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0 Motivations
@ Black hole at the galactic center
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Motivations Black hole at the galactic center

The nature of the shadow

M87*  April 11, 2017

The EHT Coll et al 2019 ApJL 875:L1

@ images through VLBI (H Falcke et
al, 2000 ApJL 528:L13)

50 pas

Brightness Temperature (10° K)
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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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The nature of the shadow

M87*  April 11, 2017

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
egn (e.g. C F Gammie, J C
McKinney and G Toth 2003 ApJ
589:444, O Porth et al 2019 ApJS
243:26)
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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

Roberto Giambo (UNICAM, INFN) Beyond the shadow SIGRAV 2021 5/20




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

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 Moscibrodzka, H Falcke and H
Shiokawa, 2016 A&A 586:A38)
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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 Moscibrodzka, H Falcke and H
Shiokawa, 2016 A&A 586:A38)

_J

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)


Motivations Black hole at the galactic center

The nature of the shadow

The EHT Coll et al 2019 ApJL 875:L1

At the same time, it is more difficult to rule out alternatives
to black holes in GR, because a shadow can be produced by
any compact object with a spacetime characterized by unstable
circular photon orbits (Mizuno et al. 2018). Indeed, while the
Kerr metric remains a solution in some alternative theories of
gravity (Barausse & Sotiriou 2008; Psaltis et al. 2008), non-
Kerr black hole solutions do exist in a variety of such modified
theories (Berti et al. 2015). Furthermore, exotic alternatives to
black holes, such as naked singularities (Shaikh et al. 2019),
boson stars (Kaup 1968; Liebling & Palenzuela 2012), and
gravastars (Mazur & Mottola 2004; Chirenti & Rezzolla 2007),
are admissible solutions within GR and provide concrete, albeit
contrived, models. Some of such exotic compact objects can
already be shown to be incompatible with our observations
given our maximum mass prior. For example, the shadows of
naked singularities associated with Kerr spacetimes with
|ax] > 1 are substantially smaller and very asymmetric

compared to those of Kerr black holes (Bambi & Freese 2009).
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remember: also BH were considered 'exotic' once!


Spherical toy models

Outline

9 Spherical toy models
@ Photosphere # horizon
@ Shadow # photosphere
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Spherical toy models Photosphere 3 izon

Photon sphere without event horizon

Static models |

g=—A(r)at® + 2,,,, 4 <sm 6dy? + d02)
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Actually M0<4/5 so that speed of sound is not superluminal


Spherical toy models Photosphere #- horizon

Photon sphere without event horizon

Static models

g = —A(n)de + g + r? (sin? 6dis? + d6?)

v

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

@ vanishing radial pressure (= matching with Schwarzschild exterior)
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Photon sphere without event horizon

Static models

g = —A(n)de + g + r? (sin? 6dis? + d6?)

v

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

@ vanishing radial pressure (= matching with Schwarzschild exterior)
o

dr?

2 2
1_M0+rdQ

ar +

Mo/ (1)
g=-(1-M) (7)
b
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Spherical toy models Photosphere #- horizon

Photon sphere without event horizon

Static models

g = —A(n)de + g + r? (sin? 6dis? + d6?)

v

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

@ vanishing radial pressure (= matching with Schwarzschild exterior)
o

dr?

2 2
1_M0+rdQ

ar +

Mo/ (1)
g=-(1-M) (7)
b

@ p = My/r? (singularity at r = 0)
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Actually M0<4/5 so that speed of sound is not superluminal


Spherical toy models Photosphere #- horizon

Photon sphere without event horizon

Static models

g=—A(r)d + —4 + r? (sin? d? + db?
i~ 20

v

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

@ vanishing radial pressure (= matching with Schwarzschild exterior)
o

dr?

