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Sgr A* quiescent spectrum

1E+37
| E .7
« ol
‘ > E « v
1E+36 | a £ 5
| b=
| £
‘ % E wn
1E+35 | 2 3
. <
g |
E: |
o 1E+34 | -
> | ©
E | N7
Nonthermal .
16433 -+ B Ledrons . LT
| , e‘Iectr?ns Inverse '
\ / \ / Com ton v
| \ P
| 9 -~ Brems-
1E+32 \ strahlung
| N,
| | VN
| ! \' N\
1E+31 s E— — S T
1E+08 1E+10 1E+12 1E+14 1E+16 1E+18 1E+20



Sgr A* and normal black holes

* L/L.4y~ 10 compared to ~1 for AGN

e Why?
— Gas supply from stellar winds = ADAF/RIAF
— > 99% of the gas does not reach the black hole!
— Gas is hot, opt. thin: inefficient radiator

 Most black holes, most the time



Resolving an event horizon

 Two new experiments to resolve gas near Sgr A*
* Resolution: 10-100 pas

Event Horizon Telescope VLTI GRAVITY

GLT - Greenland IRAM

A~ 2 micr(;h,
D~100 m

K”lmm, A |
D ~ 5000 km 8

SPole SPole




A black hole image







G2: real time accretion experiment

* A gas cloud on its way to (and past) Sgr A*
(Gillessen+ 2011, 2013, Pfuhl+ 2015)

mc’l ?




The radial orbit of G2
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Position — velocity diagrams

Wavelength / velocity




The tidal disruption of G2

* A gas cloud on its way to (and past) Sgr A*
(Gillessen+2011, 2013, Pfuhl+2015)

2011 2012 2013 2014 2015
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A gas stream or star+wind?

vy
4”:

stellar wind | disrupting | windy collisional | dust-enshrouded
debris disk star debris star / binary
Gillessen Murray-Clay | Scoville & Miralda- Eckart et al.
et al. 2012/3ab & Loeb 2012 | Burkert 2013 | Escude 2012 2013
Pfuhl Ballone Guillochon Valencia-S.
et al. 2015 et al. 2014 et al. 2014 et al. 2015
Schartmann De Colle Witzel
et al. 2012 et al. 2014 et al. 2014
Burkert Prodan
et al. 2012 nova et al. 2014
Shcherbakov Meyer &
2013 Meyer-H. 2012
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Missing: G2 interaction with the
accretion flow

Burkert+, Schartmann+,
Anninos+, Ballone+, .
McCourt+

2000.0 AD




G2 as probe of accretion flow

No radio emission
from bow shock

No “drag” on G2

(Plewa+ in prep)
n <103 cm3 at
R ~ 1000 R,

Mass lost at large
radius?

Delta Flux @ 1 GHz (Jy)

o 0.5
tt, (yr)

Sadowski
+2013

1

® | band @ 1 GHz
S band @ 1 GHz

| Bower+2015 L oA

2012-Oct 2013-Jan 2013-Apr

2013-Jul  2013-Oct 2014-Jan 2014-Apr 2014-Jul
Date



Infrared/X-ray flares from Sgr A*

» Sgr A*: rapidly variable IR/X-ray emission
(Baganoff+2001, Genzel+2003, Ghez+2004)
v
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Flares: particle heating vs. G2: accretion
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Electron heating near black holes

* Shock acceleration (jet? tilted disk?) or
magnetic reconnection (corona?)

2000/02/27 01:54
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IR flares are - |
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X-ray flare radiation mechanisms

V. > 10>
[ Ar=0.5

Synchrotron model

IC model

SSC model

x0.1

/  xo.01

/ Steady state model

1E+08 1E+10 1E+12 1E+14 1E+16 1E+18 1E+20

v [Hz]
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Particle heating and cooling

 Why would synchrotron X-rays have a break?

* Synchrotron radiation:
—n(Y)~YP, F,~ el
— Electron energy evolution (Blumenthal & Gould 1970):

on(v,t) _q_ 0(4n) n

ot 07y tosc

heating  cooling escape
. . 2
Cooling: & = —~/tcool ~ —7

— 1+ -2 i -
teool ~ 7 B Cooling fast.at X
rays, ~slow in IR!
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Particle acceleration and cooling

— Electron energy evolution
(Blumenthal & Gould 1970):

on(vy,t) 0(4n) n
ot Q o0~y tesc
Steady state, no cooling:
n(y) = Q tg

— Particles heat until they escape;
input e- spectrum - output IR spectrum

24



Particle acceleration and cooling

— Electron energy evolution
(Blumenthal & Gould 1970):

On(y,t) Q 0(im) n
ot o0~y tesc
Steady state, rapid cooling:

look for solut:ion n~ys:
~ % or 1n(y)~ Q/y

—> “Cooling break” in spectrum between IR, X-rays

25



Evidence for synchrotron X-rays

vl, (Lg)
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Simultaneous IR/X ray spectra

OXMM
QNuSTAR
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vL(v) (10* erg s™)

Even stronger evidence!
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What do flare motions look like?
Hotspot (Hamaus+2009) Shock (Dexter & Fragile 2013)

orbiting hotspot flare shock heating flare




What do flare motions look like?

