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Abstract: Recent horizon-scale images of Messier 87* and Sagittarius A* have been used to demonstrate that their spacetimes are well-described by
the Kerr metric. The latter is a solution to the vacuum Einstein equations of general relativity, and is used to describe spinning black holes. While of
fundamental importance, it has undesirable features such as a spacetime singularity or a Cauchy horizon. To find phenomenological resolutions of
such features, using observations, studies of astrophysical processes in non-Kerr spacetimes have recently gained prominence. We will begin by
briefly reviewing the current status of observational constraints on such alternatives. We will then demonstrate how future observations of the
"photon ring" can grant access to new observables that will refine our physical understanding of strong-gravity. We will end by sketching how,
using state-of-the-art numerical simulations, the energetics of relativistic outflows (jets) is universally described by a simple electromagnetic
Penrose process (the Blandford-Znajek mechanism).

Zoom link TBA
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Outline

[1] Measuring spacetime using black hole (BH) imaging: Current Status & Future Prospects

Kocherlakota, Rezzolla, Roy, Wielgus, 2024a, b
We have now constructed a library of simulations that realistically model hot accretion onto non-Kerr BHs

Chatterjee et al., 2023 a,b

[II] Observable differences between simulated images of Kerr and non-Kerr BHs

Accreting BHs can produce relativistic outflows or jets BEUBHIE Space Telescope, 1998

[I11] Jet power of a non-Kerr BH
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The Era Of Stron g GraVity Observation of Gravitational .\-\."aves from a Binary Black Hole Merger
Observations e

Consistency with General Relativity (GR) ) oy gt bl i bl

ylor and Weisbes | demo m\lmlrd
This d

< bt 6 18 Abbott et al. (LIGO, Virgo), 2016

ves would enable

strong-field regime.

First M87 Event Horizon Telescope Results. 1.

f : . The Shadow of the Supermassive Black Hole
Deeper dive into strong-field gravity

The Event Horizon Tele

(See the end matter for the full list of authors.)
vl 2019 March 1; 20019 March 12; 19 March 12; 2019 April 10

Abstract

‘When surrounded by a transparent emission region, black holes are expected to reveal a dark shadow caused by
itational light bending and photon capture at the event horizon. To image and study this phenomenon, we have

alibration and imaging
out in different L

from a p] sma rotating
the speed of light around a bl:n.k hole e campa.re our imagy an ex e library of ry-traced geneml reluu
magnetoh; d.md}'nfmm simul s of black holes and derive a central mass of M = (6.5 + 0. 7) % 10° M.... Our radio-
ons thus provide powerful evidence the presence of superm; 'k hols ente: galax
and as the central engines of active galactic nuclei. They also present a new tool to explore gravity in its most extreme
limit and on a mass scale that was so far not accessible.

EHTC M87* Paper [, 2019
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The Larger Context: Gravity Experiments across Scales

s" Shapiro

Orbit

h y . - .
Cassini Shapiro

Earth-Moon

Cassini Orbit

) CMB Peaks
hk
B) Clusters

107° 10~ 10~ 107
Gravitational potential €

EHTC Sgr A* Paper VI, 2022
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GW:s from merger of stellar mass objects

Images of supermassive objects

GWs: Dynamical spacetimes,
Radiative aspects of gravity

Images: Stationary spacetimes,
motion of plasma
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The Kerr Metric

The Kerr metric is a stationary, vacuum solution of GR

Can be read off from the line element:

: 2F 2F 9 IT . g X
ds? = gaﬁdx“dxﬁ = - (1 - E) dr? - QEa sin” ¥ drde + 3 sin? # de? + Zdrz + X di?

2F (r) = A':Ir
A(r) =r? = 2Mr + a?
X(r,®) =r?+a?cos® 9

II(r,?) = (r* + a®)? - A(r)a®sin® ¢

M is the mass
a 1s the specific angular momentum (a=J/M)
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The Kerr Metric

The Kerr metric is a stationary, vacuum solution of GR

Can be read off from the line element:
; 2F 2F ; II . ; b IT
ds? = gaﬁdx“dxﬁ =— (1 - E) glit?-= QEa sin? ¢ detde + 5 sin? ¢ dcp2 + Zdr2 + X do?

