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GAMMA-RAY DATA ANALYSIS

_ L€ 23 43 36 7 94 98 11 3 24 070 085 25 41 58
Data (15° x 15°) Model Residual
~1 GeV Diffuse
Best PSF Point Sources

Calculate the fit to the data by calculating the Poisson probability
of observing X photons in each bin given the model.

Can calculate the improvement to the fit by adding additional
point sources into the model.



GAMMA-RAY DATA ANALYSIS

» Advantages:
» Nearly equivalent coverage of the full sky.

» Universe nearly transparent to GeV gamma-rays

» Disadvantages:
» Not much energy information

» Poor PSF (~1° PSF; ~0.1° localization of bright sources)



BACKGROUND MODELING ISSUES

» Background fluctuations not Poisson Statistics:

- = NoBZCAT <1
All Positions No CRATES <1
No BZCAT <0.5 = No BZCAT or CRATES
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BACKGROUND MODELING ISSUES

'/ s n ¢
» Employ “blank sky locations” to e B——
\ ; Yositions No CRATES <1
V\* \\‘«ITII%Z(‘.\'I"I',B = No BZCAT or CRATES -
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characterize the background.
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» Accounts for known and |
unknown systematic issues and Tost Stasistic (IS)
point source properties.




USING LOW ENERGY INFORMATION

Determine the gamma-ray luminosity of a population of point
sources

» Advantages:

» Know where sources are, and approximately how
bright they should be (model dependent)

» Disadvantages:

» Flux fluctuations in the background often larger
than individual source fluxes.



USING LOW ENERGY INFORMATION

Determine the gamma-ray luminosity of a population of point
sources




EXAMPLE - DWARF SPHEROIDAL GALAXIES

» Dark Matter Annihilation in Dwarf Galaxies
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EXAMPLE - DWARF SPHEROIDAL GALAXIES

» Dark Matter Annihilation in Dwarf Galaxies
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EXAMPLE - STAR FORMING GALAXIES

Nearby Star-Forming Galaxies

IRAS Revisieo Bruent GALAXY SaMPLn Inreciariy Fuox Dexsirigs AND Lusunosrt s

Numoe R.&. [J2000) nen i b HH 1200 ERTSL flljrn [0 em

.
-
o
o
-
-

TGP AGN Numes

Common IRAS bcemces.s -z o€ - Jy aly SKF Jy oJy SHF Jy aly &F Ty aJy SHF ko« Yo Lo
(1) 2] K ) ') (L B i) (10) i1l (12) 113 i SIS ETHE N £ 117

HUT 0023 1 rogevg-2bse  00:09:60.1 -2G:656:37 111,38 -3¢.01 ¢.G¢ 38 kL 29 &0 KL 9.03 4C ur 16.66 114 vur  403¢ ou.€2 10,80 11.0C 182 SME D545
VAC DG4 1 Foaaah-1223  DD:11:DB. ¢ 127 BB.YH -77.2b ' RE TT  11V.0o 4o T 16,88 1565 O7T G583
1

o
1
3 -
a3
"
=
=

1 i TP 6D 11,34 11,44 il WOWRALVIHIS MR
5.5 -RR Vi z

Ao Db Y - R b
L2000 Bh o T.48 48 M1 a9.88

=]

:14: 5%, L4 - ER o0 - R 174,09 - RE

1

d& J2.ur 2.9
9 352.4H8 -7h.74 L]
] 1

o
|
o
O
"
y
. N -
Wow A
o -
n
-4
v
o -

NIZH=0%=D1=050,2 1 FOoOues-1038  00:18:51 .4 =10:22: 535 96.77 -71.°% .28 34 1538 ur 8112 103,76 11,27 11.41 aa VK PURG Y YR
60 D154 2 FOoauTH-3831 R D0:30:21.4 -33:14:58 358.32 A2.58 2.A8 48 EI 2.39 38 W 22.65 e NHLOHT 1530 m1 157¢ 15.97" 10.23 10.37 39a AT KN
K5I D7R-GO0S 2 Foaugu-6ail N0:32:02.0 -64:15:14 306,41 —qu.re G.42 a El 088 25 T.05 38 kI 17. 41 91 ur 2616  33.31 10.42 10.31 334 VRIS G R
dHe 0150 1 Foairr=-2nda D0:34:16.2 -2T:4B:10 21,80 04,15 (.ad 40 EI 1.6 35 v 3.66 he Ml 17.72 166 ur 1584 16.207 9.7 9.93 nie W X

