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PlanPlan ofof the talk the talk 

• Black holes : general properties

• Strong gravity effects on 
e.m. radiation

• Black hole spin measurements



BlackBlack HolesHoles

The existence of  “invisible stars” was 
postulated by J. Michell e P.S. Laplace

at the end of the 18th century. They 
noted that a star with a radius smaller  

than 2GM/c2 would have an escape 
velocity larger than the speed of light c. 

Invisible Stars were not Black Holes in 
the modern sense (indeed, the name 

was introduce only in 1967 by John A. 
Wheeler),  i.e. objects from which 

nothing can escape. They became so 
only when Einstein postulated that 
nothing can travel at a speed larger 

than c.



BlackBlack HolesHoles

A Black Hole is fully described by three quantities: 

� The mass M  
� The angular momentum J 
� The electric charge Q

If Q=0 (as usually assumed), the space-time is
described by the Kerr metric

If also J=0  (i.e. spherical symmetry), the (much
simpler) Schwarzschild metric can be used



rg=GM/c2 is the gravitational radius. In the following, all
distances will be given in units of rg

a=Jc/GM2 is the adimensional angular momentum per unit
mass, usually called spin

R+= 1 + (1 – a2)1/2

(note that this implies
0 < a < 1 ).

If a=0 (static BH) 
=> R+= 2 

(i.e. the Schwarzschild radius). 

If a=1 (maximally rotating BH) 
=> R+= 1

The radius of the Event Horizon (i.e. the 
surface of “no return”) is given by:



The The ““densitydensity”” of a BHof a BH

The larger the Black Holes, the
less dense  !!!! 

(10 millions of billions the density 
of water for a BH with the mass of 

the Sun, but can be of the same 
order or even less for the black 

holes we know are present 
in the center of galaxies)

The “compactness” is 
determined by the M/R ratio, 

not by the density

Warning: Black Holes are the most compact objects, but not 
necessarily the densiest. In fact:         

ρ = M/V = 3M/4πRs
3 = 3c6/32πG3M2



GravitationalGravitational redshiftredshift

The Gravitational Redshift, formally defined
as (-g00)

1/2, is given, in Schwarzschild metric, by:

(in Kerr metric the formula and the
very meaning of it is more complicated)
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Light BendingLight Bending

In GR light travels along geodesics which, in a gravitational
field, are no longer straight lines

The measurement by Arthur Eddington in 
1919 of the deflection of  the light of a star 

eclipsed by the Sun was the first successful 
experimental test of the General Relativity 

Gravitational lensing
on distant quasars 
from intervening 

matter forms
multiple images of 

the Quasar 



BlackBlack HolesHoles in the in the UniverseUniverse

Black Holes are relatively common in the Universe. 
They are one of the possible result of a Supernova explosion. 

In this case, the mass is about 10 times the solar mass

Black Holes with masses of millions to billions times the solar 
mass are now known to reside in the centre of galaxies.



The BH in the The BH in the MilkyMilky Way Way 

The presence of a Black
Hole with a mass of

about 4 millions solar
masses in the centre of

our own Galaxy is
deduced from the orbits

of nearby stars. 

Similar (even if much less
precise) results are obtained for

external galaxies.



Active Galactic Nuclei Active Galactic Nuclei 

Active Galactic Nuclei (AGN) are point-like sources in the 
centre of a few percent of galaxies. They emit, in a region of the 

size of the solar system, an amount of radiation which may 
exceed that of the entire host galaxy. 

The “engine” of AGN 
is the accretion of 

matter onto the central 
Black Hole, with 

conversion of 
gravitational energy 

into (eventually) 
radiation.



Active Galactic Nuclei Active Galactic Nuclei 

Accretion cannot occur spherically. As Black Holes do not have a solid 
surface, matter would be swallowed by the Hole with all its energy. 
However, if matter possesses angular momentum, an accretion disc

may form, where energy is dissipated by viscous processes.

This process may be 
very efficient 
in converting 

gravitational energy 
into radiation. 