Vincent+2014




What will GRAVITY see?

60._100_(0]600€0. (0(0(0 (0. (00,06 6)))))))




>€

EHT GRAVITY >§ SINFONI A
Terra : S-stars
Incognita
v Innermost
accretion
zone Closest
pericenter -
stellar
assages
IR & X-ray & £ orbits
flares
gas cloud
G2
100pas
82 >
10mas 100mas 1”




Galactic Center Overview

GM/c? 100 102 10*° 10* 105 108 107 10® 10° 1019 GM/c?

SMA
——— | sei [T et
Spas Imas las 1deg
6x10lcm | 1AU 1pc Central
GRMHD Bondi mini- Molecular
models S2 radius spiral Zone
|
PSR J1745  circumnuclear
aal disk

resolution
slide: C. Gammie



XMM-Newton view of the GC
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Hard X-rays from
giant molecular clouds

G.C. 6.4keV map
Sgr B2 region Units: x10™ counts/sec/0.106min®

10’

Kobuyama
+1996

Sg'rA egion

relative R.A.
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Possible origins?

* Clouds are cold, Fe Ka is excited by
X-ray irradiation
Ly ~10% ergs /s ™ 10° Lgy, px ™ Logq for 10 My,

z/c=(t2=(x/c)?) /2t

Sunyaev
+1993
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Signal is time variable!

MCH1

Apr. 2007

MC1

15 light years

1.92°
Apr. 2009

MC1
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How can a super-luminal echo happen?

Projector Wall

Velocity observed on the screen 1m/1s

To change
slide1s

Wall distant 1 m

e.g. Ponti +10;+13



How can a super-luminal echo happen?

Wall

Projector

Velocity observed on the screen 3c!!!

To change
slide1s

Wall distant ~900000 km

The physical variations happens in the projector! . ., .i.1013



Past Sgr A* activity?

40
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Sgr A*’s recent activity

Ponti +13 +14

107

A
—+-1045
Lsgras=Ledd
—+1-1043
Sgr B2, Bridge, 4104
MC1, MC2 2
wa
* gy
* 110w EE
3
1 10%
50kmst MC
Daily flares
e
Quiescence
——————+——F——+— A >0 engs"

1
6 i 3
10 105 104t|me10 102 10 nowLsgr L1011,
(vears ago) A* dd

Lsgra*~ 103% erg s1 ~ 1-3x102 years ago



Why would Sgr A* be so much brighter?

* Spike of high Mdot 20"
(cold clump)

15

* Tidal disruption
(every ~103-10% years)

Acc. Rate [107% Mg, yr™']

e Giant flare?

2000 3000 4000
Time [yr]
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The Fermi Sky



The Fermi Bubbles

Su+2010

45



Q: The Fermi Bubbles

* X-ray gas: T ~ 4x10’ K;
what is thermal speed?
(k~1.38x10%erg /K, mp ~ 1.67x10%* g)

 Height ~ 10 kpc; what is age?
(kpc ~ 3.1x10%! cm)

* Total E ~ 10~ erg; what is minimum
luminosity to power the bubbles?

46



Q: The Fermi Bubbles:

v~ (3kT / m_ )2~ 1000 km /s
T~ H/v~10 Myr
L ~ E/T~10% - 10" ergs / s ~ 10%° L, px

Requires SFR~0.1-1 M, / yr
(GC total ~0.05 M,/ yr) or
Sgr A* outflow Mdot ¢2~ 10° - 102 L_,

47
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Or was the Milky Way a
starburst?

M82



Sgr A*’s recent activity

Ponti +13 +14

A
Fermi Bubbles —+1-1045
(starburst event?) =
Magellanic stream LSCI‘A’ LEdd
* __1043
Sgr B2, Bridge, 11041
MC1, MC2 P
. ‘» o
8 ()
R -]
* 410® E &
=
—
1-10%7
50kms MC
Daily flares
K 0%
Quiescence
| | | | | | | 33 -1
| | | | 1 i * >10%3 erg s

|
107 106 105 104, ...103 102 10 now
(vears ago) At dd

Lsgra- ~ 103%° erg s ~ 1-3x102 years ago
Seyfert activity ~ 10° years ago?



The Fermi GeV excess

Hooper & Linden
2011, Boyarsky+,
Chernyakova+

Uncovering a gamma-ray excess at the galactic center

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




Dark matter signal from GC?

Kuhlen+2012
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Dark matter can explain the excess

* From NFW profile ~3x10’ M_,

* “naive” cross section matches luminosity and
morphology

50% leptons, 50% bb

e

90% leptons, 10% bb
100% bb




Pulsars produce GeV gamma rays

L =FE
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Pulsars can also explain the excess

* Millisecond pulsars: faint, blur into “diffuse”
emission, ~2000 to explain excess (Weniger+)

— Galactic bulge from disrupted globular clusters?
(Koscis+)

* Young pulsars
(O’Leary+2015,2016):
Need ~100, still faint
and diffuse emission

L 4 Geminga
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Inner galaxy pulsars