2 2
1_M0+rdQ

ar +

Mo/ (1)
g=-(1-M) (7)
b

@ p= My/r? (naked singularity at r = 0)
@ My < 1 = no horizon
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Actually M0<4/5 so that speed of sound is not superluminal


Spherical toy models Photosphere #-

Photon sphere without event horizon

Key feature

regular matching with Schwarzschild
exterior is always possible for
spherical models when p, =0
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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)


Spherical toy models Photosphere #- horizon

Photon sphere without event horizon

Key feature

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

R Shaikh, P Kocherlakota, R
Narayan and P S Joshi 2019

MNRAS 482:52

@ if Myt /1y is sufficiently large = 3
unstable photon orbits (due to
Schwarzschild exterior)
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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 p, =0

R Shaikh, P Kocherlakota, R
Narayan and P S Joshi 2019

MNRAS 482:52

@ if Myt /1y is sufficiently large = 3
unstable photon orbits (due to
Schwarzschild exterior)

@ My > 2/3 = 3 photon sphere

C Bambi 2013 PhRvD 87:107501

Shadows and images of emission
nearby region are Schwarzschild—like.
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Key feature

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

R Shaikh, P Kocherlakota, R
Narayan and P S Joshi 2019

MNRAS 482:52

@ if Mt/ 1y is sufficiently large = 3
unstable photon orbits (due to
Schwarzschild exterior)

@ My > 2/3 = 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)


Spherical toy models Shadow #- photosphere

Shadow without photon sphere

Photon sphere existence

@ Let us consider again

g=—-(1—-M) <f_b
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Spherical toy models Shadow #- photosphere

Shadow without photon sphere

Photon sphere existence

@ Let us consider again

2
ar? + _ar + r2dQ0?

@ M, < 2/3 = no photon sphere (and no shadow)

Roberto Giambo (UNICAM, INFN) Beyond the shadow SIGRAV 2021 10/20



Spherical toy models Shadow #- photosphere

Shadow without photon sphere

Photon sphere existence

@ Let us consider again

2
ar? + _ar + r2dQ0?

@ M, < 2/3 = no photon sphere (and no shadow)

Problem
Build a singular model with shadow and without photon sphere
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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)a + % + 2 (sin? 02 + a2

Roberto Giambo (UNICAM, INFN) Beyond the shadow SIGRAV 2021 11/20



Spherical toy models Shadow #- photosphere

Shadow without photon sphere

P S Joshi et al 2021 PhRvD 103:024015

® Start from g = —A(r)a + % + 2 (sin? 02 + a2

@ Null geodesic equation is

A(r)
2(1 —2m(r)/r)

€2
WP+ =7
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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)a + % + 2 (sin? 02 + a2

@ Null geodesic equation is

A(r)
2(1 —2m(r)/r)

€2
WP+ =7

@ the profile of Ve(r) := A(r)/r? = info on photosphere and shadow
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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)dt? + 2m(,) +r2 (sm fdo? + d92)

@ Null geodesic equation is

A(r)
2(1 —2m(r)/r)

A €2
(u )JF%:E

@ the profile of Ve(r) := A(r)/r? = info on photosphere and shadow

JMN model with photon sphere

eﬁ(r)

JMN (M, > 2/3)

> I

fbrbh
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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)dt? + —% + 2 (sin2 0dp? + d92)

2m(r)
1—==

@ Null geodesic equation is

A(r)
2(1 —2m(r)/r)

A(r &
WP+ =G

@ the profile of Ve(r) := A(r)/r? = info on photosphere and shadow

JMN model without photon sphere
Veff(r)

JMN (My < 2/3) ! / Schw
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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)dt? + 2m(,) +r2 (sm fdo? + d92)

@ Null geodesic equation is

A(r)
2(1 —2m(r)/r)

A €2
(u )+%:72

@ the profile of Ve(r) := A(r)/r? = info on photosphere and shadow

Verr(r) bounded and decreasing

Veerr(r)
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Spherical toy models Shadow #- photosphere

Shadow without photon sphere

An explicit example

-2 2
== (1 +¥> d? + <1 +¥) df? + r2dQ0?
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Spherical toy models Shadow #- photosphere

Shadow without photon sphere

An explicit example
o

-2 2
== (1 +¥> d? + <1 +¥) df? + r2dQ0?

