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Abstract: Black holes are associated with a variety of the most extreme and counter-intuitive phenomena in astronomy and physics. However,
despite the passage of nearly 40 years since the discovery of the first strong black hole candidate, we have scant evidence that general relativity

provides an accurate description of gravity in the immediate vicinity of astrophysical black holes. Over the next few years this will change
dramatically.
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Imaging Black Hole Horizons
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What is a “Black Hole™?




What is a “Black Hole™?

@mr%%msf
The

B Cx

__,4'-4—'::’1
- d___,::::'_
‘-ﬁ-‘ . -
= —




What is a “Black Hole™
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What is a “Black Hole™?

* Object with a compact horizon

* No Hair Theorem:
All physical vacuum solutions \
asymptote to Kerr

2 (M,3)
» Brightest objects in the Universe

» Ultra-relativistic, collimated outflows
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What is a “Black Hole™?

* Object with a compact horizon

* No Hair Theorem:
All physical vacuum solutions \
asymptote to Kerr

= (M,a)
» Brightest objects in the Universe
» Ultra-relativistic, collimated outflows

 Come in two flavors:
Stellar mass & Supermassive
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What is a “Black Hole™?

» Object with a compact horizon

* No Hair Theorem:
All physical vacuum solutions \
asymptote to Kerr

- (M,a)

* Brightest objects in the Universe ¥

» Ultra-relativistic, collimated outflows

 Come in two flavors:
Stellar mass & Supermassive
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Perihelion shift of Mercury
Gravitational lensing of stars
Gravitational redshift

Will, Living Reviews

Shapiro time delay
Relativistic geodetic precession
Lunar-laser ranging (Nordtvedt effect)

Hulse-Taylor pulsar (gravitational waves)

Doarmmoator lnctifiifa lamorarsms 371 719
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Strong Field Probes

* Compact Object Mergers

* Quasi-periodic Oscillations
* lron Ka lines

. X-ray Binary Spectra -




Strong Field Probes

« Compact Object Mergers ==
* Quasi-periodic Oscillations |}
* [ronKa lines § ﬂ,é

* X-ray Binary Spec
* Do black holes exist?




Strong Field Probes

Compact Object Mergers

Quasi-periodic Oscillations
lron Kat lines
X-ray Binary Spe .

Do black holes exist?
— What else could it be?

LIGD




Getting Some Answers!

What and How
Generating images and taking BH portraits

Horizons do exist!
* Testing Kerr with spots

The Black Hole’s retinue
* Conclusions
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hat and How ._
How Oblg

1ly =102 W/m?/Hz 1 pas =5x10*% rad = 5 picorad!

‘ M(M,.) ‘ mm-flux

10 pas

0.4 nas!!!
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hat and How

6.6x10° 17.9 Mpc

NGC3115 — _96x105_ 102 Mpc— —<0A4Jy — — 10pas—-
M84* 1.5x10° 17 Mpc 0.1ly 10 pas
11118+480 6.8 2 kpc 3ms 0.4 nas!!!
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hat and How

Limiting Resolution: Diffraction
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hat and How

Example

..I'-__'!-

g & --
AN LT

A0 =1.23./D
Instrument ‘ A ‘ D AB (nas)

349 Jiyd 4



A
SkyQuest XT8 0.5 um

Hubble 1um

Instrument




hat and How _

Example

-
i R
=l

= ANO=120 /D

Instent -. D l AB (nas)

SkyQuest XT8 0.5 um 8" 6x10°
Hubble 1um 2m 10°
Keck/VLT/Gemini 1um 8-10 m 2x104
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SkyQuest XT8 0.5 um 6x10°
Hubble 1um 2m 10°

Keck/VLT/Gemini 1um 10 m 2x10%

GMT 1um 25m 104

T™MT 1 um 30m 8x103
E-ELT 1 um 42 m 6x10°
OWL 1um 2x10°




hat and How':

Example Ditf

SkyQuest XT8
Hubble
Keck/VLT/Gemini

GMT

TMT 1um 30m

E-ELT 1um 42 m
1mm 100 m
3mm  6x10°km




/hat and How

Radio Interferometry
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/hat and How