FEinstein equations
2F(r) = Mr

.. 9 . _‘3 =
_A(r) d ‘M’ iy ?uv(ﬁaﬁ) = Juy
X(r,®) =r? +a?cos® 9

M is the mass
a 1s the specific angular momentum (a=J/M)

I(r,?) = (r* + a®)? - A(r)a®sin® ¢ )
Spacetime Einstein Tensor

Spacetime Metric Tensor

Matter Energy-Momentum-Stress Tensor

The Kerr metric describes black holes (BHs) when a <= M
The zero-spin (a=0) Kerr BH is the Schwarzschild BH
©Z7 QDO
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Kerr BHs are Structurally Simple

Outer event horizon
re=m+ vm? — a2

Inner event horizon

r— =m—vm

Outer ergosurface

+ g
rg =m+vm? —a? cos? 8
Inner ergosurface

rz =m—+vm? —a? cos?f

Ring singularity Ergoregion

24y =a?and z =
By tests of GR, we actually mean
tests of the Kerr BH metric

Symmetry axis § = 0,7

Visser, The Kerr Spacetime, 2008

A very special metric indeed:
Everything determined by M and a: “Kerr black holes have No other hair”
(In particular, all higher-order multipoles of the metric are also set by M and a)
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Some reasons to consider Alternatives: Solution Metrics

But they have problematic interiors:

[1] They contain a spacetime singularity

[2] The singularity can send signals to observers present inside the inner horizon
[3] Their inner horizon is unstable

[4] Interior is not stationary
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Some reasons to consider Alternatives: Solution Metrics

Phenomenological Modifications:

Ty . AR

gpv(gaﬁ) =

BHs without
singularity

BHs with
matter
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Some reasons to consider Alternatives: Solution Metrics

Phenomenological Modifications:

BHs without
singularity
String Theory

l\ dynamical Cherns-Simons
BHs with (O/) Einstein-Gauss-Bonnet
ke Conformal Weyl
Scalar-Tensor

BHs without
inner horizon
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Some reasons to consider Alternatives: Parametrized Metrics

Parametrized BH metrics are designed to perform agnostic tests of deviations from the Kerr metric
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Konoplya-Rezzolla-Zhidenko

Rezzolla and Zhidenko, 2014
Konoplya, Rezzolla, Zhidenko, 2016
Kocherlakota and Rezzolla, 2020

Johannsen-Psaltis

Johannsen and Psaltis, 2011
Johannsen, 2013
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Some reasons to consider Alternatives: Parametrized Metrics

Parametrized BH metrics are designed to perform agnostic tests of deviations from the Kerr metric

If you interpret them as solutions to GR, they must have some nonzero matter content

v (Gap) =Ty

Konoplya-Rezzolla-Zhidenko

Rezzolla and Zhidenko, 2014
Konoplya, Rezzolla, Zhidenko, 2016
Kocherlakota and Rezzolla, 2020

BHs with Johannsen-Psaltis

matter
Johannsen and Psaltis, 2011
Johannsen, 2013
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General Spherically-Symmetric Black Holes

/—— Schwarzschild:
8(r) (N =1-22; g)=1; RO) =r

ds? = —f(r)de® + mer + R*(r)dQ3 f

Solving for photon orbits is extremely simple since they have four conserved quantities:
Rest-Mass; Energy; Azimuthal Angular Momentum; Total Angular Momentum

Reminiscent of the Kepler problem.
Indeed, all particles (incl. photons) move on planar orbits
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General Spherically-Symmetric Black Holes

Schwarzschild:
g(r) /— IM

ds? = —f(r)de® + mer + R?*(r)dQ2 fr)=1-—=; g(r)=1; R(r)=r

Solving for photon orbits is extremely simple since they have four conserved quantities:
Rest-Mass; Energy; Azimuthal Angular Momentum; Total Angular Momentum

The impact parameter of the photon is simply the ratio of these quantities

Photons can move on circular orbits, at the photon sphere.
The radius and impact parameter of such a photon:

I\[e]ZNsle)o Wl Rrs = R(rps)
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General Spherically-Symmetric Black Holes

/—— Schwarzschild:
g(r) M

ds? = —f(r)de® + mdr2 + R*(r)dQ3 fr)=1- 2)— g(r)=1; R(r)=r

Solving for photon orbits is extremely simple since they have four conserved quantities:
Rest-Mass; Energy; Azimuthal Angular Momentum; Total Angular Momentum

The impact parameter of the photon is simply the ratio of these quantities

Photons can move on circular orbits, at the photon sphere.
The radius and impact parameter of such a photon:

I\[e]¥Nale)s Wl Rrs = R(rps)
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Connection between the Emission Ring & the Shadow Boundary

6 8 10
Impact Parameter (M)

Ozel, Psaltis, Younsi, 2023
Schw. [em.1]

EMd—1 BH

Kocherlakota & Rezzolla, 2022
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First M87 Event Horizon Telescope Results, VI.

MS8T7* ApI‘il 1 1, 2017 : The Shadow and Mass of the Central Black Hole

The Eveat Horizon Telescope Co
atier for the full I

black hole parametet

ComsISiency among al'\ m1l|ods .:nd data sets. We find that
Kerr Black Hole e N

vidence of the predicled sl
strain its fractional U\l‘k" w0 hc
ol 2

50 s IO e

Higher-Order Mm_an
Post-Newtonian Parameters

Rezzolla," Hmnn Fa

Alternative

* GR black hole models
theories of gravity
non-BH models

jects has recently improved thanks to

black holes.
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April 7, 2017

50 pras =~ 106,

Higher-Order
Post-Newtonian Parameters

Alternative

*  GR black hole models
theories of gravity
non-BH models

@2 _QEIOO
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Future Black Hole Imaging: The Photon Ring

[Credit: Abhishek Joshi] [Credit: Vedant Dhruv
L I
i

e n I
A sample movie of a simulation of Effect of viewing angle
hot accretion onto a Kerr black hole

Composition of higher-order images of the entire accretion flow

Y AN=[n oIS
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George Wong and Michael Johnson

Johnson et al., 2020

Page 20/50




Observer

Higher-Order Images :AL

Hot blob of gas
Black hole

Bardeen, Press, Teukolsky, 1972
Luminet, 1979

Gralla, Holz, Wald, 2019
Johnson et al., 2020
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Observer

Higher-Order Images

= (ﬁobs - T-‘}emit) mod 27 Aﬁ = ﬁobs - ﬁemit = —ﬁemit

— Pemit mod 27

Hot blob of gas
Black hole

Bardeen, Press, Teukolsky, 1972
Luminet, 1979

Gralla, Holz, Wald, 2019
Johnson et al., 2020
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Observer

Higher-Order Images

Aﬁ' = (ﬁobs - ﬁemit) mod 27 A'ﬂ = ﬁobs - ﬁemit = _ﬁemit
— Pemit mod 27

Increasing deflection in the

following order:

(') 0)’ (+1 1)3 ('1 1); (+a2) Hot blob of gas
Black hole

Replace this by n, 1.e.,

< — —
( ; 0) a 0 Bardeen, Press, Teukolsky, 1972
(+,1)— n=1 Luminet, 1979

(', 1) —3 Il=2 Gralla, Holz, Wald, 2019
Johnson et al., 2020

CYANwISIO)
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Higher-Order Images:
Schwarzschild BH

n = 0 photons

<
=,
£~

-

rsind [M]
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Higher-Order Images:
Schwarzschild BH

Pirsa: 24030113

T

n = 0 photons

~

-

n = 2 photons

r

n = 4 photons

0
rsind [M]

0
rsind [M]

0
rsind [M]

n = 1 photons

n = 3 photons

n = 5 photons

rsind [M]

rsind [M]
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Higher-Order Images:
Schwarzschild BH

Region on the image plane
collecting all higher-order
images: Photon Ring

Bardeen, Press, Teukolsky, 1972
Luminet, 1979

Gralla, Holz, Wald, 2019
Johnson 2020

0
rsind [M]
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Kocherlakota et al., 2024a

