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— 1. Tour of the Galactic Center (GC)

— Multi-wavelength overview: physical conditions
and past activity

— 2. GeV emission with Fermi-LAT and a few highlights
— Origin of diffuse GeV emission?
— Emission from the central source: Sgr A*?
— Dark Matter?
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Mixture of thermal and non-thermal emission

* Nonthermal 90cm
emission: ~ Gev particles

. Thermal Emission SgrB2 SgrB1 Arc SgrA Sgr C

-~ Compact Hll regions
- Evolved HIl regions

* Nonthermal Emission
- SNRs,
- Nonthermal filaments
- Diffuse background
~ Colliding winds
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Molecular layer: 450 x 50 pc

Velocity Dispersion Av ~15 km/s
Scatter broadening: turbulent
medium

Multi-temperature gas T ~ 30-100K,
Tyust ~ 30K

Molecular gas density n ~ 102
cm (uncertain)

Mass ~107 to 10® solar mass
(uncertain)

H3+ line emission indicates CR
ionization rate ~10-15 s-1 H-1

(~2 orders of magnitude higher than
locally observed)

ermi Overview of the GC

e Telesc e

-1) (Oka et al. 2004)

90cm (LaRosa et al. 2005)
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<« ami A View from the Great observatories

4 Center of the Milky Way Galaxy
s « g8 Chandra X-ray Observatory
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* The inner 500 pc with ~102 Mso of mostly molecular gas

GLAT {degreas)
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rmi Central Molecular Zone (CMZ)

NZH+ CMNZ 200742008

Mopra GC survey ( Burton et al. 2010)
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Average gas density: 100 cm™ 100 times that of the Disk

Star Formation Rate:  ~0.5MO yr'! verus 5 MO yr! in the Disk

Efficiency: 5 10 similar to that in the Disk
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s, er i CMZ as the Molinari Ring

Gamme t3y

/ Space Telescope
« ~100x60 pc twisted ring of cold dust observed by Herschel

with a total mass of ~3x107 Msol

Herschel
70 micron

Galactic lathude

Galactic longitude -



e, Pl CMZ as the Molinari Ring

« ~100x60 pc twisted ring of cold dust observed by Herschel
with a total mass of ~3x107 Msol

Herschel
250 micron

Galactlo latitude

€220 359.520 359,800 355,400
Galactic longitude

0.800 ’ 0.500 0.450 © 230
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o S Tacion
« ~100x60 pc twisted ring of cold dust observed by Herschel
with a total mass of ~3x107 Msol

T dqust from 0400
15-40 K
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s, Tl CMZ as the Molinari Ring
Gammetay
/ Space Telescope
« ~100x60 pc twisted ring of cold dust observed by Herschel
with a total mass of ~3x107 Msol
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« ~100x60 pc twisted ring of cold dust observed by Herschel
with a total mass of ~3x107 Msol
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Sgr C

Aim here 90 cm GC map (LaRosa+00)

Radio Arc (e.g. Yusef-Zadeh+ 84)
Largest-scale non-thermal filaments plentiful throughout GC
Indicates a strong (or turbulent?) magnetic field
*Relativistic electrons (~1 GeV) are abundant

Sgr B2

%
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Cosmic Rays in the GC

 Hs* absorption line studies of bright stars in the GC provide
constraint on {L : CR ionization rate * path length (Okaet al.)

Galactic Center TL( R
¢ - + ) C/H
\ (L=2kN(H;]) =
Sicklo NHS 42
y NHS 22
aien Tans 25 o2 TR 1 1
(Piston A For {~3x10"s! [ ~15-50pc

Radio Arc

Note: these assume solar interstellar C;
for constant ¢, L increases as C

VIA 20 cm increases

0.2 0.1 0.0 -0.1
Galactic Longitude [deg]

 Evidence for abundant low-energy (ionizing) Cosmic Rays
filling nu ~ 100 cm- gas at Galactic center
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@, ey Fe 6.4 keV line emission

 Dense, neutral gas is observed to correlate with 6.4 keV line
emission observed in X-rays (Chandra, XMM, Suzaku, Integral)
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50008
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Celecix longhude
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s, Tl Fe 6.4 keV line emission

 Dense, neutral gas is observed to correlate with 6.4 keV line
emission observed in X-rays (Chandra, XMM, Suzaku, Integral)

