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The Multi-wavelength Galactic Center
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Angular Scales of the Galactic Center
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The Galactic Center “"Zoo”

O-star/Pulsar density peaks at 0.5 pc,
and falls sharply for smaller radii

(Buchholz et al. 2009)
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( *\'_‘r“"-rt]
e 1 TCAT 14T CA
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Accretion disk -
Relatively dim now, but

maybe not historically 12 light-days

2.8 light hours
1.7 light-minutes

1 light-second

Ridge of TeV gamma-ray emission
assumed to be from p-p collisions
with gas in the galactic disk (up to
200 pc)

Non-thermal Radio Filaments -
Bright, polarized synchrotron sources

Synchrotron Emission within 20 light-
minutes of Sgr A*, assumed to be at

ermi (1 OO GeV) the Schwarzchild Radius (Gillessen et
Fermi (1 GeV) al. 2005)

|
Closest approach of 2013 gas cloud

to Sgr A* (0.004 pc)
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Subtracting the Astrophysical Background: Fermi
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Understanding the GC Point Source: Fermi

® Several efforts have been made to fit
the GC point source, using both
best-fitting point-source tools from
the Fermi collaboration Boyarsky et al.
Chernyakova et. al), @s well as independent
software packages (Hooper & Goodenough)

® |n all cases, the morphology of the
observed emission cannot be fully
accounted for by a single point
source smeared out by the angular
resolution of the Fermi-LAT
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Independent Confirmation!}

{PNeetyer] Uoun

® Abazajian & Kaplinghat employed a
more sophisticated template-based
regression analysis

Hesidl uals

[ ity

® This also found an extremely i
significant improvement in the
overall fit with the addition of a
spherical profile with similar
characteristics to that of Hooper &
Goodenough and Hooper & Linden
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Independent Confirmation!

® Abazajian & Kaplinghat employed a
more sophisticated template-based
regression analysis

® This also found an extremely
significant improvement in the
overall fit with the addition of a
spherical profile with similar
characteristics to that of Hooper &
Goodenough and Hooper & Linden

Abazajian & Kaplinghat (2012)

Spatial Model

Baseline

Density I' = 0.7

Density” v = 0.9
Density® v = 1.0
Density” v = 1.1
Density” +~ = 1.2
Density® v = 1.3
Density’ Einasto
Density? v = 1.2

Spectrum

LogPar
LogPar
LogPar
LogPar
LogPar
LogPar
LogPar
PLCut

s

1725.5
1212.8
1441 .8
2060.5
40449
1614.2
1301.3
JA52.5

-InL

140070.2
139755.5
139740.0
139673.3
139651.8
139650.9
1396868
139695, 7
139663.2

Alnl

314.7
330.2
J96.9
4183
419.2
3834
3744
407.0

TABLE II. The best-fit TS, negative log likelihoods, and AL
from the baseline, for specific dark matter channel models,

using the a8y profile (Eq. 2.1) witha=1,8=3,4 = 1.2,

channel, m,

b5, 10 GeV

b§, 30 GeV

&b, 100 GeV

kb, 300 GeV

bé. 1 TeV

bb, 2.5 TeV
777, 10 GeV
v v, 30 GeV
v 7", 100 GeV

TS

2385.7
3460.3
1303.1
2294
25.5
7.6
1628.7
232.7
4.10

~InL

139913.6
1396583
139881.1
140056.6
140108.2
140114.2
139787.7
140055.9
140113.4

Alnl

156.5
4118
189.0
13.5
~38.0
~24.0
282.5
14.2
~43.3
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Independent Confirmation!

® Note: Two different, and independent methods fina
strong evidence for a bright, spatially extended,
spherically symmetric residual at the position of the
galactic center

® \\Vhat can we learn from this?
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The J-Factor of the Galactic Center

® Corresponds to the relative

Ackermann et al. 2012 Dwarfs o .
annihilation rate of the

Name 1 b d log,o(J) o ref. .
deg. deg. kpc log,o[GeViem ] region compared to other
Bootes I 358.08 69.62 60 17.7 0.34 (15 aStrOphySical sources