@ Kerr-Schild metric (anisotropic generalization of deSitter p + p, = 0, RG

2
2002 CQGra 19:4399) where m(r) = %
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Shadow without photon sphere

An explicit example
o

-2 2
== (1 +¥> d? + <1 +¥) df? + r2dQ0?

@ Kerr-Schild metric (anisotropic generalization of deSitter p + p, = 0, RG

2
2002 CQGra 19:4399) where m(r) = %

@ Singular solution without horizon

Roberto Giambo (UNICAM, INFN) Beyond the shadow SIGRAV 2021 12/20



Spherical toy models Shadow #- photosphere

Shadow without photon sphere

An explicit example
o

-2 2
== (1 +¥> d? + <1 +¥) df? + r2dQ0?

@ Kerr-Schild metric (anisotropic generalization of deSitter p + p, = 0, RG

2002 CQGra 19:4399) where m(r) = "r2).

@ Singular solution without horizon

0 Ve = (MH (= Ver(0) € R, Vgu(r) <0)
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Spherical toy models Shadow #- photosphere

Shadow without photon sphere

An explicit example
o

-2 2
g=- (1 +Ar/’> dt® + <1 +Ar”) df? + r2dQ0?

@ Kerr-Schild metric (anisotropic generalization of deSitter p + p, = 0, RG
2
2002 CQGra 19:4399) where m(r) = %

@ Singular solution without horizon
0 Vo = (M+r (= Verr(0) € R, V/4(r) <0)

@ strongly naked singularity (K S Virbhadra and G F R Ellis 2002 PhRvD
65:103004)
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Spherical toy models Shadow #- photosphere

Shadow without photon sphere

An explicit example
o

-2 2
g=- (1 +Ar/’> dt® + <1 +Ar”) df? + r2dQ0?

@ Kerr-Schild metric (anisotropic generalization of deSitter p + p, = 0, RG
2
2002 CQGra 19:4399) where m(r) = %

@ Singular solution without horizon

Q@ Ve = (M+r (= Verr(0) € R, V/4(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

Joshi et al

10,
intensity
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-10
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x
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(c) Intensity distribution in JMN-1 spacetime. (d) Shadow in JMN-1 spacetime.
intensity
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(e) Intensity distribution in new spacetime. (f) Shadow in new spacetime.
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Nonspherical examples

Outline

© Nonspherical examples
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Nonspherical examples

Shadow of double Schwarzschild

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

@ Weyl metric gw = —e?Udt? + e72Y (e®X[dp? + dz?] + p?dy?)

Roberto Giambo (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


Nonspherical examples

Shadow of double Schwarzschild

The Bach-Weyl model (1921, repr. GReGr (2012) 44:817)
@ Weyl metric gw = —e?Udt? + e72Y (e®X[dp? + dz?] + p?dy?)

@ ApsU(p,2) =0 (dsgs = dp? + p?dy?® + dz?)
K, = p(U2 — U2), K, = 2pU, U,
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Nonspherical examples

Shadow of double Schwarzschild

The Bach-Weyl model (1921, repr. GReGr (2012) 44:817)
@ Weyl metric gw = —e?Udt? + e72Y (e®X[dp? + dz?] + p?dy?)
@ ApsU(p,2) =0 (dsgs = dp? + p?dy?® + dz?)
[ = p(Ug - U2), K, = 2pU, U,

1 —1
o eZU:’YVYz V34
w=vVPP+(Z—a)Pt+ak—z, as<a<az< as
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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


Nonspherical examples

Shadow of double Schwarzschild

The Bach-Weyl model (1921, repr. GReGr (2012) 44:817)
@ Weyl metric gw = —e?Udt? + e72Y (e®X[dp? + dz?] + p?dy?)
@ ApsU(p,2) =0 (dsgs = dp? + p?dy?® + dz?)
[ = p(Ug - U2), K, = 2pU, U,
o Y =17 "ys7; "
w=vVPP+(Z—a)Pt+ak—z, as<a<az< as
@ The spacetime has a conical singularity between the two horizons
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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


