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Abstract:

There are now multiple direct probes of the region near black hole horizons, including direct imaging with the Event Horizon
Telescope (EHT). As a result, it is now of considerable interest to identify what aspects of the underlying spacetime are
constrained by these observations. For this purpose, we present a new formulation of an existing broad class of integrable,
axisymmetric, stationary spinning black hole spacetimes, specified by four free radial functions, that makes manifest which
functions are responsible for setting the location and morphology of the event horizon and ergosphere. We explore the size of
the black hole shadow and high-order photon rings for polar observers, approximately appropriate for the EHT observations of
M87*, finding analogous expressions to those for general spherical spacetimes. Of particular interest, we find that these are
independent of the properties of the ergosphere, but does directly probe on the free function that defines the event horizon.
Based on these, we extend the nonperturbative, nonparametric characterization of the gravitational implications of various

near-horizon measurements to spinning spacetimes. Finally, we demonstrate this characterization for a handful of explicit
alternative spacetimes.
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No Hair Theorem

black holes have no hair!

maximal set;

{M'y a.’, Q}' wheeler: no-hair theorem

» EHT data for M87 and Sgr A*

» Constraints — the possible
deviations.

How to quantify these deviations? |

Alternatives?

strong underlying assumptions

impose strong limits on the interpretation
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We need
a Non-perturbative and non-parametric
framework to describe/compare near
horizon tests

Symmetries :

dt

Simple Case g =>E= i
@

| Op =L = Ty

Spherically Symmetric and
Static Spacetime

A general spherically symmetric static :

B(r)?
2 = R AR L Y o
ds N(r)=dt +N(r)2dr + r<dQ
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Photon Circular Orbit

= —

2 — {242 4 BXY 4 o .2
ds< = —N(r)-dt +—N(r).‘,_d? + r<dfl

rearrange:
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Where,
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Taking a derivative

!

Solving simultaneously :

?']_;
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e shadow size is :

1 3.
Y N'(r) N is always positive

by assumption
Shadow exist = N' > 0

Reminder g, (1) = =N?(r)

N>0 N' is always positive since negative N' had
N<O . been excluded by the shadow existence

Choose N >0

a
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Multiple Photon Ring

b=b, +6b

it =+ |, 6r + 0(8r?)

1, =0

How strongly lensed light creates a photon ring. Credit: Center for Astrophysics,
Harvard & Smithsonlan

VIR

Defterennt shuten puatha create yers of kgt Credt George Yorg (URC) and Michaed Jonwson ICWA)

Or = drgexp (%(0)
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Observing Lyapunov Exponent

Rm+2=Rmi1 _ e~V

Black Hole Shadow Rm+1 _Rm
Rm: radius of the m/2 subsequent photon

n=2

Photon Ring

RS

Full Image
Black Hole
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N — N'diagram

* Reminder

N is always positive
Shadow size: by assumption
1

=N

Lyapunov exponent:

N3/2 N’ is always positive since negative N' had
Yy =7 i been excluded by the shadow existence

NI

-100 =075 =050
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N — N'"'/B? diagram ..

+ Reminder

Shadow size:

U
Y—N'(Tr)

Lyapunov exponent:

N3/2 _NH
N’ B?

1

N
thus = B2 >0

1/ s

N is always positive
by assumption

Stable photon rings are excluded by the shadow
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General Spherically Symmetric and Static

g

Non-perturbative and non-parametric

<

N — N’ diagram N — N" /B* diagram

\ 4

different spherically symmetric spacetimes
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v)

Ne(r,

Metric Expansions
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0.00

No Shadow
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Alternative Spacetimes
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N — N /B? diagram

)/ B

N"(r.
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0.0

0.1 4

0.3

—-0.4

Stable ‘Jhoton Orbits

)/ B*(r.,

N"(r.

0.1
Stable Photon Orbits
0.0
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Summa ry arXiv:2311.01495

+ anon-perturbative and non-parametric framework to describe/compare near horizon tests.

+ Shadow size measurements:
1

b'n‘ = [
YT NG)

* Relative radii of the subsequent photon rings:

T - NS |—N" al’
‘m+2 Tm+1 _ !,_]_, , }, S— | d 2[\1 ()
Rins1 — Ry -

For spherically symmetric and a general class of axisymmetric spacetimes.

» Compare them to other horizon scale tests of GR such as GW.
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Relaxing our conditions

General Spherically Symmetric and Static Spacetime — General Axisymmetric and Stationary Spacetime

|

Integrability
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General integrable Axi-Symmetric

and Stationary Spacetime

- N2 — a?F?sin” @

. [r — a?F sin® §)2
. B?

Grr = EAFE

9oo =

3
Gos = Lsin® 0
Gt = Yasin? @

Where,

¥ =1r?+a*cos® 0 + f(r),

Regular black hole metric with three constants of motion

Tim Johannsen'

al-wave s

e in the vicinity of
wetrics to compact objects that do not

-like metrics
Separable Action = Carter constant.

General way to have a modified Carter Constant

Q=C- (L, — aE)?,

Where,
. 1 : i iy
C =aTp [,4;1(0)[): — aA4(0)E sin”® f')]
Fid : LA
+u° [u“ cos? 0 + g(0)] + Ag(6) ((,. ”)

= 2 ag
15/22
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i = #(n )+ i¥'(n,)6r = 87 = ¥'(r,)dr

dr=e“*éry

E? (—N”(ry)) n? A(r)

=W"r) B2 (1) T, _2M

z
1—?_—

Shadow Size

B, =Vata=

N ’(ry)
Photon Circle Radius
= N (Ty)
N '(ry)

where K(k) is the complete elliptic integral of the first kind.
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N — N'diagram
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N(r,

0.6

= Kerr-Newman
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V — N''/B? diagram

0.1 0.16
Hayward
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l—omo —00

alating Black Hole Shadow to Quasinormal Modes for Rotating Black Holes Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott e al.”
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