Carina 260.11 —22.22 101 18.0 0.13 [16
Coma Berenices 241.9 83.6 44 19.0 0.37 [17 |
I:I‘:)raco 86.37 34.72 80 18.8 0.13 :16: (I)'y g J = —— dQ/ p2(l)dl(w)
ornax 237.1 —65.7 138 177 | 0.23 [16] AQ L
Sculptor ~ 287.15 —83.16 80 184  0.13 [16
Segue 1 22048 5042 23 19.6 0.53 [18
Sextans 2434 422 8 178 023 [16
Ursa Major II 152.46 37.44 32 196  0.40 [17]
Ursa Minor  104.95 44.80 66  18.5 0.18 [16

® The J-factor of the galactic
center is approximately:

Ackermann et al. 2010 CIUSterS IO (J) — 23 91

Cluster RA Dec. z J (10'7 GeV? cm™%) 91 0 *

AWM 7 43.6229 41.5781 0.0172 1430 : L

Fornax 54.6686 -35.3103 0.0046 6.8110 for a region within 100 pc of th?
M49 187.4437  7.9956  0.0033 4.4%07 Galactic center and an NFW profile
NGC 4636 190.7084  2.6880  0.0031 4.139%3

Centaurus (A3526) 192.1995 -41.3087 0.0114 By i

Coma 194.9468 27.9388  0.0231 1701
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Dark Matter Limits in the Simplest Way Possible

o | ® After subtracting emission from known
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5 | + the line-of-sight gas density, the
= =N ) : " : ' . :
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E, (GeV . . .
7 (Ge¥) the dark matter interaction cross-section
Hooper & Linden (2011) which depends only on assumed dark
matter density profile
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Comparison to Other Indirect Detection Regimes

: 0
10 23 FELEROR HESL —Trr ] ARG W
f Inner Galaxy (this work), NFW 7
Inner Galaxy (this work), Re=1 kpc /../' 1
— — Stacked Dwarfs, Fermi s 4
oy / | >
10 <4 Stacked Dwarfs, Ref.[1] // o o : 73
l-:otmpxc Fermi . /‘ oy /_/‘ .
= Cluster. Fermi L =
10° A L - " : ]
10~ <=6 { 5 i
E .
L XX-bb
10—27 RO PP BN o RN ! R |
5 10 50 100 500 1000
Hooper et al. (2012) myp, (GeV)
v | Vs Ny \9 | 1 4 LAY |
Cored NFW (R.=1 kpc) }.j
10724 | pp — 71 10-24
CC = = R, ‘
. - - v "
10-25 | "W === 1 1079
2Z - / '
! /&'
10~%6 - -4/ . 10-<6
i. =
10727 { 10727
: P e | PR WP | Y G TN | ‘
5 10 50 100 500 1000

mMpy (GeV)

® Hooper et al. (2012) further

tweaked the methods used
to derive these limits,
deriving rigorous constraints
under a wide variety of
assumptions

These are the strongest
gamma-ray limits on the
cross-section for dark matter
annihilation
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Comparison to Other Indirect Detection Regimes
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® \With some adiabatic
contraction of the inner
dark matter profile, these
limits can become
substantially stronger
than any other indirect
detection limit
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A Hadronic Scenario : ;

1 Fermi—-LAT

® The HESS spectrum is well fit by the 10-10 | I}III HESS .

Fermi acceleration of protons and = i]

their subsequent interaction with % ‘ I ! l

galactic gas 2

v F :

= ™ -

v X _ ,

® Can the combined Fermi + HESS x 10-12 |- -

: : - : 1)

spectrum be described in the same a : :

? = - E: -

way'’ o | 1
10-14

® Problem 1: The spectrum at GeV 0:01: i 1. 200 200 31000: 10 10°

energies is significantly softer than snerey (Gev) )
at TeV energies - some modification

is needed to control this transition

® Problem 2: The H.E.S.S. spectrum is
point-like, with a better angular

Declination
8 N
[++]
|
- o St -‘\ ' 4
/ i‘ A e v/
L [(EE) i
A : ‘. ' V'._
4 \ ‘\ ;:
=y 14, (2] ~ (e ]

. _ -29°02° -3
resolution than Fermi-LAT : A
2008 -11

Acero et al. (2010) |,

: l 1 . . 1 1 | } 4
17"45™s50* 17"45™30° 17"45™30°
Right Ascension
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Controlling the Emission Spectrum with Diffusion