0:00.0

S:00.0

0:00.0}

\_ ‘
Impact of electrons
i e AT )

\

{ K-shell 1onization

1onization )

Qe )

I Continuum : Bremsstrahuling
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* Enhanced nonthermal radio emission
» X-ray irradiation of molecular clouds
« Enhanced H;* Absorption lines

* Warm molecular gas

» Diffus y-ray emission (Fermi)

» Chemisty of the gas (SiO, CH,OH)

« CR ionization rate:

« z=10"to fewx10'® s from 6.4
keV line X -

Continuum: Bremsstrahuling

16



s, crmi Past activity from Sgr A*

« XMM observes brightening and dimming of Fe 6.4 keV lines
=> super-luminal motion consistent with X-ray light echo.

Apr. 2007

Note: LECRSs could still fit this
scenario, but seem ad hoc.
Coulomb lifetime ~ 1 yr.
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@, ermi Past activity from Sgr A*

 Multiple Fe 6.4 keV line regions fit by period of intense X-
rays from Sgr A* that ended ~100 yr ago.

from Arm region

N,=2.7x1023 cm2
D,.,=19 pc

Radius=1.1 pc
Lsgrar > 3x1037 erg s
Assuming L=1.4x103% erg s

100 pc
Sgr A* activity 500 yr

D
.

L0
Galactic plane from above

N
/ml:\

50 ms1
Sgr

100 0.11-0.11 ‘.
Sgr B2

Toward the Earth




s, crmi Current activity from Sgr A*

e Current X-ray flares observed ~3x103° erg /s

e As short as 200s => ~20 Rs

 Average ~1 flare per day
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Brightest flare ever: ~140x quiescence;
Nowak et al. (2012)
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* NIR and sub-mm flares observed -
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Sgr A* Flares

« X-ray flare emission mechanism is non-thermal but otherwise still
undetermined:

e Origin of NIR/sub-mm flares
is undetermined:

Synchrotron with cooling break
External Compton

Synchrotron self-Compton (SSC)

maghnetic reconnection

stochastic acceleration?

shock in jet or inner

accretion flow ——
infalling asteroids? X-rays via inverse Compton scattering
(Zubovas et al. 2012)
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ermi Does Sgr A* have a jet?

Parsec-scale, linear X-ray feature appears at the intersection
with the Eastern arm of the “mini-spiral” (Li, Morris, Baganoff 2014)
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W ey Does Sgr A* have a jet?
/’ Space Telescope
 Parsec-scale, linear X-ray feature appears at the intersection
with the Eastern arm of the “mini-spiral” (Li, Morris, Baganoff 2014)

e Bisects radio “shock front” in Eastern Arm
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Does Sgr A* have a jet?

Parsec-scale, linear X-ray feature appears at the intersection

with the Eastern arm of the “mini-spiral” (Li, Morris, Baganoff 2014)

Bisects radio “shock front” in Eastern Arm

[Ne 1] 12.8 micron flux density - velocity diagram shows

flux drop at 160 km/s
=> momentum impact on
velocity field of E. Arm

Too many coincidences?

Other authors have claimed
evidence of a putative jet from
Sgr A*, but with different
inclination angles, extents

3.0

0
o

N
o

1.5

[Ne II] flux density (10" Jy sr')

Eastern—side

Front

120

140 160 180

1

Radial velocity (km s7)

200
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s, ermi Overview of the GC

o ~108 Msol reservoir of gas in inner 300 pc.

 Massive stellar clusters, compact objects,
supernova remnants and pulsars (+ nebulae)

e Enhanced cosmic ray ionization rate

e Evidence for past/current activity from Sgr A*
 May or may not have an existing jet

e All within inner 2x1 degrees (~300 pc)
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GeV emission with Fermi-LAT
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High energy activity in the GC

 HESS TeV detection of a “Galactic ridge” ~2°x1° (Aharonian+ 2006)

sr

dN/GE (TeV-' crre 5!