60 D157 1 Foaizz-onan 000 34:46.0 -08:23:55 110.27 -7G.B6 1.61 33 kI 217 42 Wl 17.95 48 kI 42.43 103 m1 1637 .92 10.40 10.32 332
SN ASN-TGOAS 2 woaiea-33an  00:34:52.0 -33:33:19 326.1¢ <A42.65 G.32 19 EI 2.81 34w a.88 41 ur n.as 2T ur d186  81.20 11,02 11.22 138 AN KN
HGC DIT4 L FOO346=2016  DD:30G:LE. 4 =28:38:40 30L. 04 =46 . 04 ¢.4al1 3L UT 137 30T IL.36 48 UT 19,77 14L 0T 3L09 47V 4B LO.78 10,80 234 AXIOCE 4204

at

D224 4 FOOAC01068 R DD: 4d: 44,
D232 1 FOOAC2=2818  DD: 42: 46,
D247 1 FOO446=2101 R UD: 47 : DU
D253 1 FOOAS0=2633 R LD: 41

»4L:16:13 121.18 =d1.0L7 163,33 = FR 107.71 = Rk 536.18 = FR 2828.40D = RE =300 0.79" 9,33 8.39 G0¢

B3.71 =4y.83 S ¢. 3¢ 34 UT 1.4 3@ RI  1C.D0 3T UT 17.14 B4 OT G047  TE.Z3 L1119 11.30 L1y VVESC ANIOCLI-2234
=20:45:48 113.96 =33.0L0 ¢.14 53 UT 0,99 42 RZ 4.73 50 EZ 23.99 124 RZ 1b9 3107 9.43 B.4u G4y
=20:17:10 87,37 =§7.80 41.04 3u EZ 1L4.0G7 4L RZ BG7.41 00 EI 1288.1% 5id4 RI 201 J.10° 10,29 1D.44 37

w
W
L=
[T Sl o}
L
L
w
.
LA
w
o
-

A

T TR 7]
€3 €3 43 Gy G O

Do e e
e ™, -
~
L=

L
AGC V278 JFOCA92-4716 UD:LE:D1. 3 »47:33:01 123,04 =1%.32 1.GY 23 EI 2.G% 21 RT  20.03 40 MI 44,46 ale O7 Gal  1L.4b 9.97 10,03 519
p D2B9 N FOOSC2=3128  DD:Ld:42.8 =3L:12:19 289 1¢ =33y, 8l ¢. 4y 30 EI 0.6 37 RI 5.147 38 EI 16,90 121 NI Lo28 2L.6D g.97 10,03 52¢ VVASE ANIOCET21D
Y00-12-02-0¢1 J FOOSCE-T218 DD:54:D1.0 -V3:00:13 123,10 #1¢ .22 T C.74 S2 T 3.9l 28 0T 2L.92 32 UT 29.11 224 OT 4706 64.38 11.29 11.44 g4
8¢ 2 === R 00:G2:44.,7 -T2:40:42 302,8¢ -24,30 G7.03 - ER 270,18 - KK ©€628.9 - ki 1002L.9 - RE 108 0.067 7.84 7.8G 627
UGt 0001 roco2i-2ebe  00:0G4:40.9 -29:14:42 123,82 -33.02 ¢.3¢ 2L wr Q.46 2w 5.07 40 ur 10,8¢ 100 ur 4040 ©€0.71 10.73 10,82 20¢
HUT 0300 N --- R 00:G4:562.9 -37:41:09 209,22 -79.42 ¢.9¢ 28 Rz 1.96 38 Rz 1G.30 79 Ke 48.0¢ 208 Rz 142 2.00Y 9.36 8.39 626 ANIDOGE 37D

t37T 124,12 -19.08 R
-07:34:62 120,12 -7G.3
132 146,18 -79.¢6
-1G:61:14 146,73 -78.8