® \We can imagine two scenarios for cosmic-ray transport from the central
black hole: rectilinear or ditfusive transportation

® |n the regime where the diffusion stepsize
exceeds the diffusion region, the emission
intensity is energy independent, and an E~
proton injection spectrum corresponds
directly to an E-? gamma-ray spectrum

10-° RRRLL BB BRRLLL BRI BLRAILL BRALL LR 15
: Fermi—LAT

10 }I;II HESS +
w | I{I
10 E ] i @ |[nthe regime where the diffusion step is
s small, then the emission intensity depends
% 10~1% | o . ] .
Z _ linearly on the time the particle spends
A e | 1 within the diffusion region

10-14 [ ol il il vl il il Gy o)

0.01 0.1 1 10 100 1000 10¢ 10°
Energy (GeV)
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Hadronic Emission Models for Fermi and HESS

]0 9 - I ERARL TI ! || YYI 1 11 ! F T 1IN 1 T 1T TTIYTU] | T’-a

: sz~~~ Chernyakova etal. (2011) :

® By setting allowing the U Sl - i R E

S = g T =

diffusion constantto floattoa & ., [ e i

set of best fit values - a single = = f

: .o O e Lf/ — -mod. T=300 vy 3
nadronic emission model can  © 107 -/ / —mod. C (k=0.15)

I'e . . fr, - ... mod. D (8=0.5) .

it the entirety of the Fermi/ = ¥/ mod. E (R...=105¢) J

HESS data / mod. F (R_, = 2pc) Frs

1 0— 4 ‘?-‘- sl poannnal o poanel o 3 vl sl A,L.,-,-L;AJ

107 108 10 10 10 10 10 10%+4
£, eV

® Several model parameters can also be adjusted, such as the duration of
particle injection, the occurrence of recent flares, the maximum radius for
diffusion etc.

® Models are formed with a step-function gas density profile (1000 nn/cm-3
within 3 pc of the galactic center, and O ny/cm-3 outside)

Friday, November 2, 2012



Employing a Realistic Gas Model

(b) A0

Ferriere (2012)

® Detailed models of the galactic gas
density exist in the literature

_NR
CNR__\. EC <
CE
. . ; SNR
® \We employ a spherlcally symmetric 5 X v\ ST — .
model for galactic gas, and use this to S | halo
calculate the morphology of the gamma- iy
. . . WS
ray emission as a function of energy sC
See
10°§ B AR B iR o R

® By far the dominant feature is the
Circumnuclear ring between 1-3 pc from

the GC

104 .

1000 g

Gas Density (n,/cm?3)

100 ¢

' Linden et al. (2012)

10 4 ljl'lll 1 1 lllllll 1 2 lllllll
0.1 1 10

Radius (pc)
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Employing a Realistic Gas Model

® The vast majority of emission stems from within 3 pc of the galactic center at
all energies

® This lies below the PSF of all current gamma-ray instruments

® This effectively rules out hadronic interactions from Sgr A* as the source of
the Fermi-LAT excess

lo—gmmmmmmmm ? lo_lo T UL B T T T 1110 T | [
- - 4 —1 GeV — =] ToV
B = 1 pc i 1 ] it =-=-10 TeV
I = 2 pc i y ¢
10-10 = = 3 pc 3 E 10738
= : =5 pc 3 E 10-13
7 J = 10 pc]] ¢  BEscses
o 5 B | = 10-14
£ 10-1 g R o
4 5 T £ 10715
= i | 0 [
L » P T, b ] s
g 10-12 | l - T 10-10
= ] ¥
o~ -I a g 10-“
= 0 50
10-13 ':L 3 *3 10-12 | HESS |
E E é j' |:jl“'~\ PSF
E | m 1071 oy O LAT | LAT
i 3 ’/',l 152 & l:mof(;ev 10GeV
10-14 A 10-14 = e T 111 I ST R R T S TEN I T
0.01 0.1 1 10 100 1000 104 10° 0.1 1 10
Energy (GeV) Linden et al. (2012) Radius (pc)
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Understanding High Energy
Emission from the Galactic Center:

Convincing Stories
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CTA and the Galactic Center

