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Roberto Giambò (UNICAM, INFN) Beyond the shadow SIGRAV 2021 1 / 20



EHT,...



beamer-tu-logo

Outline

1 Motivations
Black hole at the galactic center

2 Spherical toy models
Photosphere ̸⇒ horizon
Shadow ̸⇒ photosphere

3 Nonspherical examples
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Motivations Black hole at the galactic center

The nature of the shadow

The EHT Coll et al 2019 ApJL 875:L1

images through VLBI (H Falcke et
al, 2000 ApJL 528:L13 )
library of solutions to GRMHD
eqn (e.g. C F Gammie, J C
McKinney and G Toth 2003 ApJ
589:444, O Porth et al 2019 ApJS
243:26)
Tµν = Tµν

fl + Tµν
EM

Tµν
fl = (ρ+ u + p)uµuν + pgµν

Tµν
EM = FµαF ν

α − 1
4 gµνF
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 VLBI: global very long baseline interferometry array. GRMHD: turbulent, hot, magnetized disk orbiting a Kerr black hole. u internal energy
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Motivations Black hole at the galactic center

The nature of the shadow

Man–in–the–street version
a black hole surrounded by a event horizon
(singularity ⇒) horizon ⇒ photon sphere (ring) ⇒ shadow
anticipated by nicely fitting computer simulations for supermassive BH
(e.g. H Falcke et al, 2000 ApJ 528:L13; M Mościbrodzka, H Falcke and H
Shiokawa, 2016 A&A 586:A38)

Question
Are there alternatives to this scheme?
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sharp-edged dip in brightness (projection of the BH unstable photon region on the observer's sky)
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Motivations Black hole at the galactic center

The nature of the shadow

The EHT Coll et al 2019 ApJL 875:L1
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remember: also BH were considered 'exotic' once!
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Spherical toy models Photosphere ̸⇒ horizon

Photon sphere without event horizon

Static models

g = −A(r)dt2 + dr2

1− 2m(r)
r

+ r2
(
sin2 θdφ2 + dθ2

)
P S Joshi, D Malafarina and R Narayan 2011 CQGra 28:235018

vanishing radial pressure (⇒ matching with Schwarzschild exterior)

g = −(1 − M0)

(
r
rb

)M0/(1−M0)

dt2 +
dr2

1 − M0
+ r2dΩ2

ρ = M0/r2

M0 < 1 ⇒ no horizon

Roberto Giambò (UNICAM, INFN) Beyond the shadow SIGRAV 2021 8 / 20



Actually M0<4/5 so that speed of sound is not superluminal
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Actually M0<4/5 so that speed of sound is not superluminal
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Spherical toy models Photosphere ̸⇒ horizon

Photon sphere without event horizon

Key feature

regular matching with Schwarzschild
exterior is always possible for
spherical models when pr = 0

R Shaikh, P Kocherlakota, R
Narayan and P S Joshi 2019
MNRAS 482:52

if Mtot/rb is sufficiently large ⇒ ∃
unstable photon orbits (due to
Schwarzschild exterior)
M0 ≥ 2/3 ⇒ ∃ photon sphere

C Bambi 2013 PhRvD 87:107501
Shadows and images of emission
nearby region are Schwarzschild–like.
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BAMBI: Accretion gas in radial free fall (different accretion models changes the shadow!!see Narayan, Johnson and Gammie 2019 ApJL 885:L33)
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BAMBI: Accretion gas in radial free fall (different accretion models changes the shadow!!see Narayan, Johnson and Gammie 2019 ApJL 885:L33)
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Spherical toy models Shadow ̸⇒ photosphere

Shadow without photon sphere

Photon sphere existence

Let us consider again

g = −(1 − M0)

(
r
rb

)M0/(1−M0)

dt2 +
dr2

1 − M0
+ r2dΩ2

M0 < 2/3 ⇒ no photon sphere (and no shadow)

Problem
Build a singular model with shadow and without photon sphere

Roberto Giambò (UNICAM, INFN) Beyond the shadow SIGRAV 2021 10 / 20
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Spherical toy models Shadow ̸⇒ photosphere

Shadow without photon sphere
P S Joshi et al 2021 PhRvD 103:024015

Start from g = −A(r)dt2 + dr2

1− 2m(r)
r

+ r2
(
sin2 θdφ2 + dθ2

)
Null geodesic equation is

A(r)
ℓ2(1 − 2m(r)/r)

(ur )2 +
A(r)
r2 =

ϵ2

ℓ2

the profile of Veff (r) := A(r)/r2 ⇒ info on photosphere and shadow

Roberto Giambò (UNICAM, INFN) Beyond the shadow SIGRAV 2021 11 / 20
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JMN model with photon sphere

r

Veff (r)

rbrph

JMN (M0 ≥ 2/3) Schw
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r
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Spherical toy models Shadow ̸⇒ photosphere

Shadow without photon sphere

An explicit example

g = −
(

1 +
M
r

)−2

dt2 +

(
1 +

M
r

)2

dt2 + r2dΩ2

Kerr-Schild metric (anisotropic generalization of deSitter ρ+ pr = 0, RG

2002 CQGra 19:4399) where m(r) =
r(M2+2Mr)

2(M+r)2 .