* Fel Ka 6.4 keV line emission.

e
'—
K ~e— GC region
104
i Ditfuse moded
- ~ ( .
A A
E ? 5C 1745
t ¥ HESS J1745-290
L e
10# L— N
i
Ny
+ 4 ‘2
10-70 ‘T
' o QL
'.0‘ 1 7 .
1 10
Energy (TeV)

— Evidence of past AGN-like activity from Sgr A*? (Sunyaev 1993;1998)
— LECR bombardment? (Yusef-Zadeh+ 2007;Tatischeff+ 2012)
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s, eyl The GeV GC with Fermi

CJ“'.”\! roy

/ Space Telescope

 Fermi has brought a new era to GC studies
Exposure, angular resolution, stability of response
Never as much as you’d want, but a huge advance

LAT >1 GeV
+3°

COS-B >300 MeV.

o N & 5 0O
Wy

1% ) ° 38 L7
Galactic Longitude

L (107 ph em™ o™ ™)

Pigere 3. Pl of o d ol po ey - O Galacrie cmber raghen,
wnernged sver | § < 1*. Polans shosrved OOBB Joag inbensity (300-5000 MaV). Sl swrve
bl youy -y e dad wase (kb i, Ny /Woo, dertved Bram

Calaetin Siob shamrvaiinns Deshad carve poodictad >rep intermiy weng e sanderd mam
-n-—-umm*muuw-mn—dt—m
i

Stacy, Dame, & Thaddeus (1987)

12-month data set, Diffuse class, Front only
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LAT Analysis: Inner 2°x1° Emission

« Both GeV and Radio emission appear to be extended along the
Galactic ridge (inner ~2° x 0.85°)

SgrB Ac SgrA  SgrC , SorB Arc SgrA  SgrC
FOL NTIH 2008

IFGL NT4T 0%

HGLINTE.
o) '0 ‘ 0

2FGL JIT0 62981

N IFOL 1Tea 02 ve
¥OL JTB 289
J b m)1709-m

0L NaL29N
© WFOL J|m ‘m

wa. .n T44 02000
FOL NT439-%0
0L 7@ 029 O
2FGL JITET 13000 [
Q \

FOL N1T45.5- 2000 0L 174550000

200:00.0 1:00:00.0 8:00:00.0 399-00-00.0 358.00:00.0
2000 1500 1000 0800 owo 399500 39000 358500 ISA000 387800 OLON
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smoothed >1GeV CMAP, background subtracted Diffuse 20cm Radio Map



LAT Analysis: Spatial Template Fitting

Multi-wavelength Spatial Templates:
— Fel Ka Line (X-rays)

— CS 1-0 line (gas; optically thin)
— 20cm GBT map (radio)*

— HESS excess map (TeV)*

*needed to remove Sgr A source

Replace 2FGL sources in inner 20x19
(Arc, Sgr B, Sgr C) with template.

Likelihood Model 2 log(L1/Lo)
improves for SFGL 0
template fits 2FGL refit 25.6
-->  X-ray Fe Ka 33.9
HESS residual 50.6

20cm Radio big  60.6
CS gas 51.4




LAT Analysis: Residuals

gbfcaev

CMAP >1 GeV ReS|duaI,s

See well-known negative residual from ring model.
No sources fit in this region.

CS gas map should trace residual emission due to gas in the GC,

yet this gave the worst fit of all models.
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(counts - model)imodel

LAT Analysis: Systematic Errors

06 |

Gaussian residuals from 16l < 1° show Fractional Residuals
] within 1bl < 1° "

small offset due to negative structure at |
GLON~3e. Standard deviation = 0.12

B 60§
Therefore take the systematic uncertainty - Z . 8
in the Galactic Normalization ~ 6% - = __< lu

Even with GAL_v02 index free, still see
residuals at ~6% level. “t——————,

o.os;— >1 GeV fit °-‘;:” >2 GeV fit
0.06— = 0.08-

E 2 ek , :
004 £ 008 * Residuals still
- 8 0.04- T .
002 3 B { apparent with

o s F :
A S g, 1 | higher energy cut
0.04- ‘} 1 = '0'022 { | (2 vs 1 GeV)

o 0.04> B
-0.06- ) e i aaaaa) ::‘ s 2 3 2 aaal A kb

‘ e 10° 10* 10°

Energy (MeV) Energy (MeV)



SED Modeling (Radio + GeV + TeV)

- Radio synchrotron spectrum Radio Spectrum of Gal. Ridge

has a clear break at ~3 GHz

104

* Can Bremsstrahlung emission
from these e- explain y-rays?