® By convolving our models of %90 pm R NI LLRRS - S 1A B
the gas and proton densities 200 E x4 :E-SS. oar /CT: :00h 1000
in the galactic center region . 2. 800
with the PSF and effective 150 £ FANN\, f i\ don
area of each instrument, we 2 190 F ¥ N\ ; .
can determine whether CTA S ;"' ax. 400
can distinguish between 50 " 200
these scenarios P el i i el

0 0.05 - . N

x2/dof=1037
CTA 500h

Distance from GC (%)

: : 4000
® CTA will conclusively

determine whether the

—s— Point Source

Number of Observed Photons
o

Pogony o A g gy

galactic center source stems NEVEEE N — <2000

from a hadronic emission 2

channel Linden & Profumo B DR [T {1 d
(2012)

0 0.02 0.04
Distance from GC (°)
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Story 2: Low-Mass Dark Matter

For a best fitting protile y = 1.3, we find 10-25

. -1.3 |
an available parameter space for dark sf’ ]
matter models which match the observed . 1 e i
GC excess 5 j

Al e / :
: 5| 90% leptons, 10% bb 100% bb i
® These models are compatible with .
estimates for the relic density of dark 21 :
e e PORA] PR TR T O . PSR, INEREOR, e
matter 10 S 7 10 20 30 20
sy | -Seesep—sp e ' f | mpy (GeV)
18 5' Moy 10 GeV, leptons =L o 55 mpy=10 GeV = ;‘.‘:“ atter 1
re « « Poim\ Source o~ 90% leptons, 10X bb - = Point Ssurce |
IE Al iz o cdoelklbdce(uhn)d IE 2 2 o Calactic Rm;.h’-'n)'
T 1077 :P’_"'_T- - \ % 1077 M';?':fl'.'_ ., 0N .
8 = ] SN\ 108 . \__, . | ® The models combine
= SF E 63 5F " E e L 1 . ..
S e S with best fitting
< 2} © 2k .
S BT N T A - s | R astrophysical
T 100 10! 102 T T T T
E, (GeV) £, (GeV) backgrounds such as
€l msnm | e the GC point source
R and the galactic ridge,
3 0T et N\ ; to fit the total GC
W . N excess
5 o :
% g , e
108 T e B
Hooper & Linden (2011) E, (GeV)
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Best fitting Models for Low-Mass Dark Matter

® Abazajian & Kaplinghat find a
wider range of dark matter masses

TABLE I1. The best-fit TS, negative log likelihoods, and AL
from the baseline, for specific dark matter channel models,
using the a8y profile (Eq. 2.1) witha=1,8=3,v= 1.2

which provide improved fits to the

channel, m, TS “InLl AlnLl
data
45, 10 GeV 23857 1309136 156.5
b, 30 GeV 3460.3 1396583 411.8
&b, 100 GeV 1303.1 139881.1 189.0
g.‘ 300 GeV 2204 140056.6 13.5
PS : : 1 TeV 255 1401082 ~38.0
However, fits with low dark matter 2 3500 X ranves b,
mass are much, much better r 7, 10GeV | 1628.7  139787.7 282.5
r r7,30GeV | 2327 1400559 14.2
77, 100 GeV 4.10 1401134 —-43.3
10 o3 , 10 24 e —
g- ’ Y YT YY) \ vvvvv ! v g = h
P xx ~ bb \ 3 EXX =TT
3o 1 \ !
- -24 /
3 10 3 L3y e
ﬂE . ch‘“‘-u
Q .
— 10°%%|
- 3
) ; :
10 20 < : 3
B on i3 107l — ]
10 100 1000 10 <0 ; 20 1O
m, [GeV] Abazajian & Kaplinghat (2012) "y [GeV]
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Other Observations Fitting Light DM: Indirect

10-19 Ramsanas A
t 33chz | @ The same dark matter model provides a
L reasonable explanation to the intensity
w
p and morphology of the WMAP haze
g A | B
E U TR " .
i TR T e The magnetic field must be slightly
< j 10 15 202 %0 stronger above the galactic plane than
_.? 41 Ghz x WMAP Haze ” d
2 T 1 ——Total Simulation usua y assume
g -;”' D) (L | ---Dark Matter
102 5 Ny) 17T E'J. | o - Zero Point Offset 1000 EY Ty ol
S B z S
£, B I" ' |11#'T 1 Hooper & Linden (201 1) /F\‘
= b“;‘.n 1) i { 1;14 B 2
10 15 20 25 3 e i '
Latitude (Degrees) v 100 E 60.02-0.0 ¥
2 E Radio Arc +
: 3 ; B 2§A8 e T
® The same dark matter model also providesa =  [r:-7, I
: : . g '
fit to the spectrum and intensity of the PO - B g R
filamentary arcs <] |
- = +
o £ i B
® Light DM annihilation naturally provides the £  [cois-01a ~\ 1
near delta-function electron spectrum v s oz’
necessary to explain the synchrotron 10 sl sl
0.1 1 10 1000.1 1 10 100