G. 20 22 1.03 22 9.16 36 ur 132.80 142 ur =334 TC.A0 11,01 11,11 176 LR LY SR S T B
.24 59 ur 0.78  sD ORI 3.07 43 KI 20,11 IRT M 1B2EZ M LRH 10,07 10,13 491

K 1.03 30 EL 3,85 S0 UL 22,03 52 Ul 31,85 113 ur €028 TE.867 11,80 11.88 47 ANPRUG Y Y114

¢.3¢ 423w 2,90 30wl 7 10469 13G.17

=44:97:40 287 .48 <718 G.049: 44 TFn dBB6 2048 11.227 11.34: S VOVSTET A VI hedda
-03:74: 536 156.6414 0.7 (.47 34 25974 3112 14,22 10,37 347 a1y
~14:71:580 135.94 =47 .04 g, 44 UL 122,42 11.50 11.44 48

~17:0h: 33 135,13 44 BB [ av N v.78 61 1T 15.4% 1hB 2518 33.18
~03: AT 20 185B.70 RA.06 ¢ .94 39 3.92 B ¥YT O 31.b2 40 1T 47.47 148 2300 30.92 148
T 1535.62 <i1.32 47.484 - 4098 - Mh 419.4¢ LA3 - -179 2 8s’ 9.0

~30:40: 07

J
FS

HEl G31TE 2 FodnaB-33351 No:R
qun DEET 1 FoaeTE-0rsD D0 AS
L¢ 18230/F 1 FoLOss-1ras  01:07:46,
NUG-03-04-014 1 FoLove-1707r  01:10:08,
TAN 294-G412 J FOLIRE-1918 1M 1H: DB,
A0 DATO 1 FOLITI=Qa0R IM:19:4h,
OGOG A5A-050 1 FOLIT3-1406 2001,
AN GRS 1 FOLIG1-1718 2147,
1
1

J1
S
o

v .20 o ur 10,33 13¢
1.89% 37 ¥T .27 63 T 11.78 2
1.11 74 v.22 43 T 12,90 17
1.a% 38 1T 2.47 1BEB

(s S o) I OV A e
1
—
.
()
<~

999

= -
= 3

-

“

o

-

L)

B

Y

a

w

—A

WAC DH20 1 FoI218-4331 M:24:008%. 10,91 294 AR RTIV VI KGN

VAo HhhE 011 D=1D24

;J-;Q-h-h
2939333¢%
g

:‘G

Q

<

=

L

-
<
L
g
&
=
r
|
P
=1
»
o
=

VA DE1S 1 FOIQI8-2010 IM:34:17.8 =28:95:10 228 08 .20 2.94 47 AT 4.2 BB AT 2v.58 38 AT na. 21 TENT  147a 14,887 140.22 10,37 3494 R TR R 1) [P O R
TAN BH5-GAY0 D FOIA26-0R25 1340484 -34:08: 20 2hB. 48 =77 .11 s ) 34 At a7 22 1T TAT 5E 1T 15.a0% 120 O7  47BYV 63,37 14.80 11,00 201
NGC 0620 2 Fo1320-4141  01:3G:00.8 -4L:26:17 273.467 -72.12 ¢.2¢0 347UT 1.30 20 RI 5.73 40 uT 8.62 1353 o7 386 4.46 8.40 B.G7 0622 AMOL3Z-4.4d
NGC 0628 1 FO1330-1532 R 01:3G:41.2 -15G:47:29 1368.61 25,70 2.4 38 nzL 2.87 G0 Rz 2L.04 40 RZ 54.2 20 RI G604 5.9 9.82 9.80 537
ESQ 207-0011/012 2 FO1341-3735  01:3G:24.7 -37:19:06 2062.83 -7¢.07 & ¢.3%: 33 AIe  1.GG: 27 RIb  T.7V: 38 RIv  12.90: 120 nIv 5137 G7.88  L0.93: 11.09: LG3 ANIOL3 4370
IRAS FO1364-1042 1 FOL364-1042 01:38:52.6 -10:27:10 109,01 -G9.93 <(. 16 - 0,48 26 UT G.62 2ur 6.88 114 or 14019 188.37 L1.7v3 11.7G:. 27
HGC ¢GI5E J FOL331=7616 D1:39:12.9 =T0:CD:40 288,53 =11.73 ¢. 3% 17 T 0.8¢ 18 TT 7.30 31 UT 13.76 13534 0T 386 54.50 LO. 74 1D.80 24 AXIOLEE-TEL
HGC DOGO 1 FOLACS=1323 D1:43:D2. L =~13:38:40 141.06¢ =27 3L 3.0% TG ¥I T.30  &r UT  GuL.bL2 8 UT 1l4.7%¢ 134 NI BLG 12,33 10,38 1D.49 363
11 Zm D36 1 FOLS17=18%1 M 42:30.0 <17:C8:04 140. 868 -23.94 <q. B SO I 14.30 166 ur S2ET 108.98 11.582 11.R8: &R

