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WHAT ARE SUPERMASSIVE BLACK HOLES,
AND WHAT ARE THEY DOING?

Fully characterized by ‘
3 numbers: M, |, Q Physics:
2! * Do black holes existe

* Are they well described by GR?

Astronomy:
* How do they grow?

* How are the enormous .

Eﬁ_g_ines of the

luminosities produced?

R Cygnus A ~ the Universe
* How are outflows launched? ”

Answers found on horizon-scales ’r
Superradiance, 09.05.2018 9 Di re C'I. im CI g in g !
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Superradiance, 09.05.2018

Pirsa: 18050029 Page 4/105




“COMPACT” OBJECTS

Superradiance, 09.05.2018

irsa: 18050029 Page 5/105




Galactic

“COMPACT” OBJECTS  Senter
(Sgr A¥)

53/((2 £

4.3><106M®
8 kpc

Superradiance, 09.05.2018

irsa: 18050029 Page 6/105




Galactic

“COMPACT” OBJECTS  Senfer
(Sgr A¥)

53/(Q £

4.3><106Mo
8 kpc

-

T Sgr A*

Galactic
Center!

G}
8
3
=
=
-

R
o0

=

&2

o
o
bt
Q

—
Q
E

£

a
-

=

j;?

5 6
10 10
Distance (pc)

Pirsa: 18050029 Page 7/105



Superradiance,

Pirsa: 18050029 Page 8/105



Superradiance, 09.05.2018

Pirsa: 18050029 Page 9/105



Superradiance, 09.05.2018

Pirsa: 18050029 Page 10/105



Superradiance, 09.05.2018

Pirsa: 18050029 Page 11/105



._ . Very Long
'y % _ | Baseline Array
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THE EHT TODAY
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>'. Event Horizon Telescope
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. www.eventhorizontelescope.org
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Event Horizon Telescope “PROTO-EHT”

www.eventhorizontelescope.org

See Rusen LU's talk!

Superradiance, 09.05.201 §-
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THE EHT IS DATA RICH
V(u) = [ da e?™a%/2 [(a)

Interferometric Quantities
(Visibility Magnitudes, Closure Phases, Closure Amplitudes, etc.)

Polarization (I, Q, U, V)
Frequency (230 GHz, 345 GHz)
Short Time (hours)

Long Time (decades)

Targets (Sgr A*, M87, etc.)

Superradiance, 09.05.2018
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THE EHT IS DATA RICH
V(u) = [ da e?™a%/2 [(a)

Interferometric Quantities

(Visibility Magr

Polarization (I, , V)
Frequency (230 GHz,
Short Time (hours)
Long Time (decades)
Targets (Sgr A*, M87, etc.
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*
+

>'. Event Horizon Telescope

+*

* www.eventhorizontelescope.org

Doeleman et al. 2008, Nature, 455, 78
Broderick et al. 2009, ApJ, 697, 45
Fish et al. 2011, ApJ, 727, 36
Broderick et al. 2011, ApJ, 735, 110

Doeleman et al. 2012, Science, 338, 355
Broderick et al. 2014, ApJ, 784, 7
Akiyama et al. 2015, ApJ, 807, 150

Johnson et al. 2015, Science, 350, 1242

Broderick et al. 2016, ApJ, 820, 137
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e

P hg First 1.3mm VLBI observation of Sgr A*

First physics-based modeling of EHT data
First detection of horizon-scale variability

First demonstration that physics-based models
are preferred by EHT data

First 1.3mm VLBI observations of M87
First constraints on BH hair from EHT data

First measurement of horizon-scale structure in
MB87 coincident with TeV flares

First detection of ordered, horizon scale
polarization around a BH

First physics-based modeling of EHT data that
included closure phases
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IHRANM 30m

Past:
CSO, CARMA

Future:

NOEMA, KPO, GLT
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Reconstructed

Courtesy of Kazunori Akiyama
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* April 2017 Observations went great!

* April 2018 Observed again!

* All things look good; data from the SPT arrived in Nov.

*  Will have multiple (>4) epochs on the Galactic center and M87
* Have begun imaging/analysis of AGN

*  Will begin imaging/analysis of M87 & Sgr A* this summer

* Can’t say anything publicly yet!

