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Plan of the talk

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH candidates?

● Continuum-fitting method (only for stellar-mass BH candidates)

● K-alpha iron line analysis and reverberation mapping

● Are jets powered by the spin? 

● Testing the nature of SgrA*
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Motivations
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● K-alpha iron line and reverberation mapping

● Jet power
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Tests of General Relativity

● Earth's gravitational field:

Lunar Laser Ranging experiments, Gravity Probe B, . . .

● Solar System:

Cassini mission, . . .

● Observation of binary pulsars:

PSR B1913+16, PSR J0737-3039, . . .
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Orbital decay of PSR B1913+16

From Weisberg & Taylor 2005
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Theoretical and observational facts

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH 
candiudates?

● Continuum-fitting method

● K-alpha iron line

● Jet power

● Prospectives for the future
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Black holes in GR (Theory)

● Final product of the gravitational collapse → Black hole

● 4D General Relativity → Kerr black hole

● Only 2 parameters: the mass M and the spin J (a
*
 = J/M2)

● Kerr bound: |a
*
| < 1
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Black hole candidates (Observations)

● Stellar-mass BH candidates in X-ray 
binary systems (5 – 20 Solar masses)

● Super-massive BH candidates in 
galactic nuclei  (105 – 1010 Solar 
masses)

● Intermediate-mass BH candidates in 
ULXS (102 – 104 Solar masses?)
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Stellar-mass BH candidates

● Dark objects in X-ray binary systems

● Mass function:

● In general, a good estimate of M
C  

and i is necessary

● Maximum mass for relativistic stars about 3 Solar masses (see 
Rhoades & Ruffini 1974 and Kalogera & Baym 1996)
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From Remillard & McClintock 2006
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From Remillard & McClintock 2006
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Super-massive BH candidate in the Galaxy

● We study the orbital motion of individual stars

● Point-like central object with a mass of 4x106 Solar masses

● Radius < 45 AU (600 R
Sch

)

From Ghez et al., ApJ 620 (2005) 744
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How can we test the nature of astrophysical black 
hole candidates?

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH 
candiudates?

● Continuum-fitting method

● K-alpha iron line and reverberation mapping

● Jet power

● SgrA*
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Testing the Kerr BH Hypothesis with EMRIs

● EMRI = Extreme Mass Ratio Inspiral

● LISA will be able to observe about 104 – 106 cycles of GWs emitted 
by an EMRI while the stellar-mass body is in the strong field 
region of the super-massive object

● The quadrupole moment of the super-massive object can be 
measured with a precision at the level of 10-2 – 10-4 
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Testing the Kerr BH Hypothesis with the radiation 
emitted by the gas of accretion

● Significant progresses in the last ~ 5 years in the understanding of 
the electromagnetic spectrum of BH candidates

● Spin measurements:

→ Continuum-fitting method (stellar-mass BH candidates)

→ Relativistic iron line (both stellar-mass and super-massive BH 
candidates)

● Some data are already available and more data will be available in 
a near future

● New facilities with unprecedented high-resolution imaging 
capabilities (EHT, GRAVITY, etc.)
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Important remarks

● The study of the properties of the electromagnetic radiation 
emitted by the gas in the accretion disk can test the Kerr metric, 
not the Einstein equations

● The Kerr metric is the unique uncharged BH solution of GR, but 
it is a solution of many other theories of gravity

● If we want to test the Einstein equations, we need to study the 
perturbations around the Kerr background

● It is not enough to observe relativistic features absent in 
Newtonian gravity (common misunderstanding in the literature). 
In order to test the Kerr BH hypothesis it is necessary to check 
that observational data exclude deviations from the Kerr solution. 
Non-Kerr BHs typically look like Kerr BHs with different spin



Cosimo Bambi (Fudan University) 18

Important remarks

● The study of the properties of the electromagnetic radiation 
emitted by the gas in the accretion disk can test the Kerr metric, 
not the Einstein equations

● The Kerr metric is the unique uncharged BH solution of GR, but 
it is a solution of many other theories of gravity

● If we want to test the Einstein equations, we need to study the 
perturbations around the Kerr background