Singular solution without horizon
Veff =

1
(M+r)2 (⇒ Veff (0) ∈ R, V ′

eff (r) < 0)

strongly naked singularity (K S Virbhadra and G F R Ellis 2002 PhRvD
65:103004)
light bending divergence difference wrt JMN model (S Paul 2020 PhRvD
102:064045)
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Spherical toy models Shadow ̸⇒ photosphere

Shadow without photon sphere

P S Joshi et al 2020 PhRvD 102:024022
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Nonspherical examples

Shadow of double Schwarzschild

The Bach-Weyl model (1921, repr. GReGr (2012) 44:817)

Weyl metric gW = −e2Udt2 + e−2U
(
e2K [dρ2 + dz2] + ρ2dφ2

)
∆E3U(ρ, z) = 0 (dsE3 = dρ2 + ρ2dφ2 + dz2)
Kρ = ρ(U2

ρ − U2
z ), Kz = 2ρUρUz

e2U = γ1γ
−1
2 γ3γ

−1
4

γk =
√
ρ2 + (z − ak )2 + ak − z, a1 < a2 ≤ a3 < a4

The spacetime has a conical singularity between the two horizons

P Cunha et al 2018 PhRvD 97:084020
shadow representation techniques from A Bohn et al 2015 CQGra
32:065002
shadow is insensitive to change in event horizon geometry

Roberto Giambò (UNICAM, INFN) Beyond the shadow SIGRAV 2021 15 / 20



The sphere is divided into 4 quadrants and the sphere grid is projected on the plane. In particular, the shadow does not 'see' the conical singularity, its profile is similar to a binary system one
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Nonspherical examples

Shadow of the q-metric

H Quevedo 2011 IJMPD 20:1779

Apply U → (1+ q)U, K → (1+ q)2K to the Weyl metric when gW = gSchw

g = −
(
1 − 2m

r

)1+q
dt2 −

(
1 − 2m

r

)−q ·

·
[(

1 + m2 sin2 θ
r(1−2m)

)−q(2+q) ((
1 − 2m

r

)−1
dr2 + r2dθ2

)
+ r2 sin2 θdϕ2

]
static spacetime with quadrupole moment and MADM = m(1 + q)
∀q > −1 ⇒ singularity at r = 0 (naked if q ̸= 0)

J A Arrieta-Villamizar et al 2021 CQGra 38:015008
shadow exists though the singularity is naked
correlation between shadow and repulsive gravity regions (O Luongo and
H Quevedo 2014 PhRvD 90:084032; RG, O Luongo and H Quevedo
2020 PDU 30:100721)
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Roberto Giambò (UNICAM, INFN) Beyond the shadow SIGRAV 2021 16 / 20



beamer-tu-logo

Nonspherical examples

Shadow of the q-metric

Shadow representation

J A Arrieta-Villamizar et al 2021 CQGra 38:015008
shadow exists though the singularity is naked
correlation between shadow and repulsive gravity regions (O Luongo and
H Quevedo 2014 PhRvD 90:084032; RG, O Luongo and H Quevedo
2020 PDU 30:100721)
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Nonspherical examples

Photon rings in rotating spacetime without horizon

Rotating models with variable mass

Apply Janis–Newman algorithm to Kerr-Schild metric
Same Boyer–Lindquist form as Kerr, with m = m(r)
Special cases:

m(r) = M
(

r2

r2+g2

)3/2
rotating Bardeen BH (Z Li and C Bambi 2014 JCAP

01:041)
m(r)= M(2Mr−Q2)r3

2Mr4+g3(2Mr+Q2)
rotating charged Hayward BH (R Kumar, S G Ghosh

and A Wang 2019 PhRvD 100:124024)
m(r) = Me−g2/2Mr regular charged model with a nonlinear electric source (S
G Ghosh 2015 EPJC 75:532)

R Kumar and S G Ghosh 2021 CQGra 38 085010
photon ring existence wrt parameters of the solutions
photon rings may exist also in absence of a horizon (unlike superspinar
Kerr m = const .)
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Nonspherical examples

Singularities and Horizons

Does geodesical incompleteness...

The formation of trapped surface implies BH existence, in the sense that
M \ J−(I+) ̸= ∅.

...imply the spacetime is singular?

Does (M,g) admit a singular boundary?
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BH: events causally disconnected from future null infinity
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Nonspherical examples

Singularities and Horizons

Answer: no, in general! Counterexample: Kerr

There exist Cauchy horizons ⇒ Kerr maximal analytic extension is larger than
Kerr maximal Cauchy development

r
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0 r
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The Cauchy horizon is the inner horizon r=M-M2-a2 Stability would imply SCC false (but probably CHor is a weak null singularity) 
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Kerr extension beyond CH+ is not unique!

Problem
Is Kerr Cauchy horizon stable?
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Conclusions

Recap and perspectives

Very rich picture of correlations between theoretical features and
observables
experimentally probing gravity in its strongest regime⇝ clues to better
understanding (horizons, naked singularities, repulsive gravity,. . .)
Improving directions: weakening symmetries (rotating objects), enriching
dynamics (collapsing objects)
Future images of shadows will provide tests for fundamental physics and
exotic objects to extend “the edge of all we know”
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