E-P{ pip—1/2) S“ .
F.o~ 1014 ( ;" p) n”) phem™? s7! GeV™!

Ble+1)/2

S, (Jy)

* GeV electrons can also explain Fe Ka
line X-rays, and mol. gas heating
rate due to enhanced ionizations 102 s

. L 1 e
(see text for details.) v (GHz)

Table 4. Parameters of the fit to v-ray sources using Fermi and HESS data

Source B Ny F;yzf,,\”,'z pl p2 Ubreak FIUX(HESS) F(HESS)
(kG) (em™) (Jy) (GHz) (MeV em~2s571)

GC diffuse 8 12.5 o08 15 44 3.3 (2.58+1.39) x 10-% 2.27+0.07

Sgr A 70 770 185 14 32 15 (6.37+4.18) x 10~¢  2.20+0.09

SerB2 30 2600 9 04 44 10 (5.62+4.24) x 10~¢  2.19+0.10

Radio Arc 40 450 156 24 28 20



SED Modeling (Radio + GeV + TeV)

Example SED fits for regions with published [0 T T e e
GC diffuse

e

TeV spectra.

—
YT

TeV emission could arise from much young
electron population which does not yet
show break...

Acceleration by X-ray/radio filaments? . . .
expect X-ray synchrotron L~1-3x1038 erg /s

E2dN/dE (MeV /cm?/s)
q
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b, crmi Modeling GeV Emission

« A model invoking GeV (and TeV) electrons could explain a wide

variety of observed physical conditions: ionization rate, mol.
heating rate, Fel Ka lines, radio synchrotron spectrum and y-
ray emission (via Bremsstrahlung radiation).

Hadronic models also viable.

Challenges: conditions and kinematics

H | in absorption against Sgr A* CO distribution in velocity and longitude

3 ~

- L

e ——— \ e — E

<

H | in self absorption g -

~ o

< S
44 Al
: J1\

Longitude.(deg)
CfA CO (Dame et al.) 35

Velocity (km s)



GeV emission from Sgr A*
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Sgr A* as a gamma-ray source

o Sgr A* - the 4x10° Msol black hole at Gal. Center
e Current activity: X-ray/IR flares (Lx~103° erg/s)

 Evidence of past activity: 6.4 keV Fe Ka lines
X-ray light echo, ~300 yr ago: Lx ~ 103° erg/s

 Unidentified GeV/TeV source

10-9

|ER RA TI 1 HI LRALLL 1 !YYTTI I 1”7 LRALLL T TTFN
10-10 L TRy "
10-1 -/ A\\\\\ ~ G .
/ —mod. AT —__="== -
| — -mod. B (T=300 yr) |
10712 ¢ / mod. C é/c—O.lz’)) E
/ mod. D (8=0.5) "y
10-13 mod. E (R_,=10pc) g
mod. F (R_. = 2pc) I -
10—14 Lol m rool 1 | ol Lol o
108 10 10' 10' 10! 10

10

One explanation:

CR proton source flared
~300 or 10% yr ago, now
diffused into surroundings
(Chernyakova et al. 2011)

One alternative:

TeV PWN + Diffuse CRs
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s, ermi G2 cloud: A probe of AGN accretion?

\

‘v

 ~3 Earth mass cloud (around star?) identified in Br-Y
by Gillessen et al. (2012)

e Pericenter of ~2000 Rs in ~2014.25

e Close enough to probe accretion flow?
Or be tidally disrupted and accreted?

0.2F
0.1p o
- ‘E‘ g
g of .. 18 E
P [ IS
'g [ <~ ' sg, -]
I w
§ -0.1} '1’/ 4 8_
Y
= ] / G2
02 /
* 0.3 . 0.2 . 0.1 8 0 - -4000 -3000 -2000 -1000 0 1000 2000 3000 4000

right ascension [arsec) Visa [km/s]
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s, ermi What could Fermi say about G2 passage?

\

/s
G2 has led to largest coordinated MW obs of Sgr A*

 We attempted “cauldron free” estimates of activity
SR Gal. Center white paper: confluence.slac.stanford.edu/x/Zb__C

- | “Sgr A* Storm”
- - ~_ Bowshock  « Estimates for current Bondi
xR /7 rado accretion rate Mg~10% Msol/yr
Jet A\ LSt
radio g\f\z b « Estimates range for G2:
e | e Ma2~10-8-10 Msol/yr
’H(o) R « Consider Y-ray production in:
| :‘\\t’ X-rays
« hot accretion flow
<  relativistic outflow (jet)

« (Cannot exceed GeV source
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s, ermi What could Fermi say about G2 passage?