spectrum of the filaments Frequency (GHz)
Linden et al. (2011)
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Other Observations Fitting Light DM: Indirg
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Other Observations Fitting Light DM: Direct

-39 v - oo . S . .
T ' ‘ | | ® Light Dark Matter (~10 GeV) provides a
e CoGeNT 907 - . .
i i pady compelling fit to the excesses currently
i === CRESST 95% observed by DAMA, CoGeNT and
10 =k <8N 1
: E : CRESST
O ¥ N\ \‘\ "
7 ' ® Light Dark Matter may also be compatible
=41 | - . . . .
& A . with observed signal/limits at CDMS
Hooper (2012) ® However, a recent error found in CoGeNT
o~ -
- - o i o gna|y5|s may affect some early dark matte
mpy (GeV) INterpretations
2-5 keV
R R R R T g e R DAMA/LIBRA = 250 kg (0.87 tonxyr) »
= 6 ? s CoGeNT 4 % 0.06 3 |
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05 10 15 20 25
E (keVee)

Friday, November 2, 2012



Story 3: Milli-second Pulsars

Hooper & Goodenough (black)

® Populations of Millisecond pulsars
. . NGC 6388 (cyan)
have been observed in multiple M 28 (magenta)
globular clusters (Terzan 5, Omega _Geminga (light gray)

Cen, NGC 6388, M 28) W  Abazajian (2011)-
N 1077 | ¥, =
= X
O
-
S
® GC source is ~200 brighter than e
. . o
Omega Cen - which correlates nicely = -8l [ ——
. K~ - x
with the 1000x larger mass of the GC ¢, : | \J ;
region AP | T ¢ Y
0.1 1 10
Energy [GeV]
EEREETEC L CEETE R
- ——————— NGC 6652 -
® Spectrum of MSP population is very | ————————  uz ;
similar to the observed gamma-ray S T s
_ '—o—o—o—' Terzan 5 !
EXCESS s ———s © NGC 6388 -
———— M 62
:—= + © ! Omega Cen —
*—‘—*9—*—‘ 47 Tucanae
S hiu

Hooper & Linden (2011) Spectral Index I’
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Story 3: Milli-second Pulsars

® The galactic center residual spectrum
(I <= 1.0) is somewhat harder than
the population of observed pulsars -
though uncertainties in the
astrophysical spectrum which is
subtracted are uncertain

® Must explain the high density of

pulsars near the Galactic Center
(~r2:6)

® Two body interactions in the
densest clusters?

® Mass segregation?

Number of Pulsars

o Hooper&linden(gll) -
_
I |
0 : ) - R N P— | Fi oJadl ~ A H 1.
0.0 0.5 1.0 1.5 2.0 2.5

Spectral Index I

L aunn o rv*vav
-

—

e —
: «——Average Pulsar Index

©

&

. NGC 6440 -

—t

—T

NGC 6652 -
M 28

Terzan 5
NGC 6388
M 62
Omega Cen —

47 Tucanae

1 2
Spectral Index I

3 4

Friday, November 2, 2012



Conclusions

® There is strong evidence for an extended, spherically symmetric, excess in
~1 GeV gamma-ray emission surrounding the galactic center

® This excess is not easily accounted for by any known astrophysical model -
and the background subtraction models used indicate that it is not
correlated with galactic gas

® Dark Matter Annihilation and Pulsars both provide plausible models for this
excess

® New observations, and also novel models, are needed to separate these
components

Friday, November 2, 2012



Fxtra Slides

Friday, November 2, 2012



HESS Limits on TeV Dark Matter

® HESS observations of the Galactic center, and
Galactic Halo provide the strongest indirect
limits on TeV dark matter

