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Abstract: Nearly a century after there discovery, black holes remain one of the most striking, and problematic, predictions of genera
relativity.& nbsp; Even more unsettling is the fact that they actually appear to exist!& nbsp; With only a handful of exceptions, every galaxy contains
a supermassive behemoth, millions to billions as massive as the sune, at their center.& nbsp; These supermassive black holes are hardly incidental,
they gravitationally power enormous outflows that rule the fates of their hosts.& nbsp; Despite the critical role they play in our understandin gof
gravity and impact upon the visible universe, actualy testing their nature has remained beyond our reach - until now.&nbsp; Dr. Broderick will
describe how astrononomers are currently constructing (and operating) facilities that will image the horizons of black holes, and what we can
already say about these enigmatic monsters in the dark.
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WHAT IS A BLACK HOLE?

Depends on who you ask!




A PHYSICIST'S PERSPECTIVE

A compact object who’s influence
is felt only gravitationally.

Vosr~11 Kkm/s
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BLACK HOLES CIRCA 1784
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2GM
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N Voo ~6,000 km/s

Mg = 2 x 103 kg
R =7x10%km




BLACK HOLES CIRCA 1784

2GM
Voge = R =C V,ee~300,000 km/s
\
2GM
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M@=2><103Dkg
R = 3 km

“Dark Stars”
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BLACK HOLES CIRCA 1918
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“Matter tells spacetime it’s shape,

Spacetime curvature: ; it
P spacetime tells matter how to move

* Extreme curvature of spacetime Karl Schwarzschild



Kip Thorne

The Universe is Complicated! Black holes are simple!




20™ CENTURY BLACK HOLES:
A TOUR OF THE KERR SPACETIME (M, ])
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20™ CENTURY BLACK HOLES:
A TOUR OF THE KERR SPACETIME (M, ])
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Piccins =2

* Photon Orbit

f W e T Y — -
(marks sfrong lensing)




20™ CENTURY BLACK HOLES:
A TOUR OF THE KERR SPACETIME (M, ])

* Ergosphere
(black hole drags spacetime)

* Photon Orbit

(marks strong lensing)




ISN'T IT THE 21°" CENTURY?




BIG QUESTIONS!

* Do black holes existe

* Does our current picture describe them?




i: L4

Intermediate Mass
2

M~10% —10° Mg

Stellar Mass =
Subset of X-ray binaries Supermassive
M~3 —10 Mg ' Centers of (almost) all galaxies

_Mwloﬂ -10¥My 7~




ENGINES OF THE UNIVERSE

3C 279 L~10*" erg/s

.
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ENGINES OF THE UNIVERSE

Cygnus A

L i
C1=0.135 mJy/beam
3 C 1 0538 | NORTHERN LOBETHA.
- J L . 1 r

J1420.0545 VLA 4860.1 MHZ

DECLINATION [J2000)

Outshines galaxy 100x | @
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RIGHT ASCEMNSION {J2000)
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JETS WAGGING THE DOG

 MS0735
< +-Optical- McConell 2011
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Spread in stellar velocities




BIG QUESTIONS!

* How are the enormous luminosities produced?

* How are the all-important outflows launched?

Getting answers from direct imaging!



A TALE OF TWO BLACK HOLES

Sagittarius A*

Infrared

* Center of Milky Way
* 8kpc~ 24,000 lyr

* 4.5x10° Mg

¢ L~103%erg/s




A TALE OF TWO BLACK HOLES

: X 103
Sagittarius A* M87 |
: B Nl Sl | Riadilo
Infrared
o -
R \
v
Optical
* Center of Milky Way * Center of giant elliptical M87
* 8 kpc~ 24,000 lyr * 18 Mpc ~ 54,000,000 lyr
* 4.5%10° Mg * 6.6%x10° M

¢ L~10%%erg/s e L~10%*%erg/s




HOW BIG ARE BLACK HOLES?

* Earth ~2 cm

* Sun

* Sgr A*

* M87
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* Earth ~2 cm
* Sun ~3 km
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* M87
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HOW BIG ARE BLACK HOLES?

