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

provides an accurate description of gravity in the immediate vicinity of astrophysical black holes. Over the next few years this will cf
dramatically.

Pirsa: 11010115 Page 1/285



The Event Horizon Telescope:
Imaging Black Hole Horizons

Avery E Broderick
CITA =i

I Linstitut canadien
A dastrophysiaue theorique

Darrmn ot or ImcfiFrrema aempemene 397 70941



Many Thanks!

MIT R l-ele
HAYSTACK CfA DELKCICY
OBSERVATORY #

.|.

‘-’;

Paul Ho
. Dan Werthimer Makoto Inoue
oo Eprc OO : oo Don Backer
lan Rogers Jonathan Weintroub - =
o WS Melvyn Wright
il L=

Roger Cappallo Ray Blundell Dan Marrone
Dan Smythe (e Youn JCMT
Mike Titu Pt
VIIKE 1 ILUS Rurik Primiani IO | AT
Al VA e = v |
il ERE
: Per Friberg
Irwin Shapiro
N, THE UNIVERSITY OF ARIZON
Steward Observatory ‘ )
Lucy Ziurys Natonal Astrororal
Raobert Freund ] Mareki Honma
Peter Stritmatter




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

N
e

*» Object with a compact horizon
» No Hair Theorem:

All physical vacuum solutions \

asymptote to Kerr

= (M,2)
» Brightest objects in the Universe ﬁ
» Ultra-relativistic, collimated outflows -2
»
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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 'ﬂ

» 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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Hasn’t GR beet

Perihelion shift of Mercury
* Gravitational lensing of stars
* Gravitational redshift

Will, Living Reviews

* Shapiro time delay

» Relativistic geodetic precession

bl

* Lunar-laser ranging (Nordtvedt effect)

* Hulse-Taylor pulsar (gravitational waves)
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Strong Field Probes
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Strong Field Probes

Compact Object Mergers
Quasi-periodic Oscillations
lron Ka lines §

X-ray Binary Spe
Do black holes exist?




Strong Field Probes

Compact Object Mergers
Quasi-periodic Oscillations
Iron Ka lines @ ﬂa

X-ray Binary Spect
Do black holes exist?
— What else could it be?




Getting Some Answers!

What and How
Generating images and taking BH portraits

Horizons do exist!
» Testing Kerr with spots

L

The Black Hole’s retinue
* Conclusions
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hat and How -
How Oblg is

1 ly = 1026 W/m?2/Hz 1 pas =5x1012 rad = 5 picorad!

‘ M (M) I mm-flux |




Vhat and H

mm-flux

3y
17.9 Mpc

NGC3115 — 9.6x10°  _102Mpc— —<04)y — —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 Resoiui:?:mm Dr*
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Limiting Resol
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hat and How

Example Diffre

SkyQuest XT8

Hubble




= 5_}—4}

instrument

SkyQuest XT8 0.5 um
Hubble 1um

Keck/VLT/Gemini 1 um
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SkyQuest XT8
Hubble

Keck/VLT/Gemini
GMT
T™T
E-ELT




SkyQuest XT8
Hubble

Keck/VLT/Gemini
GMT
™T ; 30 m
E-ELT 42 m

OWL 1 100 m
3mm  6x103 km




vhat and How

Radio Interferometry
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vVhat and How

Imaging in Principle
¢+ ¥t

1. Measure E-vectorat a ‘ﬂ'
number of locations
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Vhat and How

Imaging in Principle
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1. Measure E-vectorat a V3

number of locations

L
Cross-correlate to get A
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vhat and How

Imaging in Principle

N

4
Measure E-vectorata =
. : Lj 4 “ N
number of locations N } B Vi)

L '

Cross-correlate to get A
Visibilities

< v - o =
Invert the Fourier »
Transform to get
image v
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Very Long Baseline Array
has been doing this at 3mm
and above for 2 decades!




Instrument
SkyQuest XT8
Hubble
Keck/VLT/Gemini
OWL
VLBA
EHT
EHT
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1 pm
1ptm
1um
3 mm

1.3 mm

0.87 mm

2m
10 m
100 m
6x10°3 km
10* km
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10°
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30
20




MA CARMA SMT
CORELES

Imagine an Event Horizon:

submm-VLBI of 2 Super Massive Black Hole
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hat and How

he Eve

MA CARMA SMT

R

Imngine an Event Horizon:
submm-VLBI of 2 Super Massive Black Hole
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Imungine an Event Horizon:

submm-VLBI of a Super Massive Black Hole
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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=F AvA=10" E M] * lw
|1y \1GHz | 12m

Stable local oscillators

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



Vhat and How

he Event Horizon Telescope

3

Short atmospheric coherence time (10 s)

Dish size ¥12m = Need very large
bandwidths! (4 Gbps, 16 Gbps, 64 Gbps)

.
P=F AvA= 10‘5(F o F Y lw
1y | 1GHz | 12m

Stable local oscillators

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



Vhat and How

IS mm-VLBI | Jata

D - 3?4&3«& nas!
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vVhat and How

1.3mm-VLBI
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hat and How

Fish et al. (2010}




hat and How




ienerating 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)

= =4 =j—a-S
= d!




ienerating images ...
Computing images of accretion flows

* Tracing photon trajectories
* Polarized radiative transfer

* Emitting plasma distribution %
— Thick, self-similar disk S
— 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 . Ei% £
Computing images of accreti

_,—___—-__

Tracing photon trajectories

Polarized radiative transfer

Emitting plasma distribution ’e\r |

Leveraging observations
— library of models which fit
spectra and polarization data
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* Tracing p
 Polarized radiative t

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

Computing images of accretion flows

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

.......




and taking black hole portrs

Comparing Models: le

» Bayesian Information Criterion BIC=L-+kloghN

» Akaike Information Criterion AIC=L+2k+ ?(iﬂz
* Relative significance Jeffreys’ Scale
w, = e—(fﬂf—fcj)fl _ l nclsinn

Mot worth more than
a bare mention




lenerating images ...