&

/ Space Telescops
* Detection of hot accretion flow (RIAF) very unlikely

 Detection of relativistic outflow is possible

| Required for Fermi-LAT
Jet y-rays via SSC
(o EC) « Jet forms (or exists)
 210% current Sgr A* flux

« Accretion rate =106 (~Mg) is
sustained for ~week-month

FA,- =F»7(M,P,9,p,€~,).

-cht (MBondi + MGZ)

I =
4 i -cht(MBondi)




/!
i Plausible scenarios for Fermi-LAT

Detection of G2 Cloud Accreting onto Sgr A*
1000 T T IIIIII| T T IIIIII| T T I T T T TJkK

Detection depends on:

Accretion lasting:

 Accretion rate induced
by infall

year
month
day

100 £ « Timescale of infall

: (variability)

| @  Fraction of current LAT
o flux due to steady-state

accretion onto Sgr A*

Significance of y ray Variability (o)

10°® 10”7 10° 10°
Accretion Rate (M, yr %)



sy False Alarm: SGR J1745-29

e 25 Apr 2013: Swift monitoring observed 10-fold increase
in Sgr A* flux => brightest flare ever? No.

A new magnetar, confirmed by NuStar

Sgr A*: 2.0 - 10.0 keV (c.f. Degenaar et al,, 2013)

0.14 0.14 ot 15 doya _ L
oo » Search for variability
0.12 0.08 .
0.06 continues... expected
004»“\”‘J—“"J
0.10 Q.02 RIEE N ~ few months to 2 yr
> 00 -t after G2 has been
tidally disrupted.
% 0.06 +
0.04 | 0l )’ ‘
0.02 ‘ : :
0.00 | ‘

100 150 200 250 300 350 200
Time [ MJD - 56300 ]

from: www.swift-sgra.com 9




Dark Matter Signatures
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<« mi Dark Matter from the Galactic Center

Gan

g7 Soce Telescope

 The brightest astrophysical source of dark matter should be
at the Galactic center.

Galactic center:
Satellites:

Good statistics but source
Low background

confusion/diffuse background

and good source ID, Milky Way halo:

but low statistics
) Large statistics but

diffuse background

Spectral lines: Extragalactic:

Large statistics,

No astrophysical

incertainties, good but astrophysics,

J 1 LGIIuCY, 1 ) s dla 4 CH

source 1D, but low Galaxy clusters: Sd]iu( flrfu"t
b ackgrounc

statistics Low background

but low statistics
44



Counts

Counts - Maodel

40

J0F

20

15
10}

10
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-10

e Weniger (2012)

Regd (SOURCE), E, =129.8 GeV

L4 T A
Signal counts: 57.0 (4.630) 80.5 - 210.1 GeV

p-value=0.46, x2,=22.1/22

redd

L L i L i

T

--------- ™
T

&
A J

1
100 150 200

E [GeV)

<ov>,, 95% CL Limit (cm’s)

A 130 GeV dark matter line

e LAT collaboration

10% ¢

= 4 yoar NFW R41

: ........ EW Limit

- ——a— QObserved Limit
107 ¥  Previous LAT 2 year Limits

E_ [ ] Expected 68% Containment

" [ Expected 95% Containment
10" 3
1075 NFW optimized ROI Preliminary

= — N || Expected limits calculated from

N O powerlaw-only pseudo experiments

No systematic errors applied
10« ' |
10 10?
WIMP Mass (GeV)

 Tantalizing signal, that faded with time.
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Uncovering a gamma-ray excess at the galactic center

Unprocessed map of 1.0 to 3.16 GeV gamma rays Known sources removed




s ermi Conclusions

e The GC is a complex region requiring detailed study,
though some interesting initial conclusions have been
drawn from GeV studies.

 GeV studies are particularly limited by resolution and
an incomplete knowledge of Galactic diffuse
foreground/background.

* The definitive study of GeV emission from the Galactic
center has yet to be carried out with Fermi.
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