= ]
-
|
—
D
w
pe
-
A
-

o
=
O ¢
|

~08:(%:d43 1dR. A4 —nd. 7D

-
E=N
D
5

qur NEAE 1 FOIaTD=I8NE D1 B0 30, 41 ur 0.86 ST a. 11.83 1536 ur 1683 1. M 9. 88 9.98 =i



EXAMPLE - STAR FORMING GALAXIES

» Believe that star-formation leads to supernovae, and
that supernovae produce gamma-rays:

» If there is uncertainty in the efficiency of gamma-ray
production from star formation:
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PREVIOUS METHOD (ACKERMANN ET AL. 2014 + MANY OTHERS)

Dark Matter Constraints from Observations of 25 Milky Way

Satellite Galaxies with the Fermi Large Area Telescope

M. Ackermann,’ A. Albert.? B. Anderson,®* L. Baldini,®> J. Ballet.® G. Barbiellini,”®
D. Bastieri,” ' K. Bechtol,? R. Bell::l.z.:esini,’l’I E. Bissaldi,'? E. D. Bloom,?
E. Bonamente,'* 4 A, Bouvier,!® T. J. Brandt,'® J. Bregeon,!! M. Brigida,'” 1% P. Bruel,'*
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S. Ciprini,**** R. Claus,? J. Cohen-Tanugi,*** J. Conrad,**7 F. D’Ammando,*
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A. Drlica-Wagner,%2%:# R. Essig,?? C. Favuzzi,!»1® E. C. Ferrara,'® A. Franckowiak,?
Y. Fukazawa,®® S. Funk,? P. Fusco,'™1® F'. Gargano,’® D. Gasparrini,?®>? N. Giglietto,!"!®
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PREVIOUS METHOD (ACKERMANN ET AL. 2014 + MANY OTHERS)

ypectral Fitting

Combined
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First Fit the Flux of a Individual point source in a
number of energy bin, assuming a given spectrum.



PREVIOUS METHOD (ACKERMANN ET AL. 2014 + MANY OTHERS)

uull (11 = pag)

alternative hyvpotheses (0 = 1)

» Calculate the improvement in log-likelihood by adding
a source with a given flux at a specific sky position.

o ( g 1 - U‘> L"iil‘.'..\ ! 7.
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» Assume a particle physics model (blue)

improvement in fit from adding a dwarf with a given flux
Li(p, o | D) =Lilp, 0; | D;)
1
>< \
In(10)J;v27o;
cost from modifying the J-factor

of the dwarf to accommodate
that flux in a certain model
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PREVIOUS METHOD (ACKERMANN ET AL. 2014 + MANY OTHERS)

» Find the total likelihood as the product of the individual likelihoods, and
then correlate with a given probability by comparing with blank sky
locations:

- No BZCAT <1
All Positions No CRATES <1
No BZCAT <0.5 No BZCAT or CRATES <1
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NEGATIVE BACKGROUND FLUCTUATIONS

» Another problem with this model is seen for the 50% of
sources with almost no TS.

No BZCAT <1
All Positions No CRATES <1
No BZCAT <0.5 = No BZCAT or CRATES <1
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NEGATIVE BACKGROUND FLUCTUATIONS

» Another problem with this model is seen for the 50% of
sources with almost no TS.
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DIFFICULTIES: NEGATIVE BACKGROUND FLUCTUATIONS

- | — dN/dE x E 20
» Background fluctuations ; B e o

are almost as likely to be
negative as positive.