L= η (dM/dt) c2

η = 0.057 (a=0)
= 0.42 (a=1)



BH in binary systems BH in binary systems 

Black holes can form due to the gravitational collapse of a massive 
star. If the black hole is in a binary system, it may accrete matter from 

the companion. 

The basic properties of
accretion are the same

for AGN and BH 
binaries.



AccretionAccretion discsdiscs

We can assume that the inner disc 
radius corresponds to the 

innermost stable circular orbit
(ISCO)

The ISCO depends on the BH spin
and on whether the disc is co- or 

counter-rotating with the BH

NB: all e.m. measurements of the 
BH spin are based on this relation

Let us assume a geometrically thin, 
optically thick accretion disc. 

Matter rotates in (quasi) circular 
orbits (i.e. Vφ >> Vr ) with 

Keplerian velocities.



Circular stable orbits

Bound orbits (precessing ellipses)

Unbound orbits

Circular unstable orbits
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Marginally Stable Orbit (MSO)  
or

Innermost Stable Circular Orbit 
(ISCO)



AccretionAccretion discsdiscs

We can assume that the inner disc 
radius corresponds to the 

innermost stable circular orbit
(ISCO)

The ISCO depends on the BH spin
and on whether the disc is co- or 

counter-rotating with the BH

NB: all e.m. measurements of the 
BH spin are based on this relation

Let us assume a geometrically thin, 
optically thick accretion disc. 

Matter rotates in (quasi) circular 
orbits (i.e. Vφ >> Vr ) with 

Keplerian velocities.



AccretionAccretion discsdiscs

The Keplerian velocity (in the 
Locally Non-Rotating Frame) 

is given by:   

Vφ/c = (r2 – 2ar1/2 + a2 )
/(r2 + a2 – 2r)1/2 (r3/2 + a)

which, for small r, can be a 
significant fraction of c



Photon trajectoriesPhoton trajectories

In GR, photon geodesics are 
no longer straight lines (light 

bending)

In Schwarzschild metric
the trajectories are 

two-dimensional, in Kerr
metric they are fully
three-dimensional

Luminet
1979



PhotonPhoton shiftsshifts

Photons emitted in 
the accretion disc 

appear to the distant
observer as

redshifted because of
the Gravitational
redshift and the 

Doppler transverse
effect, and  

blueshifted
/redshifted

by the Doppler effect
when the matter is

approaching/receding
i=30                     75                         90

a=0

a=0.5

a=0.998

(Dabrowski 1998)



Doppler boostingDoppler boosting

i=30                     75                         90

a=0

a=0.5

a=0.998

(Dabrowski 1998)The quantity
Iυ/υ3

is a Lorentz
invariant.

Therefore, the 
blueshifted

radiation is brighter
(Doppler boosting),

the redshifted
is fainter.



XX--rayray emissionemission
The standard explanation for the hard X-ray emission in AGN and 
GBHS is Comptonization of disc photons by hot (T=100-200 keV) 
electrons in a corona (e.g. Haardt & Maraschi 1991). The resulting
spectrum is, in the first approximation, a power low with a high 

energy cutoff, as observed (e.g. Perola et al. 2002, Petrucci et al. 2001)

UV

AGN (the same for GBHS, but the disc emission is harder) 



XX--rayray reprocessingreprocessing

(Reynolds et al. 1995)

X-ray illumination of the 
accretion disc produces the so-

called ‘Compton reflection’
continuum plus several

fluorescent lines, by far the 
most important being the Fe Kα
(e.g. Matt et al. 1991, George & 

Fabian 1991).



Line profilesLine profiles

(Fabian et al. 2000)

SR and GR effects
modify the line profile
in a characteristic and 
well-recognizable way



LineLine profilesprofiles
i=20

i=50

i=87

(Matt et al. 1992)

a=
1

a=0

Fabian et al. (2000)

Isotropic
illumination
(e.g. George & 
Fabian 1991, 
Matt et al.
1991, 1992)



ObservationsObservations

MCG-6-30-15

ASCA (Tanaka et al. 1995)

BeppoSAX (Guainazzi et al. 1999)

XMM-Newton (Wilms et al. 2001)

Rin <6, a>0 !!!