* PPN - PR - USRS § -~ P
10 100 1000 10 10°

. . . N, (GeV]
® |imits are strongly protile dependent -- - B _—
. 1b) ‘ e .
background subtraction weakens bounds on _eefEEEEE
. - |G eSS e
isothermal dark matter models as well T o | ,
107
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s ©
g B

—

e
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=
3 - £ 3
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s of S 10} ,
10°F, , .| R SN ; - 1
-1 107 1 10 2> | R U === ) =W
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N, [GeV]
Z)
) Abazajian & Harding (201 1)
3 Abramowski et al. (2011)
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Fermi Telescope (2008-Present) g - -

ray detector with an effective
energy range of 20 MeV-300 GeV

Fermi-LAT is a space based gamma-

=~ 102:‘_ .......................................................................................................
%, I . —— Total 68% containment
® Effective Area ~ 0.8 m? & [PURnS ~= Front 68% containment
’Qr:'; Smte —— Back 68% containment
E 10§ o™ - == Total 95% containment
® Field of View ~ 2.4 sr s E 2 -+ Front 95% containment
. ‘S" : -=<=- Back 95% containment
o L
® [Energy Resolution ~ 10% ' .
® Angular Resolution: Energy Dependent -
10" el — ;xuul1 ettt ol Ey .x.'x..'ls T
10° 10° 10* 10
Created on Tus Oct 18 16.51.21 2011 Energy (MeV)

® |n analyses of the Galactic Center, we will

constrict ourselves to Front converting
events
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® HESS spectrum well matched by
flat E-2 spectrum, up to energies of
~10 TeV, where an exponential
cutoff is observed

® HESS source is localized to within
13" of Galactic center (solid white
curve) - the 68% and 95%
confidence levels on the source
extension are at ~1 and 3 pc

g

Declination

y-ray excess
y-ray excess

: Gala Longl ()

~29°00’

-28°58’

-29°02'

-29°04’

)

E? x Flux (TeVcm?’s

Understanding Astrophysical Backgrounds: HESS
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.
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e A A A dd Al
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1 1 1 l 1 1 1 1 1 ] 1 l 1 1 1 1
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Acero et al. (2010)
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CTA and the Galactic Center

® By convolving our models of S 2500 _—' BN B "_

the gas and proton densities . G p11 i

in the galactic center region o - ;1 -

with the PSF and effective = RO I I II g

area of each instrument, we ¢ i;HIHHHHIiHHHH!HHHH%I&

can determine whether CTA 5 5 [ IIL " IEI g

can distinguish between = - T Ezpggad i i

these scenarios g - S -

E s | Y | x2 /d.of.=106

o, 7 . Ab CTA 500h -

® CTA will conclusively § sngi] e & | R=EOML Sourcey

determine whether the 3 -t {1 —*Hadronic -

galactic center source stems é i S :

from a hadronic emission ol la &gl a FEad S g
channel —-100 0 100

arctan(b/1) (°)

Linden & Profumo
(2012)
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Understanding Astrophysical Backgrounds: HESS

Aharonian et al. (2008)

TQ B Peak Flare —25 ?

g | E

. o] e E = o

® However, HESS shows no variability, Zoos- *
even during outbursts observed by > I X
Chandra ot X

&4 B <

20041 -

S
S
| v | | P |

® This implies that the source of the
emission is spatially distinct from 000f

lower energy sources (A S | SNSRI .
53581.90 53581.95 53582.00

MJD
(1)
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—
wn

ITTT|T1TT|1TTTITT
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Aharonian et al. (2009) MWD
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HESS Telescope (2004-Present) .

® HESS is an Atmospheric Cherenkov
Telescope built in Namibia

® Effective over the energy range
~500 GeV - 100 TeV with an
effective area on the order of 10°
m?2.

105 —
T =
. (1) s Qo‘r_i”
® Energy Resolution ~ 10% 2 ettt |
10° 8* 4
® Angular Resolution (>1 TeV) ~
0.0/50°,
104 :
® Total Observation of the Galactic . 20 Degrees
Center: 93h/112h ol @ R | sTege
~ 60 Degrees
1 Aharonian et al. 2006
10° '

10
True Energy (TeV)
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And some surprises!

BH

VL 316 light-years (90 pc)
3

*\'_‘r“"-r ']
AT 14T CA

| = x1C

3.16 light-years (0.9pc)

Fermi Bubbles? Do
they extend to the
galactic center?