● It is not enough to observe relativistic features absent in 
Newtonian gravity (common misunderstanding in the literature). 
In order to test the Kerr BH hypothesis it is necessary to check 
that observational data exclude deviations from the Kerr solution. 
Non-Kerr BHs typically look like Kerr BHs with different spin



Cosimo Bambi (Fudan University) 19

Important remarks

● The study of the properties of the electromagnetic radiation 
emitted by the gas in the accretion disk can test the Kerr metric, 
not the Einstein equations

● The Kerr metric is the unique uncharged BH solution of GR, but 
it is a solution of many other theories of gravity

● If we want to test the Einstein equations, we need to study the 
perturbations around the Kerr background

● It is not enough to observe relativistic features absent in 
Newtonian gravity (common misunderstanding in the literature). 
In order to test the Kerr BH hypothesis it is necessary to check 
that observational data exclude deviations from the Kerr solution. 
Non-Kerr BHs typically look like Kerr BHs with different spin



Cosimo Bambi (Fudan University) 20

Important remarks

● The study of the properties of the electromagnetic radiation 
emitted by the gas in the accretion disk can test the Kerr metric, 
not the Einstein equations

● The Kerr metric is the unique uncharged BH solution of GR, but 
it is a solution of many other theories of gravity

● If we want to test the Einstein equations, we need to study the 
perturbations around the Kerr background

● It is not enough to observe relativistic features absent in 
Newtonian gravity (common misunderstanding in the literature). 
In order to test the Kerr BH hypothesis it is necessary to check 
that observational data exclude deviations from the Kerr solution. 
Non-Kerr BHs typically look like Kerr BHs with different spin



Cosimo Bambi (Fudan University) 21

Correlated important remarks

● Technically, a black hole is a region causally disconnected to 
future null infinity and the event horizon is its boundary

● Observationally, we can test the existence of an apparent horizon. 
To test the existence of an event horizon we should know the 
future, which is impossible. A long-living apparent horizon 
behaves like an event horizon 
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Strategy

● To test the Kerr-nature of an astrophysical black hole candidates 
we need to consider a more general background, which includes 
the Kerr solution as special case

● In addition to the mass and the spin, the compact object will be 
characterized by one or more “deformation parameters”, 
measuring possible deformations from the Kerr geometry

● The Kerr black hole hypothesis is verified if observations require 
vanishing deformation parameters
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Johannsen-Psaltis metric
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Continuum-fitting method

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH 
candiudates?

● Continuum-fitting method

● K-alpha iron line and reverberation mapping

● Jet power

● SgrA*
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Continuum-fitting method

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

From Gou et al., ApJ 742 (2011) 85
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Novikov-Thorne Model

● Geometrically thin and optically thick accretion disk

● Relativistic generalization of the Shakura-Sunyaev model

Assumptions:

● Disk on the equatorial plane

● Gas's particles move on nearly geodesic circular orbits

● No magnetic fields

● No heat advection; energy radiated from the disk surface

● Inner edge of the disk at the ISCO, where stresses vanish

→ Efficiency = 1 – E
ISCO
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Novikov-Thorne Model

● Geometrically thin and optically thick accretion disk

● Relativistic generalization of the Shakura-Sunyaev model

Assumptions:

● Disk on the equatorial plane

● Gas's particles move on nearly geodesic circular orbits

● No magnetic fields

● No heat advection; energy radiated from the disk surface

● Inner edge of the disk at the ISCO, where stresses vanish

→ Efficiency = 1 – E
ISCO

Selection criterion:
0.08 L

EDD
 < L < 0.30 L

EDD
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Continuum-fitting method in Kerr background

● 5 parameters (BH mass, BH spin, BH distance, viewing angle, 
mass accretion rate)

● BH mass, BH distance, viewing angle → BH spin, mass accretion 
rate
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Mass accretion rate (Kerr background)

From Bambi & Barausse 2011
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BH spin (Kerr background)

From Bambi & Barausse 2011
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Continuum-fitting method results to date
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Step 1: computation of the image
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Step 2: calculation of the disk's spectrum



Cosimo Bambi (Fudan University) 36

Constraints from the continuum-fitting method
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Constraints from the continuum-fitting method

Kong, Li & Bambi, 
arXiv:1405.1508

M33 X-7

GRO J1655-40

4U 1543-47



Cosimo Bambi (Fudan University) 38

K-alpha iron line

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH 
candiudates?

