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Abstract: Today there is robust observational evidence of dark and compact objects in X-ray binary systems with a mass of 5-20 $M \odot$ and in
galactic nuclel with a mass of $10°5 - 10"9$ $M \odot$. The conjecture is that all these objects are the Kerr black holes predicted by General
Relativity, as they cannot be explained otherwise without introducing new physics. However, there are no directs observationa evidences. In this
talk, | discuss how the Kerr black hole hypothesis can be tested with present and future X-ray data and the current constraints on the nature of this
objects.
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Plan of the Talk

* Observational evidences of black holes

* How can we test the Kerr black hole hvpothesis?

* Results

* References:
Cosimo Bambi & Enrico Barausse, ApJ 731, 121 (2011)
Cosimo Bambi, EPL 94, 50002 (2011)
Cosimo Bambi, PRD 83, 103003 (2011)
Cosimo Bambi, JCAP 05 (2011) 009
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Black Holes in General Relativity

* Final product of the gravitational collapse — Black hole
* 4D — Kerr black hole
« Only 2 parameters: the mass M and the spin J (a_= J/M)

« RKerrbound: a|<1 Carotanng Caurtermmtng

« Thorne bound: |a | <0.998
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Astrophysical black hole candidates

* Stellar-mass BH candidates In
X-ray binary systems (5 - 20
Solar masses)

* Super-massive BH candidates in
galactic nuclei (10° — 10’ Solar
masses)

* Intermediate-mass BH
candidates in ULXS (10" - 10°
Solar masses?)
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Stellar-mass BH candidates

* Dark objects in X-ray binary systems

; ) KT M3 ., sin’# _ .
» Mlass function: fiMgg) = P— — - v ""'_{_ TA® K = vsini
LZRalE N & BH NESTT

« In general. a good estimate of M _ and 7 is necessary

« Maximum mass for relativistic stars about 3 Solar masses (see
Rhoades & Ruffini 1974 and Kalogera & Bavm 1996)
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Super-massive BH candidate in the Galaxy
*» We study the orbital metion of individual stars

* Point-like central object with a mass of 4x10° Solar masses

« Radius <45 AU (600 Rm)

=i From Ghez et al., ApJ 620 (2005) 744 ™7



How can we test the Kerr BH hypothesis?

* We can consider a more general object described by three or more
parameters. For example: mass M, spin J, deformation parameter
D (D =0 — Kerr metric)

» We check that astrophysical data faver D=0

« T'he Kerr bound does not hold and a_ may exceed 1
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Current approaches to estimate the spin

» Continuum fitting method

g

« Relativistic iron line

e¢?)|, log(n)

» Radiative efficiency
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Accretion luminosity

* Energy radiated by a compact object as a consequence of the
accretion process: L = eta dM/dt ¢

. Eta{l—EISCD

* A reliable estimate of dM/dt is usually quite problematic
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Accretion lumino

* Energy radiated by a compact object as a consequence of the
accretion process: L = eta dM/dt ¢’

. etn{l_ElSCD

* A reliable estimate of dM/dt is usuallv quite problematic
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Accretion luminosity

* Energy radiated by a compact object as a consequence of the
accretion process: L = eta dM/dt ¢’

. Eta{l—EISCD

* A reliable estimate of dM/dt is usuallv quite problematic
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Mean radiative efficiency of AGN

* Observed X-ray background at 30 keV + Quasar spectral energy
distribution — Total contribution of quasar luminesity to the
mean energy density of the Universe (u)

* Study of super-massive black hole candidates in nearbyv galaxies
— Mean energyv density of black holes in the contemporary
Universe (rho)

» These objects aquire most of their mass through the accretion
process: eta =wrho
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Accretion luminosity

* Energy radiated by a compact object as a consequence of the
accretion process: L = eta dM/dt ¢

. Eta{l—EECD

* A reliable estimate of dM/dt is usuallv quite problematic
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Mean radiative efficiency of AGN

* Observed X-rayv background at 30 keV + Quasar spectral energy
distribution — Total contribution of quasar luminesity to the
mean energy density of the Universe (u)

* Study of super-massive black hole candidates in nearby galaxies
— Mean energy density of black holes in the contempeorary
Universe (rho)

* These objects aquire most of their mass through the accretion
process: eta =wrhe
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Constraint on the quadrupole moment
of super-massive black hole candidates
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Processes determining the value of the spin
parameter

* Process of BH formation (irrelevant for super-massive BHs)
* Minor merger
* Major merger

* (as accretion
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Spin-up from gas accretion