Imaging in Principle
¢ ¥

1. Measure E-vector at a f"
number of locations

) Y
%f*




Vhat and How

Imaging in Principle

4k
1. Measure E-vector at a vy

number of locations E

2. Cross-correlate to get A
Visibilities

Viu,v)

s 4




hat and How

Imaging in Principle

[

1. Measure E-vector at a V)
number of locations A - ‘ﬂv

2. Cross-correlate to get A
Visibilities

3. Invertthe Fourier
Transform to get
image

14 o &




hat and How

ery Long Baselme Interferometry

Very Long Baseline Arra

Very Long Baseline Array
has been doing this at 3mm
and above for 2 decades!




Instrument l

SkyQuest XT8 0.5 um 8"
Hubble 1um 2m

Keck/VLT/Gemini 1 um 10 m
OWL 1um 100 m

VLBA 3mm  6x103 km
EHT 1.3 mm 10 km
EHT 0.87mm 10%°km
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Imagine an Event Horizon:
submm-VILBI of a Super Massive Black Hole
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http://arxiv.org/abs/0906.3899
ASTRO2010
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CARMA SMT
JCMT . 5%

Imagine an Evenr Horizon:
submm-VLBI of a2 Super Massive Black Hole
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CARMA SMT
'-té-_. JCMT . 5%

Imagine an Event Horizon:

submm-V LBl of a Super Massive Black Hole

& Swiwner Whitr Paper to i Decoiad Brvies | oosmstine

LMA
otype

http://arxiv.org/abs/0906.3899
ASTRO2010
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Vhat and How

he Event Horizon Telescope

Short atmospheric coherence time (10 s)

* Dishsize ~¥12m =2 Need very large
bandwidths! (4 Gbps, 16 Gbps, 64 Gbps)

P-Favdi = =17 |y
15y \1GHz | 12m

Stable local oscillators

 Cross-correlation =2 need dish locations and
time delays to sub-mm/sub-ns accuracy




Vhat and How

he Event Horizon Telescope

» Short atmospheric coherence time (10 s)

* Dishsize “12m = Need very large
bandwidths! (4 Gbps, 16 Gbps, 64 Gbps)

3 Zz
P=Favda=10"] = 2 | 2 |w
1Jy \ 1GHz ) 12m

» Stable local oscillators

* Cross-correlation =2 need dish locations and
time delays to sub-mm/sub-ns accuracy




hat and How

D ~ 37%-14 pas!
Daeiema_n eral. (2008)
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hat and How

1.3mm-VLB

Fishetal (2010}




hat and How

1" 3mm-VLE

Fishetal (2010}




hat and How

1" 3mm-V

)

O

'I_T_I"IT'I'II'I'—I'I'I'T'I'I'II'TI'




lenerating images ...
Computing images of accretion flows

* Tracing photon trajectories




lenerating images ...
Computing images of accretion flows

* Tracing photon trajectories

* Polarized radiative transfer
(self-absorbed synchrotron)

=S dl




lenerating images ...
Computing images of accretion flows

* Tracing photon trajectories
* Polarized radiative transfer

* Emitting plasma distribution A
— Thick, self-similar disk
— Keplerian beyond ISCO, ballistic inside
— Sub-equipartition magnetic field
— “Thermal” and power-law electron components
— Model defined by n,;, N, T., and a




enerating images ..
Computing lmages of accretion flows

== —..,-:E-

,\.-l

Tracing photon trajectories
Polarized radiative transfer
Emitting plasma distribution

Leveraging observations
—> library of models which fit
spectra and polarization data

102

v (GHz)

10°
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* Leveraging observations
— library of models which fit
spectra and polarization data
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lenerating images ...

Computing images of accretion flows

Tracing photon trajectories
Polarized radiative transfer
Emitting plasma distribution
Leveraging observations
Intervening electron scattering




and taking black hole portraits

Comparing Models: ICs

» Bayesian Information Criterion BIC=L+kloghN

* Akaike Information Criterion AIC=L+2k+ ?(kkﬂi
* Relative significance Jeffreys’ Scale
—(C,—IC;)i2 AIC Conclusion
e . Negative

Mot worth morethan
a bare mention

Strong

Conclusive




lenerating images ...