● Continuum-fitting method

● K-alpha iron line and reverberation mapping

● Jet power

● SgrA*
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K-alpha iron line

● The illumination of the cold disk by the primary component 
produces spectral lines by fluorescence. The strongest line is the 
K-alpha iron line at 6.4 keV

From Gou et al., ApJ 742 (2011) 85
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K-alpha iron line analysis

● It is another popular technique used by astronomers to try to 
estimate the spin parameter of BH candidates 
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Example of non-Kerr BH: iron line

Jiang, Bambi & Steiner, 
arXiv:1406.5677
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Iron line reverberation
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Iron line reverberation
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Example of non-Kerr BH: reverberation

Jiang, Bambi & Steiner, 
arXiv:1406.5677



Cosimo Bambi (Fudan University) 45

Constraints
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K-alpha iron line
(Interior solutions or Boson stars)

Regular solution Singular solution 
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K-alpha iron line
(Traversable wormholes)

Constraint: a < 0.02 

Metric 
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Shadow
(Non-rotating traversable wormholes)

Schwarzschild black hole Wormhole



Cosimo Bambi (Fudan University) 49

Continuum-fitting method + K-alpha iron line
(Johannsen-Psaltis metric)
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Continuum-fitting method + K-alpha iron line
(Rotating Bardeen BHs)
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Continuum-fitting method + K-alpha iron line
(Rotating Bardeen BHs)
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Constraints on the Bardeen metric
 from the BH candidate in Cygnus X-1

(Continuum-fitting method)
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Jet Power

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH 
candiudates?

● Continuum-fitting method

● K-alpha iron line and reverberation mapping

● Jet power

● SgrA*
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Jets

● Jets are commonly produced by accreting BH candidates

● Two kinds of jets in the case of stellar-mass BH candidates: steady 
jets (in the hard state) and transient jets (usually when the source 
switches from the hard to the soft state) 

● The exact mechanism producing these jets is not known

● For steady jets, a quite appealing scenario is the Blandford-
Znajek mechanism, in which the jet is powered by the rotational 
energy of the BH

● No observational evidence for a correlation between jet power and 
BH spin (Fender, Gallo & Russell 2010)

● Claim of observational evidence for a correlation between power 
of transient jets and BH spin (Narayan & McClintock 2012)
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X-ray spectrum of stellar-mass BH candidates
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Kerr background
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Non-Kerr background...
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Prospectives for the future

● Motivations

● Theoretical and observational facts

● How can we test the nature of astrophysical BH 
candiudates?

● Continuum-fitting method

● K-alpha iron line and reverberation mapping

● Jet power

● SgrA*
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Flare activity of SgrA*

● Flares in the X-ray, NIR, and sub-mm bands

● A few per day

● Substructures with a timescale of about 20 minutes (observed in 
the range 13-30 minutes)
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Flare mechanisms

● Heating of electrons in a jet (Markoff et al. 2001)

● Adiabatic expansion of a blob of plasma (Yusef-Zadeh et al. 2006)

● Rossby wave instabilility in the disk (Tagger & Melia 2006)

● Blob of plasma orbiting the ISCO of SgrA* (Hamaus et al. 2009)

Current data seem to favor the hot spot model near the ISCO, but 
its confirmation will probably require the GRAVITY instrument 
for ESO-VLTI



Cosimo Bambi (Fudan University) 61

Hot spot model

● Light curves, spectrograms, images
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Possible future constraints

● Light curve

● Light curve + centroid track (GRAVITY) 

● Light curve + pulsar
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Shadow

● BH shadow + pulsar
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BH shadow + pulsar + hot spot (CPR BHs)
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Conclusion

● There is a body of observational evidence supporting the existence 
of dark and compact objects in the Galaxy and in the Universe. 
These objects are thought to be Kerr black holes, but their nature 
has still to be verified

● At present, we can just exclude some very exotic alternatives 
(some kinds of wormholes, some boson stars, etc.)

● To distinguish Kerr and non-Kerr black holes, new observational 
facilities are necessary
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Thank you!
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