12 light-days

2.8 light hours

1.7 light-minutes

1 light-second

Non-thermal Radio
Filaments - Bright, polarized

HESS synchrotron sources shaped
ermi (100 GeV) like “thin Fhreads” and Iy.ing
Fermi (1 GeV) perpendicular to galactic
Dark Matter?? plane (Yusef-Zadeh et al.
1984)
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Comparison to Other Indirect Detection Regimes

Upper limits, Joint Likelihood of 10 dSphs

104

310 ~+ ' u Channel ® Under the assumption of an
~— b Channel .. W* W Channel 1 o
o] o | NFW profllef the 95%
2 confidence limits are as
€
S 1om good or better than those
g from dwart-spheroidals
30
&
a
§ 1025
2 ® They are especially stronger
10%¢ for leptophilic annihilation
0 10 10 paths
WIMP mass [GeV]
1043 r B | T T 10-43 { ] T S T ol —T
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Employing a Realistic Gas Model

But CTA may be able to probe this emission profile
directly!

E? Flux (erg em=2 s-!)
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CTA and the Galactic Center

® However, CTA may be able
to distinguish between these
models:

® The instrument specifications
for CTA are not yet entirely
known, so we employ the
following:

® An order of magnitude
improvement in the
eftective area over HESS

® A reduction in the PSF

from 1-10 TeV from
0.075° to 0.03°
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" Exploring the cuto
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Variability at the Galactic Center

® Sgr A* is highly variable (on
multiple time scales) at both
radio and X-Ray energies

o
3}

©
N

Flux Density (Jy)

o
N

o
-

10

Flux [jansky x 107°]
5

o
(&)

Excess 43-GHz Flux Density on 7 July 2004

Eckart et al. (2006)

5 5685 6 65 7. 75 8 8.5
UT (hours)
2004-07-06T723:19:38 to 2004—07-07T04:16:37
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Dark Matter Indirect Detection

Motivating Question:

Why would the
galactic center be an

interesting place to
look for Dark Matter?
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Fitting the Residual: Hadronic Processes

® The lack of variability indicates that

the emission may be stemming

from a region farther away from the

GC itself

A recent model examined the
possibility that protons emitted
from the galactic center produce
gamma-rays through their
subsequent interaction with
galactic gas

This has the potential to produce
the vast majority of emission from
TeV scales all the way down to
radio energies

Normalization depends sensitively
on diffusion (stay tuned!)
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Fitting the Residual: Hadronic Processes

® A recent model examined the

possibility that protons injected from
the galactic center encountered the

circumnuclear ring

® This region of high density molecular
gas would produce bright gamma-ray
emission upon the interaction with

energetic protons

(b)

Toward Sun

Ferriere (2012)
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\ g —CC
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Negative: The Profile Dependence

® Assumptions for the slope
of the inner dark matter
profile can make orders of
maghnitude differences in
the expected dark matter

107
108 |
105
104 |

—— NFW Profile

- Einasto Profile

—. 1000 annihilation rate
£ 100 §

-

2 10

~

& 1 }

T

® Dark Matter is not a
dominant gravitational
source near the galactic

center, so there are few

0= 10 10 Tjow “od 110100 observational handles on
the dark matter density in
the GC region

o
Wy

0.01
0.001 g
0.0001
10-°
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Positive! Progress in Simulations

® Simulations including the effects of
baryonic contraction show a
steepening of the spectral slope
fromy=1.0 to y=1.2-1.5

® Much more work is required to
understand the dark matter content
of the GC region

® This is imperative for understanding
the signals from indirect detection

—

M (M,

M (M)

1 ] 1] P 19
Gottloeber et al. (2010)
10 E
F bar-ad
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10° | dmesf
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History of Galactic Center Observations (in 60 seconds)

® Sgr A* Discovered via radio
observations in 1974

® Measurements of stellar motion
confirm the status of the central

object as a black hole (Gillissen
et al. 2009)

® Majority of radio emission
thought to stem from accretion
disk, rather than at BH event
horizon (Doeleman et al. 2008)

-0.2

-0.4

Muno et al. 2007
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Dark Matter Indirect Detection
) Particle Physics

Astrophysics

Diemand et al. 2008

Instrumental Response
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What is the WMAP Haze?