Rin > 6



The importance of spin measurements The importance of spin measurements 

Why is important to know the BH spin distributions?

In AGN, it can 
discriminate between 

different  growth histories 
(spin is mainly acquired 
during the SMBH 
evolution)

In GBHS, it tells us about 
the origin of the BH (spin is 

mainly pristine)
Berti & Volonteri 2008



Pros Pros ofof the the methodmethod

Conceptually, a very simple and 
straighforward method.

Observationally, only requires to
measure the extension of the red tail

of the line profile (once the 
inclination is known). No detailed

physical modeling is required.



��� The The The energyenergyenergy at zero at zero at zero intensityintensityintensity maymaymay bebebe
difficultdifficultdifficult tototo measuremeasuremeasure

ConsCons ofof the the methodmethod. I. I

� It provides only a lower limit to the 
angular momentum (the iron line

emitting region does not necessarily
extend down to the ISCO)



MCGMCG--66--3030--1515

(ASCA)

(Tanaka
et al. 1995)

Rin > 6



MCGMCG--66--3030--1515

XMM-Newton

(Wilms et al. 
2001, Fabian et
al. 2002)

Rin = 1-2 



� The energy at zero intensity may be
difficult to measure (importance of good

understanding of the underlying
continuum)

ConsCons ofof the the methodmethod. I. I

��� ItItIt providesprovidesprovides onlyonlyonly a a a lowerlowerlower limitlimitlimit tototo the the the 
angularangularangular momentummomentummomentum (the (the (the ironironiron linelineline

emittingemittingemitting regionregionregion doesdoesdoes notnotnot necessarilynecessarilynecessarily
extendextendextend down down down tototo the ISCO)the ISCO)the ISCO)



ConsCons ofof the the methodmethod. II. II

Emission may arise also within the ISCO 
from matter spiralling in (Reynolds & 

Begelman 1997). If the inner radius results to
be smaller than 2, there is of course no 

ambiguity. Otherwise, one can (in 
principle..) use the 

subtle differencies in the line profiles.



ConsCons ofof the the methodmethod. II. II

Courtesy
of

M. Dovciak
& V. Karas



IsIs MCGMCG--66--3030--15 15 uniqueunique ??

(Nandra
et al. 
2006)



IsIs MCGMCG--66--3030--15 15 uniqueunique ??

(Fabian
et al. 
2009)

1H 0707-495



SWIFT J1247 (Miniutti et al. 2010) Fairall 9 (Schmoll et al. 2010)

NB: results obtained by fitting
simulateneously the line and the 

reflection continuum



IsIs MCGMCG--66--3030--15 15 uniqueunique ??

Brenneman et al. (2011)



IsIs the the relativisticrelativistic lineline alwaysalways therethere ??

Recent XMM-Newton observations of many other
bright AGN, however, found only a narrow line

(which is almost ubiquitous) (e.g. Pounds & Reeves 
2002, Bianchi et al. 2004)

The relativistic line is
certainly not
ubiquitous,

at least in nearby
AGN.

MCG-8-11-11   (Matt et al. 2005)



HowHow common are common are relativisticrelativistic
lineslines in AGN ?in AGN ?

About 30-40 % of `well 
exposed’ objects show 

clear evidence for 
relativistic lines  

(Guainazzi et al. 2006, 
Nandra et al. 2007, de la 

Calle 2010).
In many other sources we 

simply cannot tell.

To search for a 
relativistic line, a good 
spectrum is required!!



TimeTime lagslags

Fabian et al.  (2009)1H 0707-495

Iron L line Iron K line

Continuum



TimeTime lagslags
The reprocessed emission lags behind the primary

emission (Fabian et al. 2009, Zoghbi et al. 2010, E
Emmanuelopoulos et al. 2011, De Marco et al. 2011).

If interpreted as light-
crossing time, it implies

that the reprocessing
occurs close to the 

black hole
(inner accretion disc)

Zoghbi et al. (2010)



Is relativistic reflection the right model ?  Is relativistic reflection the right model ?  

