is from Steigman et. al (2012)

Part 1V: Results

C 10
S M —— LMC (95% CL) (this work) e Calore+ 2014 (29)
Ty v —r—rTrrTrT - — T - — w— Ackermann+ 2014 Dwarfs (95% CL) Daylan+ 2014 (27)
- — Ackermann+ 2015 Dwarfs (95% CL) Gordan & Macias 2013 (20)
: L Observed Limit ~ = Ackormann+ 2012 MW (32) @ Abazajian+ 2014 (10)
2 .
107K ---- Median Expected bb channel

68% Containment gNFW profile

95% Containment

<aov> (cm’s ')

Preliminary

.“ioj PR T .A.io 1(;‘ 162
mpy (GeV) Mass (GeV)

* M. R. Buckley et. al, Phys. Rev. D 91, 102001 (2015)
arXiv:1502.01020 [astro-ph.HE]

R. Caputo | UCSC Fermi Symposium 2015 11
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® 95% CL upper limits assuming a standard NFW
— bands from 100 MC trials

— thermal relic shown is from Steigman et. al (2012)

Part 1V: Results

LR |

LRI |

— )
102 - --.

bserved Li

Median Expected
68% Containment
95% Containment

mit

<gv> (cm’s!)

™YY

bb channel
NFW profile

10}

R. Caputo | UCSC

AALl
10°

"l[)“l (GEV)

—— Observed Limit
---- Median Expected
68% Containment
95% Containment

YT T Ty

r channel
NFW profile

<ov> (cm’s!)

Preliminary

-
-
-----

ALl i A b s aaaal A A A A A aal i A AL A LAl
10 10? 10’ 10*
"l“.\, (GeV)

Fermi Symposium 2015
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/ ‘ Space Telescope
® 95% CL upper limits assuming a standard NFW

— bands from 100 MC trials
— thermal relic shown is from Steigman et. al (2012)

Part 1V: Results

104 . .
—— LMC (95% CL) (this work) - Calore+ 2014 (20)
T v —r—rrrrry v —r—rr Ty w— Ackermann+ 2014 Dwarfs (95% CL) Daylan+ 2014 (27)
- . . Ackermann+ 2015 Dwarfs (95% CL) Gordan & Maclas 2013 (20)
o 4 Observed lelt = = Ackermann+ 2012 MW (35) @ Abazajian+ 2014 (10)
107K ---- Median Expected bb channel
: . NFW profile
[ 68% Containment
1072 95% Containment —
: e l:’) ]0'25 -
by 102°L ‘,f' ™
z =
O A
— - S
A ,"’ N
- - -
g 107F = S
~
T S Preliminary
1026 '
sl A A a2 a2 aaal A A Ad aaaal A A A A A A AL . 2
10! 10° 10’ 10* 10" 10° s
mpy (GeV) Mass (GeV)

* M. R. Buckley et. al, Phys. Rev. D 91, 102001 (2015)
arXiv:1502.01020 [astro-ph.HE]

R. Caputo | UCSC Fermi Symposium 2015 12
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Part V: Discussion and Conclusions

* SMC is a complementary target to search for dark matter
— Contains a large amount of dark matter: Rotation curve, N-body

simulations

— Annihilation signal larger than the brightest dwarfs (less than GC
and LMC)

— Lower astrophysical background than GC and LMC (higher than
dwarfs)

* Astrophysics in the SMC
— Physical Emissivity model
— bonus: found a new point source

* Fermi-LAT analysis
— 6 years of data, >500 MeV
— High correlation between SMC models and dark matter template

R. Caputo | UCSC Fermi Symposium 2015 13



Part V: Discussion and Conclusions

@ s ermi
. o
e What we found

— Background consistent with no-dark matter simulation
— High correlation weakens limits

— No evidence of dark matter annihilation

— <ov> limits near the thermal relic

e Where we can improve

— Better models of both the dark matter template and the baryonic
background

— More accurate simulations of the Magellanic system
e results of stellar surveys (HST)