Computing images of accretion flows

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




. Emlttlng Bl; S bu

= library of models which ﬁt

spectra and polarization data

O i v ot e | adey v

Fsmg w37

Gy k) Ji [ | (2 1|

j'
*‘[
L\



ienerating images ...

Computing images of accretion flows

Tracing photon trajectories
Polarized radiative transfer
Emitting plasma distribution
Leveraging observations
Intervening electron scattering
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and taking black hole portraits

Comparing Mo“éeis ICs

* Bayesian Information Criterion BIC=L-+kloghN

* Akaike Information Criterion AIC=L+2k+ J%f(k; 1;
» Relative significance Jeffreys’ Scale
ng =e—(f€,-—i’£'j);‘2 . fiC na:lsian

Not worth more than

a bare mention
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» Tracing photon trz
* Emitting plasmad

* Leveraging observatior
— 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 portra

Comparing Modere ICs

* Bayesian Information Criterion BIC=L+klogh

* Akaike Information Criterion AIC=L+2k+ i’?(k; 1;
* Relative significance Jeffreys’ Scale
wg_ o e—(;c'f—fcf};: i I ncisinn |

Mot worth mare than
a bare mention
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and taking black hole portraits

Comparing M cdels le

* Bayesian Information Criterion BIC=L+kloghN

* Akaike Information Criterion AIC=L+2k+ ?(k;?
* Relative significance Jeffreys’ Scale
wg =e_(fcf_fcj}jz ﬁ.l I'IE’Si»ﬂl"l

Not worth more than
a bare mention

* Lies, damn lies and statistics!
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ADEC (pas)

AEB. Fish, Doeleman & Loeb

c=15.8+-0.2 nas
x*/DoF=1.16
BIC=98.1
AlIC=87.7

carXiv:1011.2770

Dyt ar InefFiFrrra ez, 397 7007419
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and taking bla

ADEC (pas)
ADEC (pas)

AEB. Fish, Doeleman & Loeb, arXiv:1011.2770

%*/DoF=0.961
BIC=91.3 (-6.9)
AlC=77.3 (-7.4)
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ADEC (pas)

¥2/DoF=0.830
BIC=82.9 (-8.4,-15.3)
AIC=68.9 (-8.4,-15.8)

AEB. Fish, Doeleman & Loeb, arXiv:1011.2770
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and tak[ﬂg _:,_';-_-_f"_.'il'_-_ =

Radiatively ine

ADEC (jas)

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

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

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

@
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AEB Fish, Doeleman & Loeb, arXiv:1011.2770
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. and taking black hole portraits

First Phase Measurements!

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

A

V]

=re(V) 4

v



. and taking black hole portraits

Closure Phases ..




. and taking black hole portraits

Closure Phases ..

A

EA

argi{Vz1j=04, +00=- 00




: r*ij taking black hole portraits

Closure Phases

p &

arg(Vya)=0,3+60,- 8¢5

arg{Vs:1)=03:+0¢3- 601

' - & R X e e 2
% argiViz)=0,+00,- 00,
1]
.‘._‘:Il':-_li.

D53 = arg(Vy,)+arg(Vys)+arg(Vsy) = 91093+




. and taking black hole portraits

Closure Phases ..




. and takin

Sgr

4 HDay 96. 12:20
Isotropic

Prior

AFB. Fish, Dosleman & Losb (201 1)

Dearmyrmm et ar lmcfFiFrrer s amrememe 3% 700171



_and taking black hol ===

Sgr A* Closure Phi

SMT—-CARMA—JCMT
Day 96, 12:20
mm-VLBI
Visibility
Amplitude

Prior

AFB, Fish, Doeleman & Loeb (2011)
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and taking black hole po

“Bumpy” Spacetnmes and testing GR

» WeakField 2 PPN (v,B,0; 5 3,51 55 4,5)
— “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

r £
£

\
S

:’iﬂjnnl-l'ﬁnu‘lT

— Vigeland & Hughes (2010) gives many multipoles




Narayan & McClintock, New AR (2008)
Garciaetal. (2001}
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108 (Lyin/ Lgaa)

MNarayan & McClintock, New AR {2008}
Garciaet al. (2001}
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orizons do exist!

Narayan & McClintock, New AR {2008}
Garcia et al. (2001}
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Narayan & McClintock, New AR (2008]
Garcia et al. (2001
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orizons do exist!

Probing hor i'-? f%__

Narayvan & McClintock, New AR (2008)
Garcia et al. (2001
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orizons do exist!

Probing hor Or

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