* Earth

* Sun

* Sgr A*

* M87
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WHAT DOES A BLACK HOLE LOOK LIKE?




WHAT DOES A BLACK HOLE LOOK LIKE?




1014 pas = 10° pas = 1“
3600" =1°

30 pas

53 uas

* M87 ~100 AU iy T L 40 pas




DIFFRACTION LIMITED OPTICS
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EARTH-SIZED TELESCOPES IN
YOUR POCKET y

GPS is simply @
nanosecond
precision timing
experiment!




EARTH-SIZED TELESCOPES IN

YOUR POCKET y
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interferometry!




RADIO INTERFEROMETRY




RADIO INTERFEROMETRY

a~sinag = —




RADIO INTERFEROMETRY




RADIO INTERFEROMETRY




THE PRICE OF LUNCH

1. Image space vs. Visibility space
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THE PRICE OF LUNCH

1. Image space vs. Visibility space

2. Sparseness: “1 pixel at a time”

- Lots of antennas and patiencel




A LONG HISTORY NOW
Very Long Baseline Array
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Earth-sized baselines

10 or more antennas

A>3 mm (7 mm)

A/u ~ 0.1 mas = 10? uas!
Operating for ~20 yrs!



PUSHING HIGHER

1. Resolution (100 > 50!)
ugp~10*km - 1< 1mm

2. Getting a clear view

A {mm)
102 10 0.1 :
10 e T Scattering

" Optically thick | Opfically] dominated

Sttucture
= dolninated
=




* Earth-sized mm VLBI arra
zventH urizonTelescupe )

* Existing telescopes.

Resolutions of ~10 uas

b Plateau de



€entl‘| urizonTelescope u P R OTO = E H TI‘l ’ DATAI

Sgr A* 37.2+ 0.5 uas

April 2007
April 2009

M87 40.0 + 0.6 uas

April 2009

Sub-horizon structure already detected!




-ventHurizonTelescupe FUTURE OF THE EHT

CARMA Hoystack

o "'H%f‘ Increasing Sensitivity:
A woswfs U 84 riowe i

i) ""“'Lr * Phasing Arrays
Hawaii (Donel)
CARMA [Donel)
ALMA ({In progressl)
* Expanding Bandwidth to 8GHz (64 Gb /s!)

* Building New Receivers

Adding Sites: : SNRAE ~ JSNR, x SNRy
. ALMA | ;
o LMT | '

* Plateau de Bure . L S SR

* Pico Veleta ' ‘ é ' . ‘\_} :
. SPT ' -f:* .1 *" / @6 "“" o b tﬁh_
* Haystack E’ﬂ' 'ﬁl -' -'"-! 4 \

+ Greenland Telescope




€entHorizonTelescupe BLACK HOLE PORTRAITS

13

/ stations BSMEM
Courtesy of Vincent Fish




€rentHorizonTelescupe PRESENT VISIBILITIES
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ANNA, BANANA AND CONTEXT
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Do event horizons existe

How do black holes grow?®

What drives jets®




Do event horizons existe




Horizons

SIZES FROM BLOBS

ADEC (pas)
ADEC (pas)
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Horizons
Nested structure

Sgr A* size vs. A

WHY DOES SGR A* SHINE?

[{L1]
Frequency (GHz) 1 mm

- X-ray 0 Lots of gas near black hole

Sgr A* is accretion powered with M~1078 Mg /yr




Horizons

ACCRETION IN BRI

~mg(h — z)




Horizons

ACCRETION IN BRI




Horizons

ACCRETION IN BRI




Horizons

ACCRETION IN BRI
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Horizons

ACCRETION AT THE HORIZON

|

\ Surface Lu_minﬁ.si}y-:;

Passes right
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Horizons

34 % 53

—

Blackbody Cavity




Horizons

pOES SGR A* HAVE A TEMP2  INO

—2> The kinetic energy of infalling material is

disappearing, i.e., there is an event horizon!

A (mm)
10~ 107* 1073 10~

! &
'mec:suremen‘rg Infrc:r-e?i ¢ &
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Do evem‘ hor:zons existe

. Like Sgr A”
How do black holes*grow?¢




Accretion in Sgr A*

THANKFULLY, THE END IS NOT NIGH!

