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Binding Energy
« Mc2~ 10%ergs




Jets seem to provide means to halt massive galaxy growth

/ >few 10®

It yrs
~10"%km

(McNamara et al. 2005)




Jets seem to provide means to halt massive galaxy growth

/ >few 10®

It yrs
~102km

(McNamara et al. 2005)



Jets seem to provide means to halt massive galaxy growth

« >few 10°
It yrs

~30%km

B t al, 2006
owere a( cNamara et al. 2005)



Stellar-mass BHs in X-ray Binaries:
Different power channels: jets, winds or disk/radiation



Evidence of AGN outburst cycles:
Do these cycles also involve “channel” switching??



({4 ° b o
Some “overarching” questions

“FuelingSQ .,

“Power output channel” =

“Inflow/outflow problem” =

‘““Particle acceleration’’ =

COSIIC PaYs, meulrines, ete.)



Dynamics

D

Plasma
Particle Content
Acceleration

Launching

How and why are outflows launched and (for jets) confined? What’s
inside them? For jets, how and where are particles accelerated?




Dynamics

T

Plasma
Particle Content
Acceleration

Launching

We need a source that can give us access to near-
event horizon, + “‘micro/macro’”, physics

__Introducing: Sagittarius (Sgr) A*!!




Outline for rest of talk

w Quick and dirty introduction to Sgr A* (the
past ~30 years)

Y Current state of the art for Sgr A* (past few
yesrs)

w How does what we are learning for Sgr A*
connect back to the bigger picture?



What can we actually see?

® Staring through
the plane of the

~8 kpc \ Galaxy creates

some problems:

absorption in
optical/UV

s~ limited to radio,
sub(mm), NIR,

X-ray

— scattering ~\2,
smears out
radio images
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Weighing a black hole:

% Orbits:
Meu=4x10° Mo

black hole we

® Lowest luminosity
O know!

@ LgorL =107 Lggq !

ArGm.,c
Liqq = ( P ) M
orT

(Gillessen et al. 2009) = 1.3 x 10°® (M£> erg s

©

(Genzel et al. ++, Ghez et al. ++)



Weighing a black hole:

® Orbits:
Mgpu=4x10° Mo

black hole we

®* Lowest luminosity
O know!

@ LgorL =107 Lggq !

A4rGm,c
Lyqq = ( & > M

oT

M
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(Genzel et al. ++, Ghez et al. ++)



Estimates based on
stellar winds and
simulations thereof:

10~ — 103 M@/yr

At 10% efficiency
would expect
Lgol~ 104 - 102 Lggg

(Coker & Melia 97, 00, Cuadra ea. 05)
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quiescent
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. Typical LAGNPL? ~ SgrA™
A o ek —
The extremely low X-ray flux was already a

shocker for theorists! |

Since then: Faraday rotation measures give

10 - 10 M@ /yr, depending on magnetic field

geometry and equipartion |

W Sor A* must have been more active in past!

|
\ \ \
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Dibi, Drappeau ea. 2012, 2013




Synchrotron:
e's: Ye~40-100,
B~50-100 G
w/in ~10 Rs

(Narayan ea. 98; Blandford & Begelman 99;
Quataert & Gruzinov 00; Falcke & SM 00;
SM++ 01; Yuan, SM & Falcke 02; Yuan ++ 03)



® 2.5-3D (ideal)
Magnetohydrodynamics

® General Relativity

® Inflow: Accretion

® Outflow: Jets
% BH — MHD interface (ISCO)

® Microphysics: Heating &
cooling of particles

® Radiation Transport

® Can we reproduce basic
parameters, spectrunn, Size,
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Effect of cooling on temperature and structure

Dibi, Drappeau
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v L, [erg/s]
S

Jet/larger

scales
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v [HZz]

Dibi, Drappeau, Drappeau, Dibi



Another method: “Painting” simulations with particles



Current outstanding questions

® Can we understand black hole feeding from outer
boundary to the Event Horizon? =

® What’s driving the flares? =
® Is there a jet? =

® How does what we see in Sgr A* relate to other BHs?
w



Current outstanding questions

* C: lerstand black hole feeding fro
n we understand black hole feeding from outer

|

LINE
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% What’s driving the flares? = Can we connect bulk
plasma properties with particle acceleration?

% Is there a jet? = What 1s the dominant output channel
at low lumanosity?

* How does what we see in Sgr A* relate to other BHs?
w Does Sgr A* sit on the AGN continuum?



Chandra-HETG observations of Sgr A*:

an ‘““X-ray Visionary Project” in 2012
(PIs: Baganotf, SM, Nowak)

® 3Msec (35 days!) exposure of Galactic Center, 20

observations

® Doubled the photon/flare counts for Sgr A* within a year
compared to the last decade, much higher cadence for

flare detections

® First ever high resolution X-ray spectra of Sgr A* and GC
diffuse emission (+ point sources)

- Spatially and spectrally resolve accretion flow (1-2)

- Constrain energy and width of known Fe complex around
6.6 keV @ key plasma diagnostics

- Detect optically thin He- and H-like emission lines (Si1, S, Ar)
predicted by radiatively inefficient accretion models

- Avoid (~40%) pileup @ constrain flare spectrum!
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First (and deepest) Chandra-HETG

observations of Sgr A*:

(Wang, Nowak, SM++, Science, 2013)



Chandra-HETG observations of Sgr A*:

(Wang, Nowak, SM++, Science, 2013)



Chandra-HETG observations of Sgr A*:

(Wang, Nowak, SM++, Science, 2013)



Chandra-HETG observations of Sgr A*:

(Wang, Nowak, SM++, Science, 2013)



Chandra-HETG observations of Sgr A*:

X n~ritsm

wineiever vs caypiured

® Our fits constrain s>0.6 =

% How?

bl

(Wang, Nowak, SM++, Science, 2013)



Current outstanding questions

% Can we understand black hole feeding from outer
boundary to the Event Horizon? ' How 1s Sgr A*
powered, and where does the energy go?

* L1192
% Is there a jet? = What 1s the dominant output channel

at low lumanosity?

* How does what we see in Sgr A* relate to other BHs?
w Does Sgr A* sit on the AGN continuum?



Chandra-HETG observations of Sgr A*:

. (Nowak, Neilsen, SM++ 2012)
130x quiescent

level!

(Nielsen++ 2013)



Chandra-HETG observations of Sgr A*:

(Nielsen++ 2013)
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Modeling plasma:
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Chandra-HETG observations of Sgr A*:
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Chandra-HETG observations of Sgr A*:

Xray flares

The simplest synchrotron scenario with non-thermal acceleration
cannot recover both CDFs

Fluence (counts)

Dab



Current outstanding questions

% Can we understand black hole feeding from outer
boundary to the Event Horizon? ' How 1s Sgr A*
powered, and where does the energy go?

% What’s driving the flares? = Can we connect bulk
plasma properties with particle acceleration?

* T2

* How does what we see in Sgr A* relate to other BHs?
w Does Sgr A* sit on the AGN continuum?



Indirect evidence for jets: “classic” expanding plasmons

37

36

log[VL (erg s )]

W
el

I

m
it

T I T T T

Sgr A

I T T 1

l T




Indirect evidence for jets: “classic” expanding plasmons

(Maitra, SM & Falcke 2009; Brinkerink++, subm.)



Scattering by intervening e-'s can hide Sgr A*’s jets!



Scattering by intervening e-'s can hide Sgr A*’s jets!

(SM, Bower & Falcke 2007)



Scattering by intervening e-'s can hide Sgr A*’s jets!

Could a particle

acceleration event
13 99 £ 7D |
light up” the jets?: |




Scattering by intervening e-'s can hide Sgr A*’s jets!

Could a particle

acceleration event
13 99 £ 7D |
light up” the jets?: |




(2 “encounter”: Illuminate “passive" jets’

(Yusef-Zadeh ea. 2012; Li, Morris & Baganoff 2013; Yusef-Zadeh & Wardle 2013; Walg, SM, Achterberg ++, in prep)



G2 “encounter”: Illuminate “passive" jets’
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G2 “encounter”: Illuminate “passive" jets’
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Intrinsic Size (RS)
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Could G2/flares light up jets?