Superradiance, 09.05.2018
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Black Hole

Ljer = E;‘etM("z Loy = Mc*
€Elet = 2 = Lff'f/cf('f,(l('('
Assumes:

* Reached steady state
(only logarithmically hard!)
* A notion of energy
conservation for test particles
* No “magic” at object
(but baryonic atmospheres!)
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History of accretion
AEB & Narayan (2007)

-> Traction on “when” 1018 : SR S——Y
1015 104
* Today for Sgr A* 1o | { 108
17 ~ 108 101 | 1 100
M =~ 10""Mqy/yr ol e
M) " % 1O 10°
* “Average” for Sgr A {010 A : 14100
T -4 109 poa2 2210710 M, /yr o> rissiiiassysy 4 1010

M =~ 107" M¢ /yr over 10 Gyr oo b 1o

Loy BAAAA 0O M yr il i 4 100 "
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* High heat capacity 102 4 100
10" k . | 10
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m/m
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Displacement (M}
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Displacement (M}
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Pulse Broadening
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Pulse Broadening
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Pulse Broadening
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Pulse Broadening
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Black Hole Quadrupole Moment

LOF T T
0.8
0.6 ey
Full &’
orbit .
0.4
02F
—
L)
0.0 __ - - — 1
0.4 0.5 0.6

-
Periapsis
cnly
Kerr
1 -
0.7 0.8

Black Hole Spin

Superradiance, 09.05.2018

R (us)

i}

--.‘
R s

t{d)

Psaltis, Wex, Kramer (2016)

Page 44/105



1.OF T T T H LLOFF T -
= Periapsis 1
S 08 f £ 08
g cnly E
$ / S
A -
- =
2 06k _ Y ~ 4 0.6
5‘ Full [/ Y =
] , v | =
= orbit Kerr °
3 ]
S e A =
2 0.4 - o 0.4
S L =
=4 ¥ ol )
g _— X P
= 02F - - = 0.2
= — 1 o
)
1 Kerr
0.0 - ——— L 5 0.0 - 1 .
0.4 0.5 0.6 0.7 0.8 0.0 0.2 0.4 0.6 0.8 1.0
Black Hole Spin Black Hole Spin

Psaltis, Wex, Kramer (201 6)

Superradiance, 09.05.2018

Pirsa: 18050029 Page 45/105



ACCRETION
MODELING
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DIGGING IN ACCRETION ELOWS: SGR A*
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DIGGING IN ACCRETION ELOWS: SGR A*
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MODELING SGR A*

verradiance, 09.05.2018

BH Spin,
Disk Axis
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ORIGIN OF SPIN/SPACETIME SENSITIVITY

Photon Rings

verradiance, 09.05.2018

Fixed SED Images

Low Spin

Spacetime
+

Dynamics
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Table 1
Data Epochs

J60°
Epoch  Year  Dayis) ne N Type”  Rel
| 2007 [O0- 10 IHaM-13.67 19 VM [
2 2009 938 IL17-1500 12 VM FII 300°
i 2N Ui 11.50-14.56 19 VM Fil
| 2000 97 11.50-13.67 20 VM Fll g
Totuls 11.73 hrs 70 .
= )"
5 20109 93 11.54-13.87 11 cp FI§ U -
6 2009 96 12.46-12.79 i P FIs
209 0 11.96-14.38 10 P s :
8 2011 BN 12.37-13.52 ) P FI5 N
" 2011 0 13.67-14.02 2 cp FIs 0 & 1807
10 2011 91 11931353 5 op FIS "L-..
1 2001 94 11.75-14.51 17 P FI5§
12 012 8l 12521508 25 [« FIS O
I3 A b1 12.55-15.43 b (N Fi5 |¢‘]“~
14 2013 81 12971527 10 cp KIS =
15 2013 N2 1297-1488 15 CP  FIS O\
16 IR XS 12.15-15.17 32 Cp FiIs -¥
17 2013 ROy 12.55-13058 1o op FIs m
Totuls DS 58hres 18I 60~

Number of data pomnts. including detections only

" Duata types are visibility magnitudes (VM) and closure phases (CP )
DR=DOELS, F11=FISHI L. FIS=FISHI3 0 !

| .
Contaminated by flare activity

r

o . A R o
PR P i /LI e S~ (o Ny

Ipoch
~Data Type
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Excluded!
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Gillessen et al.
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Cuadra et al. (2005)
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Cuadra et al. (2005)
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Quasi-Kerr Metric:

HAIRY MULTIPOLES Parameterized Deviation

0
ARA (pas)

Some fine print ...
ARA (uas) Solution to vacuum Einstein equations when |a| < M

Adds quadrupolar perturbation
(based on Hartle-Thorne metric for slowly spinning neutron stars!)

No-hair theorems = Quasi-Kerr metric must be sick! It is inside 2M.

Superradiance, 09.05.2018
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HAIRY MULTIPOLES

Fare
( m

Broderick et al. (2014)
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HAIRY MULTIPOLES

‘ruu

Superradianc
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HAIRY MULTIPOLES

Johannsen et al. (2016)
0.145 0.15 0.155 0.16

i,
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ONE BIG MODEL FAMILY

Hot /Thick Disk Cold/Thin Disk

* 4 L]

Superradiance, 09.05.2018
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* Dynamics — How sub-Keplerian are RIAFs?

* Vertical Structure — Hot & Thick? SANE vs MAD?

sub-Kep

%phen( al-like flow disk-like flow

(
O C

Superradiance, 09.05.2018 HUHQ-YI Pu & AEB
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Mansour Karami

hir

Infall_rate

ub_kep_fac

=

Spin = —0.681442

hir = 0,11

+0.06
-0.04

Infall rate

0.82

Infall rate

+0.13
033

Sub_kep_fac = 0.58'}1{}

Sub kep fac

]
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Mansour Karami

hir

Infall_rate

ub_kep_fac

=

Spin = —0.681442

hir = 0,11

+0.06
—0.04

0.13
033

Sub kep fac

]

Sub_kep_fac = 0.53»{}17
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Mansour Karami

Spin = —0.681§32

hir = 0.11150%

hir

Infall_rate = 0.82+513

_rate

Infal

27

Tchekhovskoy et al. (2011)

ub_kep_fac

=

Spin hir Infall rate Sub_kep fac
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*  Gravitational modifications of disk structure?

Radial Euler eq. (schematically):

o\
v? ) or
T —
Critical pt. —
(<))
Q0
=
-
=
L
O
C
=

Superradiance, 09.05.2018

= (Residual of Gravity - Pressure)

0

U |

» — Newtonian
\\ == Schwarzschild
\
\
\
A Y
N | N | e
| 10 100

1000

Boris Georgiev

Luis Lehner
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Gravitational modifications of disk structure?

Radial Euler eq. (schematically):

0AvGr—N - (g—VP)gr— (g —VP)y

or

Mach Number

0

Superradiance, 09.05.2018

1

N |

cé /2

U |

—_
I
-

N |

Newtonian
Schwarzschild

s

1

10

100
rlr,

1000

Boris Georgiev
Luis Lehner
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Boris Georgiev

* Gravitational modifications of disk structure? Luis Lehner
Ingredients: 8 % 101
Covariant ADAF model 6« 101k
Johannsen (201 3) metric =~ ——
. . . DR 1
Even big gravitational & =10
perturbations el
~ b x 10"
Ed 1 x 107
Small changes in | -
— i3 0.0
accretion flow! I o a 0.9 11 :
SR 0.9 |] .
2\ c
. N ]
1= - )
0 1 1 L 1 _f’: 1 L L
1 2 3 4 5 1 2 3 a4 5
r/T r/T

Superradiance, 09.05.2018

Pirsa: 18050029 Page 75/105



SPACETIME
TOMOGRAPHY
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FLARES IN THE GALACTIC CENTER

Keck/UCLA Galactic
Center Group

Superradiance, 09.05.2018

Pirsa: 18050029 Page 77/105




FLARES IN THE GALACTIC CENTER

Infrared

. Mevyer et al. ('2006})9\'&,'.'}‘\‘##\”\.‘
| \

\

T
o ‘ X-ray
| Baganoff et al. (2001)

} ‘ hetye
NN?,'Hn,,*n*"v*N,‘*'n"ﬁ tetyny
WA AR AR A S HLEL IS A A S

[ 1,
foptabarst, ht b be bt tetatid
; AN S b A }

Keck/UCLA Galactic
Center Group
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FLARES IN THE GALACTIC CENTER

| Infrared

| Meyer et al. (2006) /"\,‘hﬂ‘nﬂv\_‘,‘
\

\

0*0+‘|‘

4 t
Thpe patthpaptipttathe b oty
A AR LTI SR A A S M-

04

f 1, 4t

“’nwn#.*H.o.,u,h' gttt
+ + t + + |

RIeREY
— + t + } ——

.|

Keck/UCLA Galactic
Center Group
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SOMETIMES |
BY ALOT 10 min Sgr A *

9 hr M87

Superradiance, 09.05.2015
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FLARES IN SGR A*:;
NONTHERMAL CATASTROPHES

a=0, r=6M

Broderick & Loeb, 2006, MNRAS, 367, 905

1
uparradiance, 09.05.2018
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FLARES IN SGR A*:;
NONTHERMAL CATASTROPHES

a=0, r=6M

Broderick & Loeb, 2006, MNRAS, 367, 905
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FLARES IN SGR A*:;
NONTHERMAL CATASTROPHES

a=0, r=6M

Broderick & Loeb, 2006, MNRAS, 367, 905

uperradidnce, 09.05.2018
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THE SHAPE OF SPACETIME Il
SPACETIME TOMOGRAPHY

Superradiance, 09.05.2018
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THE SHAPE OF SPACETIME Il
SPACETIME TOMOGRAPHY
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THE SHAPE OF SPACETIME Il
SPACETIME TOMOGRAPHY

J
)
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THE SHAPE OF SPACETIME lll:
SPACETIME TOMOGRAPHY WITH POLARIZATION

Total Intensity Polarized Intensity

Superradiance, 09.05.2018
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Paul Tiede, Hung-Yi Pu
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Paul Tiede, Hung-Yi Pu
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Paul Tiede, Hung-Yi Pu
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TURBULENCE:
ANGULAR MOMENTUM TRANSPORT

Courtesy of Hotaka Shickawa Britt Jeter
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TURBULENCE:
ANGULAR MOMENTUM TRANSPORT

Courtesy of Hotaka Shickawa Britt Jeter
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TURBULENCE:
ANGULAR MOMENTUM TRANSPORT

/ Paul Tiede, Hung-Yi Pu

Courtesy of Hotaka Shickawa
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THE SHAPE OF SPACETIME II:
SPACETIME TOMOGRAPHY

a=0.9
Hot-spot at ~ 6M
Period = 27 min.

Superradiance, 09.05.2018
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THE SHAPE OF SPACETIME:
SPACETIME TOMOGRAPHY

Roman Gold & AEB

A

a=0
Hot-spot at ~ 6M
Period = 27 min.

Superradiance, 09.05.2018
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4-frame “movie”

63.9
47.9
319
PV ALMA 5P § 16” —
) M M A S U
| LA+ ALMA+ 511 a x
£ S 00 =
] ‘I ) 2:
f 2 =
o ' T -16.0 Q
- [
PV ALMA S 51T f\ .
11K} LAIT 4+ ALMA4SPT \ ) . -31.9
SR @A Y, N~ [ 47.9
NSOV VARV \J
100 i 1 N |
} -63.9
150 e L 196 158 110 12 63.9 479 319 16.0 0.0 -16.0-31.9-47.9 639
time (hr) Relative RA (uas)

Paul Tiede
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4-frame “movie”
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Paul Tiede
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Spot parameters:

1. BH spin . Initial size

2. BH inclination +Initial time

Initial radius

Jk 3. Initial density

Initial azimuth

Infall velocity

© © N o u A

Angular velosity
i

10. BH position angle

@

) e |l

Spin Cosf{inclination) no s o s phio infall subkep Posangle
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Spot parameters:
TU —_ 7M
1. BH spin

6. Initial radius

ro

L 8. Infall velocity

10g10v /Qxk

E -]
o — T T T

T al + T

© ™ Vv Q ] Gy Q “H 0
o Q- A © B
AT A AV Y gV S QM S
as o log1ov"/Qxk
Superradiance, 09.05.2018 PGUI Tiede
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o N ro = 10M
| TU —_ 7M

J‘L‘ 1. BH spin

Spot parameters:

—0; L""‘“:
G 1 |
o 1 6. Initial radius
o2

8. Infall velocity

T 1 1 -'-‘l‘r - T lJ-L"I'I""""""!

N} “ N “
27 7 o N VS
o o7 o o7 o
a ro log1ov'/Qx
Superradiance, 09.05.2018 PGUI Tiede
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ro = 10M

I'n = 7M
71 1. BH spin

Spot parameters:

o 1 6. Initial radius

o

8. Infall velocity

log1gv /Qxk
<5

v T "1,1',___'“.“

O “ O “
RO

ra s

“

N

a« o |091()V"/QK
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N0 - v (1)

oW W\ ro = 10M
=7M

Spot parameters:

1. BH spin

6. Initial radius

8. Infall velocity

‘vfr ;

M O
c o
o~
> A
S oY
(@)
S ]
/QV
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7 o “ O “
\e) 1 Q9 v
/Q‘ /Q. o o
3¢ ro log1ov/Qx
Superradiance, 09.05.2018 PCIUI Tiede

Pirsa: 18050029 Page 103/105



‘f““ - vr(r()) ) a(r());
ry = 10M
rg =7M

Spot parameters:

1. BH spin

6. Initial radius

8. Infall velocity

‘vfr ;

M © 7
c o
o~
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’ @ w02 Much left to do!
@
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* First horizon-resolving black hole images are
immanent.

* These provide many different potential handles
on the spacetime structure:

Apparent (Event?) horizons

Photon rings — generic 10% (or better)
Astrophysical modeling — sub-percent precision
Many forms of variability (flares, polarization,

)

* We have built an extensible EHT analysis .
framework, capable of rapidly including and \J
constraining additional models.

-> Alternative spacetimes needed!

Superradiance, 09.05.2018
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