Computing images of accretion flows

Tracing photon trajectories
Polarized radiative transfer
Emitting plasma distribution
Leveraging observations
Intervening electron scattering




Leveraging observations
— library of models which fit
spectra and polarization data
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lenerating images ...

Computing images of accretion flows

Tracing photon trajectories
Polarized radiative transfer
Emitting plasma distribution
Leveraging observations
Intervening electron scattering




and taking black hole portraits

Comparing Models ICs

* Bayesian Information Criterion BIC=L-+kloghN

 Akaike Information Criterion AIC=L+2k+ ?:(k;?
* Relative significance Jeffreys’ Scale
—{iC,—IC;)i2 AlC Conclusion
w.=e Negative

Mot worth more than
a bare mention

l .. 1 1)

Strong
Very Strong

Conclusive
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* Polarized radiative

+ Emitting plasma distribution

* Leveraging observations
— library of models which fit
spectra and polarization data
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lenerating images ...
Computing images of accretion flows

* Tracing photon trajectories
» Polarized radiative transfer
+ Emitting plasma distribution <
* Leveraging observations

* |[ntervening electron scattering




and taking black hole portraits

Comparing Models: ICs

* Bayesian Information Criterion BIC=L+kloghN

 Akaike Information Criterion AIC=L+2k+ if“’??
* Relative significance Jeffreys’ Scale
—{iC,—IC;)i2 AlC Conclusion
L Negative

Mot worth more than
a bare mention

Strong

Conclusive
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and taking black hole pomm

Comparing Models: ICs

* Bayesian Information Criterion BIC=L+kloghN

 Akaike Information Criterion AIC=L+2k+ ifk(k; 1;
» Relative significance Jeffreys’ Scale
—{IC,—IC;)i2 AlC Conclusion
Wy =€

Not worth more than
a bare mention

* Lies, damn lies and statistics! =

Strong

Conclusive
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_and taking black hol

6=15.8+-0.2 nas
x*/DoF=1.16
BIC=98.1
AlC=87.7

AEB. Fish, Doeleman & Loeb, arXiv:1011.2770

Dy ot ar et 12 lamierarme 37 70071




w
-~
Q
[=.)
(=
<

AEB. Fish, Doeleman & Loeb, arXiv:1011.2770
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+2/DoF=0.961
BIC=91.3 (-6.9)
AIC=77.3 (-7.4)




and taking black hole

ADEC (pas)

v?/DoF=0.830
BIC=82.9 (-8.4, -15.3)
AlC=68.9 (-8.4, -15.8)

0588888388

AEB. Fish, Doeleman & Loeb, arXiv:1011.2770
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. and ta_king" bla ?:;7_.:_
Radiatively ine

ADEC (pas)
(=]

|
]
Ln

v?/DoF=0.830
BIC=82.9 (-8.4, -15.3)
AlIC=68.9 (-8.4, -15.8)

AEB. Fish, Doeleman & Loeb, arXiv:1011.2770
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ADEC (pas)

¥?/DoF=0.830
BIC=82.9 (-8.4, -15.3)
AlC=68.9 (-8.4, -15.8)

AEB. Fish, Doeleman & Loeb, ar)(lur 1011 2770
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. and taking black hole portraits

First Phase Measurements!

* Lack of phase info gives E2&+180° degeneracy!

V]

T - =rg(V) 4
< > <~ — < -
l v \L
V| arg(V) A
T |
= . s < — += -
l l W




. and taking black hole portraits

Closure Phases ..




. and taking black hole portraits

Closure Phases ..

ﬁ o -
arg(vza,}:@dl} +0 _}_- O 3

arg(Vi1)=01;+005- 604




, anij taking black hole portraits

osure Phases

arg{Vs,)=0,+60¢5- 80,




. and taking black hole portraits

Closure Phases =

arg(Vsq)=0s,; +6¢=- 80,




. and taking black h

Sgr A* C

4 —Day 96, 12:20

Isotropic
Prior

34 JiyT 4



. and taking black holet

Sgr A*

SMT—-CARMA—JCMT

Day 96, 12:20
mm-VLBI
Visibility

Amplitude
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_and taking black hole portraits _
‘Bumpy” Spacetimes and testing GR

* WeakField =2 PPN (7,8, 5 3,5, 5 3.4,6)
— “reasonable” set of perturbations!