— Cosmic-ray propagation in the SMC

* The LMC/SMC System is an important target for indirect dark matter
searches

R. Caputo | UCSC Fermi Symposium 2015
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Correlations

e With and without letting the SMC/Iso Diffuse float in 100ta: within

bin-by-bin fit

. SMC P SMC
10 T 10 T
- Observed Limit -~ Observed Limit
-- Median Expected -- Median Expected
68% Containment 68% Containment
95% Containment 95% Containment
_10° 107
k2 - 'y ]
s P i § T
pAa e o [ S LRAE
% 106 ot C 0 | 2 TR AT T
vt s v k2 = R
z e =T =
“ 107} “ o7t
Preliminary Preliminary
-8 L I\ -8 ] L
10 10° 10* 10° 10 10° 104 10°
Energy (MeV) Energy (MeV)
Generated SMC Flux Upper Limits
Bands from 100 MC trials
R. Caputo | UCSC Fermi Symposium 2015 16
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— beff~actual background

— insight into correlation i.e.: 2 ~1: completely degenerate

N

Part 11l: The Fermi-LAT Analysis

beff

o Z Pszigzk(ﬂ') o
k Poxg.x(0)

R. Caputo | UCSC

1

name et 2 term
iso diff 5100 2.7
gal diff 6400 3.8
SMC 140 15
PS1 81.7 1.3
47 Tuc 0.0043 510000
J0021 0.02 44000
SMC+iso 21600 1.5
Total 25300 2.25

sum of sources: 32000

Fermi Symposium 2015
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Gommamy

/ Space Telescope
e Coverage Study

—injected 50 GeV bb DM @ <gv>=2x10-25 (1x10-24) cm3/s
— limits don’t exclude injected DM

Part 11l: The Fermi-LAT Analysis

' e ——. - —~—rry e —— ——rry
---- Median Expected || ---- Median Expected
10" »  Injected DM bb channel - 10’ % Injected DM bb channel
. F rofil ] - . F rofil
68% Containment gNFW profile : 68% Containment gNFW profile
1622 95% Containment é 1022, 95% Containment .-
— "' n — 3 ,"‘
.-.]‘n ) "‘,' 1 "‘[‘n . "":ooo
E 10 ""' ‘g‘ E 10 'E- ""'0
3 - : 3 - 0".
/.\ A : """
& 107 P 1 §0% L
o"" * .. -Fa"" s &
105 bogues” Preliminary . 1025 Preliminary
Thermal Relic Cross Section Thermal Relic Cross Section
107%° (Steigman+ 2012) 10726 (Steigman+ 2012)
A AL l A A A A AL L Al A A A A AA AL l A A A A AL L ‘: : A AL l A A A A A A A Al A A A A A A AL l A A A A AL AL
10* 10° 10° 10 10* 10° 10° 10*
77?.1)“! (GeV) 77?.1).‘! (GeV)
R. Caputo | UCSC Fermi Symposium 2015 18



304.000 302.000 300.000

Fermi ROI Data
Simulated Data
- Fermi ROI Data Fit
- Simulated Data Fit |-

counts , | | 0

45 8.2 12 16 19 23 27 31 34

Scan the region around
the SMC kinematic center
with DM template

R. Caputo | UCSC Fermi Symposium 2015

Preliminary
e T - --1;--4._._.3_--.1
5 10 15 20
TS
TS follows a y? distribution
with 1 d.o.f.

Small TS excess occurs at
points near 47 Tuc

19



., Part 11l: The Fermi-LAT Analysis

e Alternative models of the SMC

— Perform same analysis to SMC 2D Model (MC)
determine flux upper limits on Baseline SMC Model Bands
10 :
* MC only study e
— 2D Gaussian compared with the 22 Conpioment
° ° ° ° —_ 10.5'
2D Gaussian emissivity S,
e T T
= 10 ¢+ T Y T T S
e Flux upper limits 2
— At or below 95% CL Emissivity S 7|
band Preliminary
107 10° 10° 10°
Energy (MeV)

R. Caputo | UCSC Fermi Symposium 2015 20



d No SED Constrain

“s ermi

Gomm.w.;y
Spa{e Telescope

* Limits assuming an gNFW - NO SED constrain

— bands from 100 MC trials

— g———— —————
|| — Observed Limit
-21 . i
107°F --- median expected ¥ channel
i thermal relic
1072k 68% Containment
. 95% Containment -
- "’
m = "'I
Y 102} "
S i
G 10-24 - "'v
v - 4"
I"’
25 ,4" 4 H
107} Preliminary
10'26
aaal A A A A aaaal A A A d aaaal A A A A A A AL
10! 10° 10° 10*
1'?[)“’ (GEV)
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—
o

YT T T Ty

d |

Observed Limit
median expected
thermal relic
68% Containment
95% Containment

A i A b s aaaal
10 10?
"l“.\’ (GeV)

10° 10*

21