Shadow of double Schwarzschild

Shadow representatlon

P Cunha et al 2018 PhRvD 97:084020

@ shadow representation techniques from A Bohn et al 2015 CQGra
32:065002
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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


Shadow of double Schwarzschild

Shadow representatlon

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
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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


Nonspherical examples

Shadow of the g-metric

H Quevedo 2011 IJMPD 20:1779

@ Apply U — (1+q)U, K — (1 +g)?K to the Weyl metric when gy = gschw

= — — = la
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Nonspherical examples

Shadow of the g-metric

H Quevedo 2011 IJMPD 20:1779

@ Apply U — (1+q)U, K — (1 +g)?K to the Weyl metric when gy = gschw
®g——(1-2m)" g (1-2m).

r

. —q(2 _
[(1+;'(ﬁfg;9)) R (= 1dr2+r2d62)+r25in29d¢2}

r

= — — = la
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Nonspherical examples

Shadow of the g-metric

H Quevedo 2011 IJMPD 20:1779

@ Apply U — (1+q)U, K — (1 +g)?K to the Weyl metric when gy = gschw
®g——(1-2m)" g (1-2m).

r

. —q(2 _
[(1+;ﬁfgﬁn@)) R (= 1dr2+r2d62)+r25in29d¢2}

r

@ static spacetime with quadrupole moment and Mapy = m(1 + q)

= — — = HE
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Nonspherical examples

Shadow of the g-metric

H Quevedo 2011 IJMPD 20:1779

@ Apply U — (1+q)U, K — (1 +g)?K to the Weyl metric when gy = gschw
®g——(1-2m)" g (1-2m).

r

. —q(2 _
[(1+;ﬁfgﬁn@)) R (= 1dr2+r2d62)+r25in29d¢2}

r

@ static spacetime with quadrupole moment and Mapy = m(1 + q)
@ Vq > —1 = singularity at r = 0 (naked if g # 0)

= — — = lE
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Nonspherical examples

Shadow of the g-metric

H Quevedo 2011 IJMPD 20:1779

@ Apply U — (1+q)U, K — (1+ q)2K to the Weyl metric when gw = gschw
0 g=—(1-2m)"9gpE_(1_2m~9.

r

. —q(2 _
[(1+"(ﬁ_2”f’)) « +q)(( — 2m) 1dr2+r2d92)+r25in20d¢2}

r

@ static spacetime with quadrupole moment and Mapy = m(1 + q)
@ Vq > —1 = singularity at r = 0 (naked if g # 0)

J A Arrieta-Villamizar et al 2021 CQGra 38:015008

@ shadow exists though the singularity is naked

= = — = = AT
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Nonspherical examples

Shadow of the g-metric

Shadow representation

Y
W

/7

=
l"‘

77
/77
L1777

=

N

TP

[ 25
(. _
iR

i

7
(7
i

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)

= = - = = A
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Nonspherical examples

Photon rings in rotating spacetime without horizon

Rotating models with variable mass
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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
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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)
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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:

3/2
o m(r) = M ()" rotating Bardeen BH (Z Li and C Bambi 2014 JCAP
01:041)
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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( .

2

3/2
- / rotating Bardeen BH (Z Li and C Bambi 2014 JCAP
re+g

01:041)

° m(r)=m"r/’ﬁ";§f% rotating charged Hayward BH (R Kumar, S G Ghosh
and A Wang 2019 PhRvD 100:124024)

e m(r) = Me—9"/2Mmr regular charged model with a nonlinear electric source (S

G Ghosh 2015 EPJC 75:532)

y

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=(ZF) £ 0.
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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=(ZF) £ 0.

...imply the spacetime is singular? J

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


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
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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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Singularities and Horizons

Answer: no, in general! Counterexample: Kerr

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

No singular boundary

Kerr extension beyond C#H* is not unique!

Problem
Is Kerr Cauchy horizon stable?
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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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Conclusions

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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