The Photon Ring & Universal Relations

Due to extreme-lensing at the photon shell s
A% ~ ——— In|7|
YPS

To link the image radii of different order ASy1 — A, =1
images, notice that (equatorial source)

The time delay between the appearance of these images is

Lensing Lyapunov Exponent

T
Atn+1 - Atn X~ 1q;ps = Nps =

QPS Orbital angular velocity
of circular photon orbit

also:
Bozza and Scarpetta, 2007
Gralla, Holz, Wald, 2019
. Johnson et al., 2020
ShadOW Slze! Gralla and Lupsasca, 2020
Broderick, Salehi, Georgiev 2023
Salehi, Broderick, Georgiev 2024

Pirsa: 24030113 Page 27/50




Kocherlakota et al., 2024a

The Spacetime Critical Parameters

Metric %dﬂ + R?*(r)dQ3

Photon Sphere &
Shadow Radius

Lensing Lyapunov
Exponent

Phase-Space
Lyapunov Exponent
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Kocherlakota et al., 2024a

The Spacetime Critical Parameters

Metric ds? = —f(r)ds® + &dﬁ + R?(r)dQ?2

f(r)

Photon Sphere &
Shadow Radius

Lensing Lyapunov
Exponent

Phase-Space
Lyapunov Exponent
— r(0)=rps

— r(0)=rps+A E
Lyapunov Time .pg 1= ———— T — Fo0 295 300 305
r [M]

©7aBIOBG
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Kocherlakota et al., 2024a

The Spacetime Critical Parameters

Metric @dﬁ + R?(r)dQ?2

f(r)

Photon Sphere &
Shadow Radius

Lensing Lyapunov
Exponent

Phase-Space
Lyapunov Exponent

Lyapunov Time

Alternative Path to obtain

Lensing Lyapunov Exponent REE:
@7 BBOE
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Kocherlakota et al., 2024a

The Spacetime Critical Parameters

Schwarzschild
Metric %dr2+R2(r)dQ§ f(r) :1—2TM; g(r)y=1; R(r)=r

Photon Sphere &

Shadow Radius res =3M; nps = ‘\/ﬁM

Lensing Lyapunov

=n
Exponent ’}’PS"

2
Phase-Space 22 g i kps = 1/(V3M)

Lyapunov Exponent

Lyapunov Time . PS ‘& T le.ps = V2TM

Cardoso, Miranda, Berti, Witek, and Zanchin, 2009

Alternative Path to obtain ld;Ps _ ~ ( 1 ) ( 1)( | )
CUQNPV[—I — | -1l|p+ - || —

Lensing Lyézfmnov Exponent REAH Sriaeppiauit npPs 2
©7 QIJE)

Ie;PS
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Higher-Order Images of Hotspots:
The Delay Time

Flaring events associated with Sgr A* modeled as a hotspot

49.8 i ;
( 0.0003 & ot N
37.4 - > \ 5
12.5 Ny 0.0002 ; \
0.0 . = e |;Ph.~'-}:’| = 24 mly
u |pllsp.[11 =32 I'Il-l}'
-12.5 ) |Pi'-‘-$-’-1| = 10 mJy
sasg L 0.0001 - A
T (pas)

314 Wielgus et al., 2022
-49.8

§9.837.424.912.5 0.0-12.524.937.449.8 -0000
Relative RA (uas)

y (uas)

—
7o
3
-
—~

e
-

a
v
-

=

—

=
kP

(a4

Wong, 2021

Ball et al., 2021
Wielgus et al., 2022
Vos et al., 2022

= Emami et al., 2023
u | I —— Vos et al., 2023

@ /T@@sd’:‘ @(@lakuta, P. Tiede, D. Chang, K. Chatterjee Yfantis et al., 2023
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From the Delay Time to the Shadow Size

Deviation from Characteristic Delay Tn:ne ________ Delay Time Approximation

Aty _
2m—B)V2TM

,_.
'
—
=

.
=)

Radial Location, r, [M]

2
o~y
=]
2
-
@
o
S
=
=
3

R Y Y A AT AT VL

—— 020

] 20X
0.00

0 0.7 0.50_ 0.75
Anula.r Location, . || Anlar Location, ¥, |

-0.4 -0.2 0.0 0.2 ).6 ). -0.2 0.0 0.2 0.4 0.6 0.8

Kocherlakota, Rezzolla, Roy, Wielgus 2024b
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Higher-Order Images of Accretion Flows: The Lensing Lyapunov Exponent

[Credit: Abhishek Joshi]

A sample movie of a simulation of
hot accretion onto a Kerr black hole

Pirsa: 24030113

[Credit: Vedant Dhruv

{

Effect of viewing angle

George Wong and Michael Johnson

Johnson et al., 2020
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Higher-Order Images of Accretion Flows: The Lensing Lyapunov Exponent

[Credit: Abhishek Joshi] [Credit: Vedant Dhruv . George Wong and Michael Johnson

p

A sample movie of a simulation of Effect of viewing angle Johnson et al., 2020
hot accretion onto a Kerr black hole

‘We saw for point sources:
3 Nnsl —NPS
Nn — NIPS

Johnson et al., 2020
Now for extended sources:

dn+l - dsh .

d,—dy, = w
QEINO0G) n sh n
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Kocherlakota et al., 2024a

Late Time Luminosity Behavior of an Infalling Gas Cloud:
The Lyapunov Time

Consider a star falling radially into a Schwarzschild BH
Its late-time luminosity decay is governed by the Lyapunov Time

This should also apply to a gas cloud falling into a BH

Moriyama, Meneshige, Honma, Akiyama (2019)
—  Star

Beamn

Cardoso, Duque & Foschi (2021)

©7 QEOOE
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Measuring Spacetime
with Critical Parameters

dsh
dsh;Schw \/EM

Or= ———— -1 =
! tﬁ;pS;Schw \/277M

Sy = OJLS—I _ /PS5 _

Y¢;Schw

Pirsa: 24030113

5= %sh 4 _ _fIPS

le-PsS te-PS

ay [Appears at 1PN Order]

a; [Appears at 2PN Order]

ay [Appears at 2PN Order]

= i,rl._.-/v'Q_TM -1
& = trps/VZTM - 1

& =mp/V2TM -1
teps/ V2TM - 1

8y = ypsfm =1

by [Appears at 1PN Order]

Oy = Ypaf T
0
€ [Controls Horizon Size]
7 P
% %

Lyapunov Time &

Lensing Lyapunov Exponent &8

Access rr—Metric Component

6=0

= tp.ps/ V2TM - 1

6y = ypgfr—1

0
by [Appears at 0PN Order]
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Black Holes from String Theory

These black hole spacetimes contain a scalar field (dilaton), a pseudoscalar field (axion), and
an electromagnetic ﬁeldh. Described by (M, a, D). Sen, 1992

Metric:

oOF . IT > 0
ds? = gapdx®dxf = - ( ) dr? - 25-a sin? ¢ dede + = sin? ¢ dg? + Kdr? + X do?

2F(r) =2Mr
A(r) =r% = 2Mr + 2Dr + a2
X(r,3) =r2+2Dr +a®cos’ ¢
(r,¥) = (r2 + 2Dr +a®)? — A(r)a?sin? ¢

[3] Chatterjee et al., 2023a

Dilaton-Axion BH: Sen (1992) solution

Nonspinning Limit: *In our simulations, accreting matter
Dilaton/GMGHS BH: Gibbons & Maeda (1988); Garfinkle, Horowitz & Strominger (1991) .
: FEES “feels” only the spacetime geometry.

©7QEODEE
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Spinning Stringy “Dilaton-Axion” Black Holes

Magnetically-Arrested Disk (MAD) simulations
Chatterjee et al., 2023a

-
Schwarzschild nEx. Dilaton Schwarzschild

nEx. KS D=M /’E‘ Kerr a, =1/2 nEx. KS D=M/2
.

Nonspinning;

Mizuno et al. (2018)

B ] G'r . . Fromm et al. (2022)
230 GHz specific intensity Roder et al. (2023)

Pirsa: 24030113 Page 39/50




We can tell the difference between black holes from GR and String Theory!

Simulations

Reconstructions

non-Kerr

o~
e
—
@
i
=
—
«
—
o,
g
[ *]
—
o2
o
P}
=
—
=
an
=
/M

Kerr black hole
(simulation)
non-Kerr black hole
(simulation)

Kerr black hole
(reconstruction)

non-Kerr black hole
(reconstruction)

-20 —10 0
Image position (tas)

Thanks to Paul Tiede and Dom Pesce (Center for Astrophysics) for reconstructions

©Z7QEHDE
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Johannsen-Psaltis
Parametrized BHs

alpha_13 tunes the size of the shadow

alpha_22 tunes the quadrupole moment

Chatterjee et al., 2023b
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Outline

[1] Measuring spacetime using black hole (BH) imaging: Current Status & Future Prospects

Chatterjee et al., 2023 a,b

[1I] Observable differences between simulated images of Kerr and non-Kerr BHs

S Hubble Space Telescope, 1998

[III] What sets the jet power of a non-Kerr BH?
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Jets powered by Kerr BHs: The Blandford-Znajek Mechanism

il

Blandford and Znajek, 1977
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Jets powered by Kerr BHs: The Blandford-Znajek Mechanism

ol

. i Blandford and Znajek, 1977
Horizon Magnetic Flux
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Jets powered by Kerr BHs: The Blandford-Znajek Mechanism

w/lom

'E Better beyond a>(0.5

Blandford and Znajek, 1977

Horizon Magnetic Flux
Tchekhovskoy, Narayan, McKinney, 2010
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Horizon Magnetic Flux

202
Minimum power: 0 [Nonspinning BH]
Max. power is order of the rest-mass accretion rate o
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Horizon Magnetic Flux

Pjet o (I)ZQ%_I

Minimum power: 0 [Nonspinning BH]

Max. power is order of the rest-mass accretion rate

v 9 2 2
Pjet:Max ~ Mc*” oc @y, Qf

Jet efficiency

CYAN=[=121S)

Pirsa: 24030113

Narayan et al., 2022
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Universality of Energy Extraction

“Stringy” Black Holes
D—5M/8 ,_ TR AR Non-Kerr BHs obey the same trend!

D=6M/[8
D="T7M/8
D= 0.99511

= npz o< (Quen)

2

Johannsen-Psaltis Black Holes

Chatterjee et al., 2023b

(=] 3

7]

€3 = {6

s , \D
npz o (Qyody)”

Q| >1/2
@ (‘\. (Only non-Kerr BHs)

Outflow power efficiency n

s _‘—.’_',_
”“**-O!s,h » ._gl.;--l---'.. ]
-10 0 10
QH‘:bH

@ZQHINEE
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Conclusions

Critical Parameters may become accessible with the next generation of black hole (BH) imaging
The Delay Time, the Lensing Lyapunov Exponent, and the Lyapunov Time

These can set up new and stringent tests of the spacetime as well as of general relativity (GR)

The n=1 ring width also imposes nontrivial constraints on spacetime

Simulations in spinning non-Kerr spacetimes are now becoming possible
We have used these to show that we can distinguish between different BHs

We have studied the energetics of jets in 100 different BH spacetimes and discover universal behaviour:
The Blandford-Znajek mechanism operates in all BH spacetimes

Thanks!
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Conclusions

Critical Parameters may become accessible with the next generation of black hole (BH) imaging
The Delay Time, the Lensing Lyapunov Exponent, and the Lyapunov Time

These can set up new and stringent tests of the spacetime as well as of general relativity (GR)

The n=1 ring width also imposes nontrivial constraints on spacetime

Simulations in spinning non-Kerr spacetimes are now becoming possible
We have used these to show that we can distinguish between different BHs

We have studied the energetics of jets in 100 different BH spacetimes and discover universal behaviour:
The Blandford-Znajek mechanism operates in all BH spacetimes

Thanks!
©Z7QEOE
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