Hooper & Goodenoungh (201 1)
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What is the WMAP Haze?

Dobler et al. (2008)

90 2.0

Discovered by Doug
Finkbeiner in 2004

2.5

® Synchrotron origin
determined by subsequent
observations

-3.0

Galactic latitude
o
index (3)

-3.5

® Hard spectrum difficult to fit w0
. . . . 180 0 -90 -180
with lepton injection spectra Galactic longitude
typical of astrophysical croToTr T

——40 GeV xx—> bb
phenomena
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o
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® However, modifications are
needed to magnetic fields in
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Understanding the Secondary Emission

® Another method for distinguishing e e M T
between gamma-ray emission models is : v, :
to investigate the production of electron 100 L/ ~=rllg -

. . ~ > — e N -
and positron pairs T F F oo W™\ X :
o [ M q
. 'E 10-1 :_/ , 4 =
® These charged leptons will lose S / -3
. ') 3 -
considerable energy to synchrotron s F ‘ :
radiation, producing a bright radio signal '™ ' :
. . = 4
in the galactic center 3 ;
g 10-1s L. Lovegrove etal. (2012) 2
' | i N\ 3
_ | AE
Z yof- Fulsars { g PRELIMINARY A\
5! -8 GeY —> T‘T/i ] 10-14 ‘ il
B [—-8GeVDem./ | : 001 0.1 1 10 100 1000 10* 108
v i i o ] Energy (GeV)
o / |
S 1f / | H Positive: The angular resolution of radio telescopes is
5 F i 1 significantly greater than gamma-ray observatories
> i , | 7
- / I -
= : J 5 d
= // / !
g 0.1 / !
- / ( . . . .
S f // Negative: The diffusion and energy loss time of
: ' | charged electrons adds additional uncertainties to
: the model
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Energy (GeV)

Friday, November 2, 2012



The Radial Dependence of the Filamentary Arc

® The intensity of multiple %
filamentary arcs show a strong %
dependence on their distance %
from the galactic center 3
&
® Thisis expected in dark matter 3%
models, but not in most A
astrgphysmal interpretations of :
the filaments 3
&
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Dark Matter at the Galactic Center

® Can use a Kolmogorov-Smirnov test after
finding the CDF for the radial profile of
dark matter annihilation

® Since the CDFs for dark matter and the
background point-source can be
compared linearly, strong limits can
quickly be set on dark matter
annihilation

® [imits on photon counts can then be
translated to a limit on annihilation cross-
section

® Of course, large uncertainties exist,
stemming from models in the gas
density, and in the ratio of background
emission stemming from point-source vs.
gas

" Aharonian et al. (2009)
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Modeling Benefits of the Hadronic Scenario!

10>°

® Under the assumption that the proton _
source has a power-law spectrum and is in ik
steady-state, then the slope of gamma-ray :

emission strongly constrains the diffusion i L
constant in the galactic center region: w
v E
= 10"2 3
= =
=
t

Do = 1.2 x 102 (E/1 GeV)09!

Linden et al. (2012)

10-!4

0.01 0.1 1 10 100 1000 10% 10°
Energy (GeV)

® This adds additional constraints to the an
understanding of lepton diffusion and
propagation in the galactic center region
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Models of the Galactic Center Magnetic Field

70. :

| Crocker etal. (2010) ® This is particularly interesting in

|

J light of recent models which have
| set a minimum strength of 50 uG
on the magnetic fields in the
galactic center (best fit range

100-300 p@G)

ledof

® This almost ensures that
synchrotron is the dominant energy
loss mechanism for high energy
electrons

log[Ux/eV cm™)

® |n the hadronic scenario, the
diffusion parameters are set by the
fit to the gamma-ray data

log[B/uG]
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Note: Models of light dark matter and millisecond
pulsars seek only to explain the bump in the Fermi
GeV spectrum.

In both cases, another mechanism (such as proton
emission from the galactic center) must be responsible
for the TeV emission
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Conclusions - Galactic Center

® The galactic center is one of the most exciting places to search for a dark
matter signal

® Present observatories are capable of both making exciting discoveries, and
setting stringent limits on the properties of WIMP dark matter

® Upcoming instruments are likely to make exciting discoveries of both the
astrophysical and dark matter properties of the galactic center region
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