* Strong Field 2 complicated!
— Add perturbations that satisfy the Einstein equations.

— Hartle-Thorne gives some physical context far away

e PPe P

fo—

\
.‘r‘jﬁ*ﬂ*llu“‘
e

— Vigeland & Hughes (2010) gives many multipoles




orizons do e:ust'

Narayan & McClintock, New AR (2008)
Garcaetal. (2001)
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orizons do exist!

Narayan & McClintock, New AR (2008}
Garcia et al. (2001}
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Source 7.

Sgr A* ~0.1%

Quasar ~10%

Narayan & McClintock, New AR (2008}
Garciaetal. (2001)

Doermrmaoeter Imctifriva lzmiiaremes 371 7709749



orizons do exist!

Probing horizons

Narayan & McClintock, New AR (2008)
Garcia et al. (2001

Darirmsator lmectitiedia lamig=srme 41 7019



orizons do exist! =

Probing horlz'i_ 1S

e

Narayan & McClintock, New AR (2008)
Garciaetal. (2001
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Narayan & McClintock, New AR (2008)
Garciaetal. (2001
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orizons do exist! SR

Probing horlzons

Narayan & McClintock, New AR (2008}
Garciaetal. (2001
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orizons do exist!

Probing horizons ;




orizons do exist!

Blackbody Cavity



Blackbody Cavity

Compact surfaces are
blackbodies!

L., =4k cT,
e R )




orizons do exist!

Probing horizons
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Probing horizons

0. Gravity is a metric theory admitting stationary solutions.
. Some idea of energy conservation for test particles

. Horizons surrounded by photon orbits 2 “compact” surfaces are BB’s




orizons do exist!

Probing horizons

0. Gravity is a metric theory admitting stationary solutions.

. Some idea of energy conservation for test particles

. Horizons surrounded by photon orbits = “compact” surfaces are BB’s

e i
. Embarrassment of riches
. RM implied accretion rate near BH
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orizons do exist!

Probing horizons

0. Gravity is a metric theory admitting stationary solutions.

. Some idea of energy conservation for test particles

. Horizons surrounded by photon orbits = “compact” surfaces are BB's

-

Sgr A* is accretion powered

. Embarrassment of riches L — Ag Mcz
obs _Ur g

M implied accretion rate near BH

™
i)




orizons do exist!

Probing horizons

0. Gravity is a metric theory admitting stationary solutions.

. Some idea of energy conservation for test particles
. Horizons surrounded by photon orbits = “compact” surfaces are BB’s

-

Sgr A* is accretion powered

. Embarrassment of riches L E—r A M 2
=n,.Ae _Mc

. RM implied accretion rate near BH obs

. Nested structure

— o - i 5 [ |

2. Sgr A* has reached steady state
’ M~20s T~ *_:gli': vrs ™ 1_::15 A
. Only log. dependent upon redshift



orizons do exist!

Probing horizons

0. Gravity is a metric theory admitting stationary solutions.

Some idea of energy conservation for test particles

Horizons surrounded by photon orbits = “compact” surfaces are BB

X
A

1. Sgr A* is accretion powered
Fmbarrassment of riches L = A Mcz
RM implied accretion rate near BH obs }?r Eg
Nested structure

2. Sgr A* has reached steady state 1

20's, T~ 1010 yrs~ 107 M I =/ =/ I

Only log. dependent upon redshift surf — obs
.+



orizons do exist!

Probing horizons

0. Gravity is a metric theory admitting stationary solutions.
Some idea of energy conservation for test particles
Horizons surrounded by photon orbits = “compact” surfaces are BB’s

1. SgrA¥* is accretion powered
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orizons do exist!

Probing horizons

LAJ

-

Gravity is a metric theory admitting stationary solutions.
Some idea of energy conservation for test particles

Horizons surrounded by photon orbits = “compact” surfaces are BB’s

Sgr A* is accretion powered

Y ey o~ alf=lal=1alal=-labs alalaBa=1al=
. ~l=ta k
A CIOLS b r
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orizons do exist! = =
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orizons do exist!
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orizons do exist!