Intrinsic Size Measured with the VLBA @ 7mm
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Future mm-VLBI
(Event Horizon Telescope)

 Existing facilities:
— JCMT, CARMA, SMT, SPT
— SPT-JCMT: 15.000km (~5uas)
— ALMA

 Under construction:
~ LMT, GLT

* New ones?
— LLAMA (Argentina)

— Peru ...?

* BlackHoleCam (ERC synergy
project: Falcke, Kramer, Rezzola)

(EHT: Doeleman et al. 2011)
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(See review Falcke & SM 2013, CQG)
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Current outstanding questions

% Can we understand black hole feeding from outer
boundary to the Event Horizon? ' How 1s Sgr A*
powered, and where does the energy go?

% What’s driving the flares? = Can we connect bulk
plasma properties with particle acceleration?

% Is there a jet? = What 1s the dominant output channel
at low lumanosity?

® How does what we see 1n Sgr A* relate to other BHs?

I,



Hard state:

HIM/SIM transition = steady jets
= hallistic jets

Soft state:
= o jets? winds




Quasars/
Seyferts?

Radio (Loud)

Galaxies

<

LLAGN/LINERSs

P (Sgr A*[MB1,M87),

FRI, BIJ’ Lacs




Fundamental Plane of Black Hole Accretion:

log Lx = (1.4520.04)*logLr - (0.88+0.06)*logMgn - const.

Plotkin, SM, Kelly, Kording & Anderson 2012
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log Lx = (1.4520.04)*logLr - (0.88+0.06)*logMgw - const.

BHs (with compact jets) seem to regulate

their radiative and mechanical luminosity
similarly, regardless of mass, at a given

Eddington accretion rate tn= M/MEgqd |

Plotkin, SM, Kelly, Koérding & Anderson 2012



log Lx = (1.4520.04)*logLr - (0.8820.06)*logMau - const.

Sgr A%

Y

Plotkin, SM, Kelly, Kording & Anderson 2012
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Spectral break predicted where particle

acceleration first starts in jets (=shock? |










Outlook: semi-analytical relativistic MHD outflow models

» So where are we at? We have simulations that can
model GRMHD dynamics properly but not particle/
radiative processes, and we have dynamically simpler
models that can do the particle/radiative processes

» Need a bridge model to link and mutually test them

» Sgr A* 1s the key “‘calibrator” source yet again

(Vlahakis et al. 2000, Vlahakis & Konigl 2003, Polko, Meier & SM 2010, 2013, 2014)



Outlook: semi-analytical relativistic MHD outflow models

Black hole

ccretion disk

(Vlahakis et al. 2000, Vlahakis & Konigl 2003, Polko, Meier & SM 2010, 2013, 2014)



Outlook: semi-analytical relativistic MHD outflow models

» Sow . can
mod ~ticle/
radiz: simpler
mod xSSes

» Neec them

» Sgr /

(Vlahakis et al. 2000, Vlahakis & Konigl 2003, Polko, Meier & SM 2010, 2013, 2014)



New generation of semi-analytical relafivistic MHD jet models

(Vlahakis et al. 2000, Vlahakis & Konigl 2003, Polko, Meier & SM 2010, 2013, 2014)



No longer “one size fits all”



(Muno et al. 2002-2005; Ponti et al. 2010, Clavel et al 2013)

Has been suggested that the best source is prior activity of Sgr A* (Koyama ea. 96,
Murakami ea 00, Revnivisev ea. 04) but some controversy about source of ionization

Chandra can actually resolve the “wave” of fluorescence, must be hard photons
—— Implies L<10% erg/s outhurst lasting ~10 yrs, about 100 years ago!



...and even the last AGN phase?’

Smoothed, point-source
removed 2 - 4.7 keV

NASA/Fermi

(Fermi Bubbles: Finkbeiner, Su & Slatyer 2010 ++)



Back to the “overarching” questions

° y Jl ALY
® “Fueling” = & M pond; = U0).
“Iesomdls” ayorprossunnaiion overestumatvon? Cuter

® “Power output channel”,“Inflow/outflow problem® =

® ‘““Particle acceleration’ =

roperiues w the jets (developrnent of decollvrnaition



Summary & Qutlook