Caveat:  the broad feature - usually interpreted as a relativistic
iron line - can be fitted equally well with a sufficient number
of ionized absorbers, partially covering the X-ray source (e.g. 
Turner & Miller 2009).

MCG-6-30-15
(Miller et al. 2009)

NuSTARNuSTAR
willwill solve the solve the 
issueissue !!!!!!



NuSTARNuSTAR

NuSTAR deploys the first  focusing 
telescopes to image the sky in hard X-

rays (6-79 keV), with an improve in 
sensitivity of 2 orders of magnitude.

Launched on June 13

First light on June 28



NuSTARNuSTAR--XMMXMM
simultaneoussimultaneous

observationsobservations ((earlyearly 2013)2013)
ofof brightbright AGN AGN toto measuremeasure

the the spinspin withwith
unprecedentedunprecedented precisionprecision

Courtesy: Laura Brenneman

Suzaku

XMM-NuSTAR



ObservationsObservations::
GBHCGBHC

XTE 1650-500
(Miniutti et al. 2003)

GRS 1915-105
(Martocchia et al. 2002)

GX 339-4
(Miller et al. 2004)



ObservationsObservations::
GBHCGBHC

Miller et al. 2009



GC: a spinning BH? GC: a spinning BH? 

If radius
identified

with ISCO, 
then the BH 
is spinning

A possible periodicity of the IR emission in SgrA* (MPE  
IR group). Orbiting spot?



Continuum spectroscopyContinuum spectroscopy

RISCO

Much work by McClintock, Narayan et al.

Fitting the disc thermal emission provides a measurement
of ISCO.

Requires:
a) Spectrum dominated by thermal emission (soft state)

b) A very good modelling of the emission
c) Accurate values of M, i, D



R/M(G/c2)

0.10

0

0.05

a* = 0.98

a* = 0.9

a* = 0.7

a* = 0

d
F

/d
(l
n
R

)

Strong dependence
on RISCO and

thence on the spin



Spin Results to DateSpin Results to Date

Source a*
Reference

GRS 1915+105 0.99 ± 0.01 McClintock et al. 2006

LMC X-1 0.92 ± 0.06 Gou et al. 2009

4U 1543-47 0.80 ± 0.05 Shafee et al. 2006

M33 X-7 0.77 ± 0.05 Liu et al. 2008

GRO J1655-40 0.70 ± 0.05 Shafee et al. 2006

A0620-00 0.12 ± 0.18 Gou et al. 2009

McClintock et al. (2010)



QPOsQPOs



QPOsQPOs



QPOsQPOs



Strong Strong gravitygravity effectseffects on on polarizationpolarization
General and Special Relativity significantly modifies the polarization properties of

the radiation.

In particular, the Polarization Angle (PA) as seen at infinity is rotated due to
aberration (SR) and light bending (GR) effects (e.g. Connors & Stark 1977; Pineault

1977). The rotation is larger for smaller radii and higher inclination angles

(Connors, Stark & Piran 1980)

Newtonian

- - - - - - - - - - - - - - -
- - - - - - - -

Orbiting spot with:
a=0.998; R=11.1 Rg

i=75.5 deg

(Phase=0 when the spot is
behind the BH).

The PA of the net 
(i.e. phase-averaged) 

radiation is also rotated!



GalacticGalactic BH BH binariesbinaries in high statein high state

GRS 1915+105
(Done & Gierlinski 2004)

Connors & Stark (1977)

X-ray emission in Galactic BH binaries in soft 
states is dominated by disc thermal emission, 

with T decreasing with radius. 
A rotation A rotation ofof the the polarizationpolarization angle angle withwith

energyenergy isis thereforetherefore expectedexpected..



Revisited and refined by 
Dovciak et al. 2008

(see also Li et al. 2008, 
Schnittman & Krolik 2009).  

Strongly 
dependent on

the spin of 
the BH !!



SummarySummary

� Strong gravity effects modify the imaging, 
spectral, timing and polarization properties of

radiation emitted close to BH (and NS)

� Good BH spin measurements in a number of
AGN and GBH systems. More to come very

soon (NuSTAR) and, hopefully, in a few years
(LOFT, see Feroci’s talk)