» These background fluxes
can be much brighter
than individual sources - _ ; :
which will then appear to 10 Y INAE (era om0y 10
have no flux.

» Need a solution that can find a correlation even in the
limit of significant negative background fluctuations.



CORRELATION BETWEEN FLUX AND LG(L)

» TS is a photon
counting statistic:

P(k events in interval) = e~

» The LG(L) change
produced by a point-
source scales directly

with its flux. -107¢ 1070 10
Energy Flux (erg cm *

» Can compute the correlation between fluxes and
LG(L) and compute the likelihood of having a point
source at a specific value directly in flux space.

» Don’t need to directly use this relation.



CORRELATION BETWEEN FLUX AND LG(L)

» The probability of having a | —_—
background sky location i | —  dN/dE x E Y
with a given flux is:
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» Can go through and test : :
the point source flux at - S, ‘(‘)e‘jglgm” T
each sky position for every
possible choice of
background fluctuation.




CORRELATION BETWEEN FLUX AND LG(L)

» While the probability of having a source with a given
flux comes from the correlation function:
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CORRELATION BETWEEN FLUX AND LG(L)

» Then the total probability of some correlation with {o,(3,0}

Probability of a given flux from
product over the background and point source
all SFGs improving the fit to the data

Pla,f,0) = H/w ’/O‘OC exp(—LG(L(Pc + Prg))) X

X Pbg(qbﬁ,",bg)Pc (cha Y, .Ba 0) ddbc d@bg

probability of this probability of this

background point source flux.
fluctuation




CORRELATION BETWEEN FLUX AND LG(L)

Injected signal with:

logio(L~ / (erg s~ ') = 1.17 log1o(Lrr/ 10'°L) + 38.985
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RESULTS

» Looking at science results momentarily:

95% of Analyzed Systems
dNGC 3424

, ANGC 2403
P _4'1 e S o o S e — ./2\-4,;_2.?_:;.--
10 E.Cdl()rimulu( Limit NGC 4945e “‘J{‘“ 1063 T
t NGC 2538

NGC 3034

® SMC/LMC

¥+ Not in Default Fit
t|—— Mean Flux 4 Probable Background
t | = Flux Distribution ¢ Brightest Systems

10°7 10%2 10% 10% 10% 104 10%
Ls  1000um (€T S°')

» Have a model that predicts the luminosities of the
brightest star forming galaxies, while remaining
consistent with the population of dimmer systems.



EXTRAPOLATION TO DIM SOURCES

» Extrapolation to dim point =~ — SFG Contribution
R . : ++ Fermi-LAT IGRB |
sources in FIR observations:

] (l—arp, x)
\ * ‘IR
(p],’{i"\’(L]H.Z"|(1]0gL1H = ‘1’1,2._\'(3) ( )

Lipx\Z

X eXp o J : dlogLrr  (6)
I Z'Tfn..\' )>]

Energy (GeV)

» We can now calculate the
total contribution of all star-
forming galaxies to the totally |
isotropic gamma-ray flux. 5102 | Fermi-LAT Point Source.

Detection Threshold:

10 10% 107 100 10°%
Energy Flux of SFG (GeVcm “s ')




DWARF SPHEROIDAL GALAXIES

» Transferring this analysis to dwarf galaxies is straightforward.

» Analysis potentially has a very high impact

—
Ackermann et al. (2015)
Nominal sample

Median Expected

68% Containment

05% Containment

‘)

102
DM Mass (GeV)




DWARF SPHEROIDAL GALAXIES

» Transferring this analysis to dwarf galaxies is straightforward.

» Analysis potentially has a very high impact
Indus 11
Tucana 11l
Reticulum 1
Tucana IV

84% Containment
\\ 97.5% Containment

N

....;l. 2 % .l...ll’
10° 10°
DM Mass (GeV)
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DISCUSSION AND CONCLUSIONS

» Some Challenges:

» Still need to analyze blank sky locations
» Extremely expensive
» Only ~10° independent locations
» How to deal with negative model expectations?

» Need to assume that the flux/likelihood
correlation is similar in blank sky locations and in

sources.