* Accretion from a thin disk
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Constraint on the quadrupole moment
of super-massive black hole candidates
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Processes determining the value of the spin
parameter

* Process of BH formation (irrelevant for super-massive BHs)
* Minor merger
* Major merger

* (as accretion
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Spin-up from gas accretion

* Accretion from a thin disk
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Objects more oblate than a black hole
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Spin-up from gas accretion

* Accretion from a thin disk
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Objects more oblate than a black hole

* Anomalous quadrupole moment: () = —(1 + r})aﬁ_\[
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Objects more prolate than a black hole

. - 2
* Anomalous quadrupole moment: () = — (1 + ¢gla~\/
- g=00—
35 f g:&m (MMS1) ~———
i =-001 (MMS2) ——
~ [ =01 me1}
25 g:-G-T (MMS2)
s 2 d =-1.0 (MMST)
E 45l g =-1.0 (MMS2) |
-
- 15 .
1 -
0.5 S
’ A

g 02 04 06 08 1 12 14 16
a-

Pirsa: 11070001 Cm m M} Page 25/19?’



Objects more prolate than a black hole

» Anomalous quadrupole moment: () = —(1 + ¢ )(12_1[
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Equilibrium spin parameter of compact objects
with non-Kerr quadrupole moment
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Maximum value for the spin parameter of the
super-massive black hole candidates
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Observational bound : |a | <1.19 (< 1.10, < 1.04)
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Continuum fitting method

* The soft X-rayv component of the spectrum of stellar-mass BH
candidates is the thermal spectrum of a geometrically thin and
optically thick accretion disk

* The thin disk is on the equatorial plane
* The inner radius of the disk is equal to the radius of the ISCO
- Efficient cooling mechanism (L<03L_ )
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Effective temperature and spectrum
(Kerr BH)
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FIG. 1. Radhal profile of the oifoctive temporsiare (Icft panel) and spectrum rl(v) (opht paoel) of a thin aceretion disk n
Kerr space-tme for different value of the spm parameter a.. Here we take the mass M = 10 M .,. the mass accretion rate
M = 1" g/s. and the mchnastion angle 1 = 45
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Maximum value for the spin parameter of the
super-massive black hole candidates
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Observational bound : |a | < 1.19 (< 1.10, < 1.04)
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Continuum fitting method

* The soft X-rav component of the spectrum of stellar-mass BH
candidates is the thermal spectrum of a geometrically thin and
optically thick accretion disk

* The thin disk is on the equatorial plane
* The inner radius of the disk is equal to the radius of the ISCO
- Efficient cooling mechanism (L<03L_ )
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Effective temperature and spectrum
(Kerr BH)
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FIG. 1. Radial protile of the oifoctive temperatare (Ioft panel) and spoctrum L) (oght panel) of a thin aceretion disk 1n
Remr space-time for different value of the spm parameter g.. Here we take the mass M = 10 M. the mass accretion mate

M = W% g/s, and the inclination angle i = 45
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Generic compact object with a/M = 0.50
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Generic compact object with a/M = 0.99
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M33 X-7: Reduced Chi2
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Black Holes with non-trivial topology
(in collaboration with Leonardo Modesto)

* 4D GR — in the stationary case, the spatial topology of the event
horizon of a BH must be a 2-sphere, under the main assumptions
of asvmptotically flat space-time and validity of the dominant
energy condition

* Joroidal BHs can exist for a short time
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Black Holes motivated by Loop Quantum Gravity
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Black Holes in possible
alternative theories of gravity
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Black Holes motivated by Loop Quantum Gravity
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Black Holes in possible
alternative theories of gravity
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Conclusions

» Robust observational evidences of dark and compact objects. Thev are
thought to be the Kerr black holes predicetd by General Relativity
because they cannot be explained otherwise without introducing new
physics

* To test the Kerr black hole paradigm. we have to consider more general
objects and check that observational data favor the Kerr solution

« Preliminary results. In particular, |a_| < 1.2 for the super-massive objects
in galactic nuclei

» Near future: continuum fitting method. relativistic iron line
» Mlore distant future: gravitational waves (QNMs, EMRIS)
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Equilibrium spin parameter of compact objects
with non-Kerr quadrupole moment
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Constraint on the quadrupole moment
of super-massive black hole candidates
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Processes determining the value of the spin
parameter

* Process of BH formation (irrelevant for super-massive BHs)
* Minor merger
* Major merger

* (Gas accretion
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Current approaches to estimate the spin

» Continuum fitting method
» Relativistic iron line

» Radiative efficiency

J(GM/c%)|. log(n)

MAGM L|| log ]“n ki

log i“|_-w
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