Probing h orizo ns
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orizons do exist!

Probing hori
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orizons do exist!

AEB, Loeb & Narayan (2009)

L, <0.004L,

77, +17, =>99.6%!
Does Sgr A* have
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99 .6%!

Does Sgr A*

>
a horizon?
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esting Kerr with Spots

imescales

Light crossing time: 20 s

ISCO orbital time: 4 — 30 min

Sub-mm synchrotron cooling time: hours

Shearing timescale: P r/dr



esting Kerr

SgrA
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esting Kerr
Sgr A*
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esting Kerr with Spots

Sgr A* vs the Sun

Mt

* Rapid conversion of energy into non-thermal electrons

» Electrons stream along field lines and cool via synchrotron




esting Kerr with Spots

Sgr A* vs the Sun

* Rapid conversion of energy into non-thermal electrons

» Electrons stream along field lines and cool via synchrotron




esting Kerr with Spots

Sgr A* vs the Sun
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apid conversion of energy into non-thermal electrons

* Electrons stream along field lines and cool via synchrotron




esting Kerr with Spots

Sgr A* vs the Sun

* Rapid conversion of energy into non-thermal electrons

* Electrons stream along field lines and cool via synchrotron
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Sgr A* vs the Sun
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esting Kerr with Spots

Sgr A* vs the Sun

* Rapid conversion of energy into non-thermal electrons

* Electrons stream along field lines and cool via synchrotron
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Sgr A* vs the Sun

* Rapid conversion of energy into non-thermal electrons

* Electrons stream along field lines and cool via synchrotron




esting Kerr with Spots

Sgr A* vs the Sun
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* Rapid conversion of energy into non-thermal electrons

» Electrons stream along field lines and cool via synchrotron




esting Kerr with Spots

Sgr A* vs the Sun

» Rapid conversion of energy into non-thermal electrons

* Electrons stream along field lines and cool via synchrotron




sting Kerr with Spots

Sgr A* vs the Sun
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Electrons are vastly subdominant -

magnetic turbulence scale 102
v (CHz)

* Electrons radiate rapidly 2 any extra energy goes straight
into luminosity

* Spots are long lived, T"min(T__ T ..~ P r/dr)

* Spots are local
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North Offset (mas)

Sgr A" — J1740—-283

Reid & Brunthaler (2004) |

East Offset (mas)

Absolute astrometry impossible
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EHT Astrometry

Sgr A* — J1740—283

Reid & Brunthaler (2004) |

North Offset (mas)

East Offset (mas)

Absolute astrometry impossible
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Reid & Brunthaler (2004) ‘

East Offset (mas)

Absolute astrometry impossible

—>Differential astrometry with
nearby sources (<1')
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» Absolute astrometry impossible

—>Differential astrometry with
nearby sources (<1 )
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Absolute astrometry impossible

—> Differential astrometry with
nearby sources (<1 )

Short coherence time
—> use sub-arrays

Short-time scale atmospheric phase
errors average out

Long-time scale atmospheric phase
errors require careful calibration
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 Sgr A*has a horizon!
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Sgr A* hi@s a horizon!

Ready to begin placing quantitative constraints upon GR with images
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« Sgr A*Has a horizon!
* Ready to begin placing quantitative constraints upon GR with images

* Hot spots are an inevitable of RIAFs, and will allow tests of Kerr
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Sgr A*H@s a horizon!
Ready to begin placing quantitative constraints upon GR with images
Hot spots are an inevitable of RIAFs, and will allow tests of Kerr

Astrometry opens up a whole new set of targets!
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Sgr A*i@s a horizon!

Ready to begin placing quantitative constraints upon GR with images
Hot spots are an inevitable of RIAFs, and will allow tests of Kerr
Astrometry opens up a whole new set of targets!

ASTRO2010: http://arxiv.org/abs/0906.3899
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