The Earth is not presently falling into the Sun.

Accretion is really the story of
angular momentum transport!




Accretion in Sgr A*

PANCAKES & DOUGHNUTS

lr]r,_‘;.rri"lmﬁt stable circular orbit ((SCO)

_ Evant Horizon

— Chr:s“ﬂch
High Accretion Rate Low Accretion Rate
* Thin, cool disk * Thick, hot disk
* Efficiently cools * Cannot efficiently cool

* Slow transport of ang. mom. * Rapid transport of ang. mom.




Accretion in Sgr A*

POETRY NOT PROSE

Theoretical Unknowns:

* Detdails of angular momentum transport (magnetic turbulence)

* Relationship between emitting electrons and the gravitating ions

—> Detailed structure of the accretion flow uncertain

Theoretical Leverage

*  Hydrodynamics/Magnetohydrodynamics
*  Synchrotron emission theory

*  General relativity & photon propagation around black holes

Observational Confines

* Radiative efficiency (0.1-0.01%)
* Spectral energy distribution

* Polarization properties




Accretion in Sgr A*

ANATOMY OF AN IMAGE




Accretion in Sgr A*

ANATOMY OF AN IMAGE

Low Spin

Viewed

edge on

Viewed
from 45°

High Spin



Accretion in Sgr A*

BLACK HOLE FAMILY PHOTOS

g~ +0-64+0.86
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Accretion in Sgr A*

EXCITING TIMES: G2
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A gas cloud on its way into the super-
massive black hole in the Galactic Centre

5. Gillessen, R. Genzel, T, Fritz, E. Quataert, C. Alig,A. Burkert, |.
Cuadra, . Eisenhauer, O. Pfuhl, K. Dodds-Eden, C. Gammie, T. Ot
Mature, Dec. 201 |

MPE

Simulation by: M. Schartmann, A, Burkert, C Alig, 5. Gillessen, R, Genzel
wsing PLUTO 3.1.1 (Mignone et al. 2007)
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Accretion in Sgr A*

EXCITING TIMES: G2 N

600 1
4000 -3000 -2000 -1000 O 1000 2000 3000 4000

Vise [km/s]




Accretion in Sgr A*

EXCITING TIMES: G2

-

0.5M M 2M

At~0.1 — 100 yr, depending on angular momentum transport.

AM~1% — 100%, depending on wind loss




Accretion in Sgr A*

EXCITING TIMES:
BEYOND GENERAL RELATIVITY

Schwarzschild Black Hole Deformed Black Hole

M Q(M,]) X (1 +¢€)

Mass Moments

Mass Current -
Moments




Accretion in Sgr A*

EXCITING TIMES:
BEYOND GENERAL RELATIVITY

e = —0.8

. 73,

e

What can
already be distinguished!




Do evem‘ hor:zons existe
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Jets in M87

ZACK & CODY
M87

VLA (NRAO)

/ il
- - ol

Sgr A*

(Zhao & Goss, 1998)
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Jets in M87

DO THE BLACK HOLE TWIST!




Jets in M87

DO THE BLACK HOLE TWIST!




Jets in M87

LIMITING THE LAUNCH FOOTPRINT IN M8/
40.0 + 0.6 pas

Innermost stable circular orbit (ISCO)

Event Horizon {l‘pp [I‘p‘p
= R;,; < 35.5R;

Lensed ISCO (Rsch)

G I e
A/ ":::' s D e
‘ L A I.II V15 /S
2 0.4 0.6 B

Black Hole Spin

— Chris Fach Not rotating Rotating at

spead of light
on horizon




Jets in M87

DETAILED PHYSICAL MODELLING
/_Low Spin T .:__.._,.______._.,_.._..j_..., B

* Very high spin!

* Jets are launched from very

near black hole

a > 0.95!

* Jets get filled with energetic
electrons (& positrons¢) very
near black hole!
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WHAT A BLACK HOLES IS!

* The era of direct access to black

* Ik

ventH orrzonTelescope ]

* Already we have fundamental

nh the horizon:




