Experimental Evidence of Black Holes

Max–Planck–Institut für extraterrestrische Physik, p.o. box 1312, D–85741 Garching, Germany
E-mail: amueller@mpe.mpg.de
Classical black holes are solutions of the field equations of General Relativity. Many astronomical observations suggest that black holes really exist in nature. However, an unambiguous proof
for their existence is still lacking. Neither event horizon nor intrinsic curvature singularity have
been observed by means of astronomical techniques.
This paper introduces to particular features of black holes. Then, we give a synopsis on current
astronomical techniques to detect black holes. Further methods are outlined that will become
important in the near future. For the first time, the zoo of black hole detection techniques is
completely presented and classified into kinematical, spectro–relativistic, accretive, eruptive, obscurative, aberrative, temporal, and gravitational–wave induced verification methods. Principal
and technical obstacles avoid undoubtfully proving black hole existence. We critically discuss
alternatives to the black hole. However, classical rotating Kerr black holes are still the best theoretical model to explain astronomical observations.
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1. Introduction
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Black holes (BHs) are the most compact objects known in the Universe. They are the most
efficient gravitational lens, a lens that captures even light. Albert Einstein’s General Relativity
(GR) is a powerful theory to describe BHs mathematically. It is a theory that describes Gravity as
curved space–time. In a sense, Gravity is not a force but a geometric feature of a deformable 4D
continuum. According to this picture, BHs are an extreme form of curved space–time containing a
curvature singularity that swallows matter and light.
Astonishingly, at the advent of GR in 1916 the first solution of Einstein’s complicated field
equation was found in the same year. This (external) Schwarzschild solution [120] describes the
simplest BH type mathematically. However, the notion black hole was coined significantly later, in
1967 by the relativist John Archibald Wheeler.
It soon became clear that nature may allow for the existence of these mysterious objects. In
the classical GR collapse of massive stars nothing can stop gravitational pressure so that a BH
forms. This picture was essentially pushed forward by the work of Julius Robert Oppenheimer
and Hartland Snyder in 1939 [105]. The result of these developments is the first BH mass family:
stellar–mass BHs.
In the Sixties the understanding of active galactic nuclei (AGN) like quasars and radio galaxies
delivered another piece to the BH puzzle [137, 116, 80, 81]. The extreme quasar luminosities of
1047 erg/s ∼ 1014 L 1 could be explained by BHs that swallow matter. Accretion turned out to
be the most efficient process to produce radiation in the whole range of electromagnetic emission.
However, estimates with the Eddington relation [38] pointed to BHs in the centers of galaxies that
are significantly more massive than the first family. This second mass family is called supermassive black holes (SMBHs). Paradoxically, the darkest object in the Universe produces the most
powerful source of luminosity. Of course, this mechanism works outside the event horizon that
marks the ultimate blackness. Nowadays, astrophysicists are convinced that stellar–mass BHs play
the key role in black hole X–ray binaries (BHXBs) such as microquasars, in gamma–ray bursts
(GRBs), and maybe also in ultra–luminous X–ray sources (ULXs) [43, 31]. Recently, it has been
shown that the timescale of X–ray variations from stellar and supermassive BHs are in fact physically linked if one corrects for the accretion rate [88]. The same physics is at work.
The giant SMBHs are supposed to inhabit almost any center of galaxies causing an active
quasars–like phase in an earlier state of the galaxy evolution. Local galaxies contain non–active or
dormant SMBHs.
Currently, there is an active debate on the cosmological role of BHs. In hierarchical galaxy
formation scenarios is it possible to explain luminous quasars at cosmological redshift z ∼ 6 [133].
SMBHs are formed on cosmological timescales from seed BHs with several hundred solar masses.
Probably, these seeds originated from the first population of very massive stars. The initial BHs
grew by merging and accretion to form the nearby SMBHs. In the same scenarios it is possible
to explain the spin–up of BHs in this context of BH growth. The spin distribution is dominated
by rapidly spinning BHs – essentially by gas accretion. Maximally spinning BHs are the result of
thin disk accretion but similarly for thick disk accretion about 4/5 have very high spins, a ∼ 0.8 M
[134].
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2. Black hole features
In the present paper, the treatment is restricted to classical BHs i.e. the (external) Schwarzschild
solution [120] and the Kerr solution [68]. Essentially, this is justified by two reasons: first, space–
time rotation is a crucial ingredient for BH astrophysics e.g. in the view of paradigms for relativistic
jets launching in AGN [17] and GRBs [92, 93]. There is still no rotating BH alternative available
to date that could replace a classical Kerr BH. Second, the regime of classical GR is supposed to be
a good choice in some distance to a BH candidate. Deviations from GR solutions due to quantum
gravity effects are expected to emerge at length scales that are comparable to the Schwarzschild
radius or even smaller. This is currently ’out of astronomical range’. The regime of strong gravity has already clear signatures starting at some distance to the horizon and getting stronger as
approaching the hole. As suggested by relativistic emission line diagnostics this critical distance
amounts to several tens gravitational radii [99]. Hence, the restriction to classical GR BH solutions
is sufficient.
The natural length scale of GR is the gravitational radius defined by rg = GM/c2 with Newton’s constant G and vacuum speed of light c. For one solar mass, M = M = 1.989 × 1033 g, the
Schwarzschild radius amounts to RS ' 3 km. In theory, it is convenient to use geometrized units
G = c = 1 so that length is measured in units of mass M [97]. We measure BH rotation in terms
of the specific angular momentum (Kerr parameter) that holds a = J/M = GM/c [32]. At first
glance, the Kerr parameter can take any value between −M and +M but the cases a = ±M develop
a naked singularity that is forbidden [108]. Accretion theory favours a limit of |a|max = 0.998 M
[127].
To prepare to detection techniques for BHs, we first arrange the properties of these objects in
the next two subsections.
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Another interesting finding is the so–called luminosity—dependent density evolution. Data
from ROSAT, XMM–Newton, and Chandra surveys have been collected together to provide huge
samples with ∼ 1000 AGN [62]. Based on these data it could be shown that the number density of
high–luminosity AGN (’quasars’) peaks at significantly lower cosmological redshift than for low–
luminosity AGN (’Seyfert galaxies’). This anti–hierarchical growth can be explained theoretically
[91].
Currently, astronomers use multi–wavelength surveys to collect a huge amount of observational data. The analysis reveals interesting connections between galaxy and central SMBH. There
seems to be a cosmological link between the two that points towards co–evolution scenarios.
A thorough introduction to BH physics and BH phenomenology has been given by Jorge
Zanelli and Neven Bilić at this school, see [16] and references therein. Another review can be
found in [100]2
This contribution is devoted to experimental techniques in astronomy that are used to detect
cosmic BHs. After an introduction into BH features a complete presentation and classification
of detection methods is given. We have a closer look at BH spin measurements. Finally, we
critically discuss the question what we observe: What are the astronomical facts? What are possible
alternatives to the classical BH solutions?
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2.1 Blackness
The blackness of BHs is a result of strongly curved space–time forcing light rays (null geodesics)
to bend back to the gravitational source. This is a consequence of their compactness. A suitable parameter to measure compactness of a stellar body with mass M∗ and radius r∗ is the dimensionless
quantity [100]
C ≡ GM∗ /(c2 r∗ ),
(2.1)

and is known as Schwarzschild factor. In a good approximation, any slowly rotating mass may be
described by this factor.
In contrast, Kerr BHs belong to a two–parameter family described by two physical quantities,
mass M, and specific angular momentum a [11]. In Boyer–Lindquist form [23], a Kerr black hole
is given by the line element5
ds2 = −α 2 dt 2 + ω̃ 2 (dφ − ωdt)2 + ρ 2 /∆ dr2 + ρ 2 dθ 2 ,
where expression (2.2) can be generalized to be the lapse for rotating BHs
√
ρ ∆
α=
.
Σ
3 Here,

(2.3)

(2.4)

the event horizon radius is assumed to be the ’surface’ of a BH.
is assumed here for simplicity but the exact value of the maximum angular momentum of BHs is still under
debate. Usually, one assumes Thorne’s limit a ' 0.998 M [127], see however [8, 121] for alternatives.
5 The signature of the metric is (− + ++) throughout the paper.
4a = M
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which is denoted compactness parameter hereafter.
C varies between zero and unity where a value close to unity signals an extremely compact
object. Let us look at some examples: White dwarfs at the Chandrasekhar limit may satisfy CWD '
0.0004, neutron stars hold CNS ' 0.16, quark stars may have CQS ' 0.37, Schwarzschild BHs3
hold CSBH = 1/2 and extreme Kerr BHs satisfy CKBH = 1. Therefore, BHs rotating at their limit4
represent the most compact objects in the Universe.
In the framework of classical GR a point mass is described by the (external) Schwarzschild
solution. Schwarzschild BHs represent a one–parameter family in GR. The static Schwarzschild
space–time is fully described by the mass parameter M.
GR tells us that mass causes gravitational redshift effects i.e. the strong pull of gravity shifts
radiation emitted near masses towards the red spectral range and the intensity is reduced, too. This
is mathematically described by a general relativistic Doppler factor or g–factor for short hereafter
[99]. The g–factor is a measure for both, energy shift of emission and suppression or enhancement
of intensity as compared to the emitter’s rest frame. g is generally a function of the velocity field of
the emitter (as measured in a suitable observer’s frame e.g. the zero angular momentum observer,
ZAMO), the curved space–time (represented by metric coefficients), and constants of motion of
the photon as discovered in [26]. One important metric coefficient is the redshift or lapse function
α that measures the amount of gravitational redshift of photons and time dilation. It holds for static
BHs
r
2M
αS = 1 −
,
(2.2)
r
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Other metric functions satisfy
∆ = r2 − 2Mr + a2 ,

(2.5)

2

ρ = r + a cos θ ,

(2.6)

Σ2 = (r2 + a2 )2 − a2 ∆ sin2 θ ,

(2.7)

2

ω = 2aMr/Σ ,

(2.8)

ω̃ = Σ sin θ /ρ.

(2.9)

2

2

2

−
+
where rH
denotes the outer horizon and rH
the inner horizon. The inner or Cauchy horizon can only
be intersected once i.e. it is a one–way ticket to the curvature singularity. Following the cosmic
censorship conjecture by Roger Penrose the intrinsic ’true’ singularity is hidden by these horizons
[108].
We conclude that the essential BH indicator is darkness as a result from gravitational redshift.
Hence, astronomers seek for ’black spots’ (BS) in the sky especially at positions where BH candidates are supposed to be e.g. in X–ray binaries (XRBs), gamma–ray burst remnants (GRBRs),
possibly in centres of globular clusters and confidently in centres of galaxies. The technical challenge is to resolve these tiny spots. The apparent size θBH of the next SMBH in the centre of the
Milky Way can be found on the micro–arcsecond (µas) scale! We provide a useful equation to
compute this immediately from BH mass M and BH distance d:

θBH = 2 arctan (RS /d)
' 2 RS /d


M
' 39.4 ×
6
10 M





1 kpc
×
d


µas.

(2.11)

The values are adapted to SMBHs that have typical masses that range from million to billion solar
masses and typical distances from several kpc to Mpc6 . It is sufficient to consider only the first
order term of the arctan expansion since RS /d  1 for cosmic BH candidates.

2.2 Rotating space–time
Kerr BHs reveal a speciality that lacks in case of Schwarzschild BHs: rotation of space–
time. The spin of Kerr BHs forces anything to co–rotate: matter, light, close observers, because
61

pc = 3.26 lightyears ' 3.1 × 1018 cm

5
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Per definition, any classical BH horizon satifies ∆ = 0 and consequently αS = α = 0. Since
g ∝ α, the redshift influences any emission of electromagnetic radiation in the vicinity of a BH.
Observed intensity of radiation satisfies Fνobs ∝ g3 so that spectral flux is strongly reduced as the
emitter approaches to the event horizon. The consequence is the main BH feature: darkness and
even blackness at the event horizon. For static Schwarzschild BHs, a = 0, there is only one horizon
that is located at the Schwarzschild radius, RS = 2M. For rotating Kerr BHs there are in fact two
horizons that hold
p
±
(2.10)
rH
= M ± M 2 − a2 ,
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The metric coefficient flips sign at this radius: it is negative for r > rerg and positive for r < rerg . In
the equatorial plane, ϑ = π/2, the ergosphere lies at the Schwarzschild radius – independent of BH
spin. However, for lower poloidal angles the ergosphere approaches the BH horizon and coincides
with it at the poles, ϑ = 0.
Frame–dragging can be nicely interpreted by an analogue to electromagnetism, called gravitomagnetism [128]. From this view, a Kerr BH interacts by gravitoelectric and gravitomagnetic
forces with its surroundings. Gravitoelectric forces are just ordinary gravitational forces attracting
test bodies. But the interpretation of gravitomagnetic forces is more complicated: One relevant
phenomenon associated with gravitomagnetic forces is the Lense–Thirring effect. It simply states
that two gyroscopes interact by exchanging gravitomagnetic forces. One realisation of two gyroscopes is a rotating BH surrounded by a rotating accretion disk. In this case the Kerr BH pushes
the rotating accretion disk into the equatorial plane by means of gravitomagnetic forces [12]. The
transition region can be found at 102 to 104 gravitational radii. The accretion disk whobbles around
the BH. Hence, hot disk radiation that is detected in the X–ray range might be variable and show
quasi–periodic features in the power density spectra that are dominated by the Lense–Thirring frequency [130].
BH rotation is important: Rapidly rotating space–time plus magnetic fields are the main ingredients to drive relativistic jets magnetohydrodynamically. Recently, numerical non–radiative
general relativistic magnetohydrodynamics (GRMHD) simulations have shown that Kerr BHs rotating near their limit are efficient rotators to spin–up magnetic field lines and drive Poynting fluxes
[70, 77, 89]. Schwarzschild BHs are not sufficient to explain the observed relativistic jets of AGN
and GRBs.
Finally, Fig. 1 gives a comparison on BHs and compares static (left) with rotating BHs (right).
We stress that this is just a ’structural view’ showing the main BH features. But it is not an invariant
view because it is based on the radii of a specific coordinate system. A better and invariant view
onto BHs is possible by using curvature invariants such as the Kretschmann scalar [64] – however,
this is not that intuitive.
We summarize this section that blackness and rotating space–time are the two observable
properties of classical black holes.

3. Black hole detection methods
How can one detect a cosmic BH? In principle, one can distinguish direct and indirect meth6
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space itself rotates. The forcing property is called frame–dragging. The frame–dragging frequency
already introduced as ω in Eq. (2.8), parameterizes the rotation of space as viewed from infinity.
Approaching the Kerr BH, the ’spin of space’ steeply increases, ω ∝ r−3 . It is important to note
that Schwarzschild BHs force anything not to rotate, ω = 0, a feature that may be entitled as anti–
frame–dragging.
Kerr BHs are endowed with a zone where the rotation of space–time becomes extraordinarily
strong. It called the ergoregion that is oblate. The outer edge of the ergoregion, the ergosphere, can
be computed according to gtt = 0 and we find
p
rerg (ϑ ) = M + M 2 − a2 cos2 ϑ .
(2.12)
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ods. Direct evidences for cosmic BHs means that an astronomer has to prove the key features of
a classical black hole by observations: the event horizon and the curvature singularity. Due to the
cosmic censorship conjecture by Roger Penrose [108] BH intrinsic singularities are hidden by an
event horizon. Therefore, a proof of the curvature singularity seems to be impossible. The proof
of an event horizon means to show strong evidence for a zero–emission region because at event
horizons the general relativistic Doppler factor vanishes exactly, g = 0, due to zero redshift (or
lapse) α = 0. On one hand, this is certainly difficult because any astronomical brightness measurements involve error bars so that only a g ≈ 0–statement could be made at best. On the other hand,
Hawking has demonstrated that in a semi–classical quantum gravity description (quantized fields
on a GR background metric) black hole event horizons radiate [63]. Based on these arguments,
it seems principally impossible to prove direct evidence for cosmic BHs by means of electromagnetic radiation. We feel that the only possibility for direct methods consists in clear signatures of
gravitational waves as pointed out recently [1, 14].
Hence, the diversity of current methods could be summarized as indirect methods. Astronomers
measure the amount of mass and the associated volume. From density arguments one may arrive
at the plausible conclusion that nothing else can fit but a BH. Of course, astronomers have to test
thouroughly if alternative scenarios may fit such as compact stellar clusters or other types of compact objects, e.g. neutron stars, boson stars, or fermion balls etc. If not, a good BH candidate is
detected.
In the following, we present different methods that are in use by astronomers. But we also
go beyond practice and show further methods that might be applied in the near future. All these
methods are classified by a suitable label.
3.1 Kinematical methods
Kinematical methods to detect black holes are widely–used and very successful. The simple
idea is that moving objects that feel the deep gravitational potential of the black hole serve as
tracers to derive properties of the black hole i.e. mass and spin. Hence, it is an indirect method
because the observer does not care about the black hole itself, but about the tracer. In practise
7
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Figure 1: Architecture of static Schwarzschild (left) and rotating Kerr BHs (right). We assume the same
mass. One immediately notices that Kerr BHs are more compact than Schwarzschild BHs.
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suitable tracers are luminous stars, gas or flaring objects. Any test body that is luminous enough to
be detected on Earth can in principle serve as dynamical tracer. Typically the tracer surrounds the
BH on Keplerian orbits. In that case, the tracking time scale is determined by the Keplerian time
scale at given radius.

Single stellar orbits Another example is the compact radio source Sgr A* that is associated
with the SMBH in the Galactic Centre (GC). Unfortunately, the view is obscured in the optical
waveband so that astronomers have to use radio waves, near–infrared (NIR) radiation or X–rays to
look into the centre of the Milky Way. The first infrared group started in 1992 to monitor gas and
motions of stars around the GC BH [36, 37]. Essentially, these results are confirmed by another
group [54, 55]. Proper motion and radial velocity measurements reveal Keplerian orbits of the
S–stars allowing to determine a periastron distance of 16 light hours for the star S2. Fig. 2 shows
nicely the Kepler ellipses of this innermost star and other S–stars. From this the distance of the
Galactic Centre is updated to be R0 = 7.62 ± 0.32 kpc. From Kepler’s third law a central mass of
(3.61 ± 0.32) × 106 M is deduced [40, 106].
This compact and dark mass is very likely a SMBH because any other alternatives such as
compact star clusters, boson stars, or fermion balls are ruled out [51, 117]. Stars orbiting SMBHs
are thereby suitable tracers to determine BH features. Astronomers plan follow–up projects to
approach the BH in our Galaxy and to probe GR effects (see Sec. 3.6) However, in theoretical units
the star S2 is still far away from the BH because the periastron distance amounts ≈ 1600 RS . This
is rather the asymptotical flat region of space–time, αS (r = 1600 RS ) ' 0.9997. Strong gravity
effects become important at a few tens Schwarzschild radii as proposed by relativistic emission
line diagnostics [99].
M–σ relation But not only single stars are suited. Ensembles of stars that follow their orbits in
groups can also be used e.g. if the resolution is not sufficient enough to detect single stars. This
situation is typical for distant galaxies. Slit spectroscopy of galactic nuclei is a valuable tool to
analyse stellar velocity dispersion profiles. The study of galaxy samples shows evidence for a
strong correlation between mass of the central BH, M, and the stellar velocity dispersion, σ , the
prominent M–σ relation [50]. Plotted as log–linear relation
log(M/M ) = α + β log(σ /σ0 ),

(3.1)

with a suited reference value chosen to σ0 = 200 km/s this correlation can be fitted to galaxy
samples. Recent results fit the slope to β = 4.0 ± 0.3 [129]. This value undershoots significantly
first fits of β = 5.27 ± 0.4 [47] and overshoots another one β = 3.75 ± 0.3 [50]. Previously, another
relation was found that links BH mass and bulge mass [83]. Both correlations hint for a physical
8
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Pioneering work The first BH was detected by the Canadian astronomer Tom Bolton in 1971
[22]. He studied the X–ray binary system Cygnus X–1. Bolton was able to measure the radial
velocities of the giant O–star HDE 226868. Therefore, he determined the mass function by a
kinematical method. The compact companion was favoured to be a stellar BH because alternatives
such as a white dwarf or a neutron star were ruled out. Today, the BH in Cygnus X–1 amounts to
∼ 10 M and HDE 226868 has ∼ 18 M . The orbital period amounts to 5.6 days. This is the first
historical BH verification.
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connection between stars from the galactic bulge and the central BH. There is a controversial debate
if Seyferts and quasars follow the same M–Mbulge relation [90] or not [135].
The M–σ relation is also theoretically understood [59, 2]. However, very recent results from
M31 (including Milky Way and M32) state that the M–σ relation has significant intrinsic scatter
– at least at low BH masses [13]. The redshift evolution of the M–σ relation was probed by
using quasars [122]. Whereas faint normal galaxies drop out of observability, these luminous AGN
can still be detected at high cosmological redshifts. BH masses are measured from continuum
luminosities and width of Hβ lines. Narrow [OIII] line widths serve as tracers to determine the
velocity dispersions. Out to z ' 3 the M–σ relation is still complied. However, at very high
redshifts, there are observational hints that the strong correlation, M ∝ σ 4 , breaks down. Recently,
it was suggested to use a curved M–σ relation [136].
Reverberation mapping Another kinematical verification method of black holes involves the
emission of gas. It is called reverberation mapping technique. The broad line regions (BLRs) are
supposed to be luminous matter clouds almost consisting of hydrogen that surrounds a galactic
core. Due to their fast motion emission lines are significantly broadened by the Doppler effect.
Therefore, the line width is a measure for the velocity of the BLRs, σ . Another essential parameter
involved in reverberation mapping is the distance of the BLRs to the centre of that galaxy, r. This
is determined by comparing primary emission from the galactic core (continuum radiation) with
secondary emission from the BLRs (emission lines) which is nothing else than the response of the
9
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Figure 2: Observed orbital shapes of six S–stars orbiting the Galactic Centre SMBH as projected to the sky.
The image is based on NIR observations taken from [40].
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core radiation. From the Virial theorem the central mass is deduced to be
M ≈ rσ 2 /G.

(3.2)

Today, astronomers are convinced that in nearly any center of a galaxy there is a SMBH. An active
i.e. accreting SMBH thereby causes the enormous AGN luminosity. In the local Universe the
SMBHs in galaxies are dormant and inactive e.g. Sgr A* or M31*. But if there are luminous
orbiting clouds available such as BLRs (especially for AGN type–1 i.e. AGN that allow observers
to look into the core), then there is good chance to measure the BH mass.

Kinematical BH spin measurements It is challenging to determine whether or not a BH rotates
by using kinematical techniques. In most cases indicators are to far away from the BH. Due to
ω ∝ r−3 behaviour, rotation of space–time is extraordinarily strong only at a few gravitational radii
distance to the BH.
Quasi–periodic flare emission close to the GC BH has been observed in NIR and in X–rays: The
NIR flare exhibits a quasi–periodicity of ∼17 min that is interpreted as relativistically modulated
emission of circulating gas. Assuming that the flare emitter moves at last stable Keplerian circular
orbit (= innermost stable circular orbit, ISCO) the observed period matches to a Kerr parameter for
the GC BH to be a ' 0.52 ± 0.26 [52]. The power density spectra of the X–ray flares observed at
the GC BH revealed distinct peaks yielding periods of ∼100 s, 219 s, 700 s, 1150 s, and 2250 s.
A comparison with characteristic frequencies associated with accretion disks i.e. Lense–Thirring
precession, Keplerian orbital, vertical, and radial epicyclic frequency, match to a BH satisfying
M = 2.72 × 106 M and a = 0.9939 M [7]. The nature of the flare emitters – possibly linked to
accretion flow or orbiting stars – is still unknown.
3.2 Spectro–relativistic methods
In general, the notion spectro–relativistic refers to relativistic effects in observed spectra that
can be used to determine BH properties. The condition for this idea to work is of course that the
emitter has to be sufficiently close to the BH.
Fe K lines Let us assume a very sharp line profile in the rest frame of the emitter e.g. an accretion
disk. Further, this disk rotates around a BH and extends down to the ISCO i.e. only a few gravitational radii away from the event horizon. An astronomical observer in a distant laboratory frame
would observe a line profile that is very different from that in the rest frame because the line photons are subject to a number of physical effects that happen on their way to the observer. First, the
Doppler effect produces a Doppler redshift at the part that is receding and a Doppler blueshift at the
part of the disk that is approaching to the observer. The result is a broadened line maybe with two
10
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Maser emission The next kinematical method that is based on gas motion involves maser line
emission. Water masers can be found in the molecular torus located at the pc scale of a galaxy.
This coherent microwave emission from Keplerian rotating gas orbiting the SMBH can be used to
measure the central mass. In case of NGC 4258, the BH mass could be determined to 3.6 × 107 M
within 0.13 pc [111] and in case NGC 3079 astronomers found 2 × 106 M enclosed within 0.4 pc
[73].
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Doppler peaks if the disk is sufficiently inclined towards the observer (longitudinal Doppler effect).
This already happens in Newtonian physics. Second, for intermediate to large inclinations there
is a special relativistic beaming effect at work. The Keplerian velocities are indeed comparable to
the speed of light so that radiation is bent towards the observer. Therefore, the observed radiation
intensity is amplified as compared to the rest frame. Third, the BH captures line photons by strong
space–time curvature. This gravitational redshift effect is two–fold as described in Sec. 2.1: the
observed photon energy is redshifted relative to the rest frame energy and the spectral line flux is
lower in the observer’s frame. All these three effects produce an asymmetric and skewed relativistic emission line profile that is shown in Fig. 3. X–ray astronomers often observe such kind of
profiles as iron K fluorescent lines [44]. They are part of the so–called ’reflection bump’ in X–ray
spectra that occurs around several tens of keV. This bump is the response of the ionized accretion
disk when hit by hard X–ray radiation e.g. from the primary Compton continuum. The most prominent iron fluorescent line is the neutral Fe Kα line that has a rest frame line energy of 6.4 keV. In
1995, the first relativistically broadened iron K profile has been observed in the Seyfert–1 galaxy
MCG–6–30–15 with the Japanese X–ray observatory ASCA [126]. It was found that even a Kerr
BH would be consistent with these observations.
Meanwhile, many examples are observed that exhibit this kind of relativistic iron lines. This
includes quasars [96, 112] and stellar–mass BHs (see [95] for a recent review).
In principle, gravitational redshift is a long–ranging effect that extends to infinity. However,
the effect decreases steeply with distance and is hard to detect in some distance to the mass or
BH. In a recent theoretical study it was possible to show that gravitational redshift can be probed
out to several 10000 gravitational radii distance to the BH in AGN if sufficient spectral resolution
11
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Figure 3: Prototype of an observed relativistic emission line profile that is emitted from a thin accretion disk
around a Kerr BH with a/M = 0.998. The disk extends from 1.24 (ISCO) to 100 gravitational radii and is
inclined to 30◦ (typical value for AGN type–1). The radial disk emissivity profile obeys ε(r) ∝ r−3 . The line
profile is subject of three effects: The Doppler effect due to rotation of the disk causes two horns; special
relativistic beaming intensifies the blue line wing, and gravitational redshift smears out the whole line profile
and produces an extended red line wing.
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with modern telescopes is imposed [101]. Indeed, this is feasible today and was demonstrated for
the Narrow–Line Seyfert–1 galaxy Mrk 110 in the optical [71] and in X–rays [21]. This offers a
new detection method for BHs to derive masses with multi–wavelength data. All gravitationally
redshifted features should point towards the same mass. Fig. 4 is based on ray tracing simulation
in the Kerr geometry and shows how the line profile develops when approaching the BH [101].
Essentially, the BH space–time induces a relativistic line broadening and a line suppression in the
vicinity of the BH.
Relativistic emission line profiles also indicate BH spin. The basic idea is the following: It is
known from accretion theory that standard disks extend down to the ISCO [123]. The ISCO depends on BH spin and is closer to the event horizon for rapidly spinning Kerr BHs, rISCO (a = M) =
1 rg , as compared to Schwarzschild BHs, rISCO (a = 0) = 6 rg . As a consequence the line emission
comes from regions that are deeper in the gravitational potential if the BH rotates. Therefore, the
line profiles from the vicinity of Kerr BHs are more influenced by gravitational redshift. This is
documented in Fig. 5 where a profile from a Kerr BH is compared to that of a Schwarzschild BH
and the inner disk edge couples to the ISCO in each case (all other line parameters are the same).
As expected, the line shape is broader and exhibits an extended broad red wing for the Kerr BH
whereas the line shape around the Schwarzschild BH is narrow. The red wing serves as a tracer for
the inner disk edge and (due to the imposed coupling) for BH spin.
However, this idea is plagued by the fact that real accretion disks may not extend down to the
ISCO. Radiative cooling might cause disk truncation and produce a narrow profile even though the
BH rotates [99]. In any case, an observed broad profile strongly favours a Kerr BH. But the often
imposed coupling of ISCO and Kerr parameter should be handled with care.
12
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Figure 4: Relativistic emission line profiles from rings in Keplerian rotation around a Kerr BH obeying
a/M = 0.998. The rings are approximately one gravitational radius narrow and inclined to 75◦ . A Gaussian
emissivity profile was chosen to mimic luminous rings (see [99] for details). The g–factor is just the full
GR Doppler factor that is defined by g = νobs /νem with radiation frequency in the observer’s frame νobs and
emitter’s frame νem . Rpeak is the ring radius with maxium emission and the only variable quantity in this
study. The emission line profiles become broader and fainter as the rings move towards the BH.
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Multitemperature blackbody spectrum The rest frame spectrum that is emitted near the BH
could be of other kind, too. Thin accretion disks are known to have a temperature profile and a
temperature maximum close to the inner disk edge [123]. Let us divide the disk into rings each with
a specific temperature. Then, the resulting disk blackbody spectrum is built–up by the blackbody
of each ring. This spectrum is called multitemperature blackbody spectrum. If the disk is close
enough to the BH GR effects are expected to influence the blackbody radiation. In fact, this is
the case and a ray tracing model has been proposed [78]. These authors also compared this model
to observations of BHXBs and were able to measure BH spins. They found rather high Kerr
parameters, a/M & 0.7.
3.3 Accretive methods
Accretive methods involve active BHs i.e. BHs that accrete matter thereby causing luminous
effects. As mentioned in the introduction there is in principle the same physics involved in both
cases, stellar and supermassive BHs [88].
AGN paradigm First, we turn to the AGN paradigm. Fig. 6 gives a sketch overview: At the sub–
parsec scale there is a huge rotating donut–like configuration, the cold dusty torus. This matter
flows due to instabilities into the center of the AGN. Thereby, a geometrically flat and optically
thick accretion flow develops: the standard accretion disk. Depending mainly on accretion rate
a geometrically thick and optically thin advection–dominated accretion flow (ADAF) [103] may
form only several tens of gravitational radii away from the central SMBH. In the vicinity of the
SMBH magnetic effects are favoured to drive strong outflows, the Jets, that are observed in radio
galaxies and (radio–loud) quasars. Therefore, any AGN discovery proves an active SMBH.
13
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Figure 5: Direct comparison of observed relativistic emission line profiles around a Kerr (a/M = 0.998,
blue) and a Schwarzschild BH (a/M = 0, green). The inner disk edge is identical to the ISCO in each case
i.e. rin = 1.24 rg (Kerr) and rin = 6.0 rg (Schwarzschild). All other parameters are the same in both cases such
as disk inclination angle i = 30◦ , disk outer edge rout = 100.0 rg and single power law emissivity ε(r) ∝ r−3 .
The velocity field of the emitting disk is Keplerian.
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Jet base investigations The physics in the direct SMBH vicinity is currently explored in theory.
The theoretical branch is called general relativistic magnetohydrodynamics (GRMHD). There are
a number of groups world–wide that have GRMHD codes to simulate the interaction of accretion
flow, BH and Jet [69, 33, 48, 35, 3, 4]7 . The time evolution of different initial configurations is studied in these supercomputer simulations e.g. plasma tori or accretion disks or just an electromagnetic
field. In 1991 it turned out that weak magnetic fields in a differentially rotating configuration are
the essential input for an operating MHD instability, the magnetorotational instability (MRI) [9].
The MRI drives strong magnetic turbulence thereby producing efficient angular momentum transport. This is the precondition to start accretion. MHD turbulence pushes an inflow into the BH.
Then, two mechanisms may produce magnetically the jets. The first mechanism involves magnetic
flux tubes that pierce the accretion disk. Analoguously to the solar surface the flux tubes extract
matter from the disk causing a magnetically driven disk wind that may form the jets after collimation. This extraction mechanism not involving a BH is known as Blandford–Payne scenario [18].
Here, the energy source is the magnetized accretion flow. The second mechanism needs a rotating
BH. The accretion flow transports the field lines into the BH’s ergosphere. Frame–dragging spins
up the magnetic field lines and produces a strong magnetic field. At some point the field is strong
enough to produce leptonic pairs. An outward directed electromagnetic energy flux (Poynting flux)
accelerates the plasma. The associated MHD waves drive the plasma magnetically. This is called
the Blandford–Znajek process [17]. The energy source is the rotational energy of the Kerr BH.
Currently, the two mechanisms are under debate.
Radio astronomers hope two clarify this point because very long baseline interferometry with
millimetre radio waves (mm–VLBI) already has spatial resolutions that amount to only 15–20
Schwarzschild radii for near AGN such as M87 in Virgo [75]. mm–VLBI offers the best resolution
available to date. The structures at the jet base will give rise for the jet launching mechanism at
7 Here,

the first papers of each group are given; there are many follow–up papers available.
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Figure 6: Sketch of the inner parts of an active galactic nucleus (AGN). Consider that this is a sectional view
with logarithmic scale along the axes. The main structures in an AGN are dusty torus, standard accretion
disk, hot advection–dominated inner accretion flow, central SMBH, and Jets.
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work. If the jet base is very small in size e.g. only a few Schwarzschild radii this would favour
the Blandford–Znajek process and disfavour the Blandford–Payne scenario because the latter involves an extended disk with at least several tens of Schwarzschild radii in size [74]. Further, if
astronomers compare the observed structures with GRMHD simulations this might constrain BH
mass and spin. Mass is restricted by the apparent size of the BH at the expected position and also
by the apparent spatial distance of the jet bases if a two–sided jet is visible e.g. in case of Cyg A
[76].

Deep field observations The final method that could be termed as accretive verification method
involves deep field observations i.e. astronomical observations with very long exposure times.
Then, very faint and distant objects can be studied. X–ray deep field observations of the Lockman hole [61] suggest that ∼ 100 AGN in that field can be combined together to form a summed
feature at ∼ 6.4 keV rest frame energy. This is interpreted as a stacked Fe Kα feature [124]. The
best fitting line profile suggests rotating BHs. This finding is consistent with another analysis [24].
3.4 Eruptive methods
Eruptive verification methods are always associated with burst–like phenomena. Such events
are quite common in astronomy and the challenge is to select those that are truly associated with a
BH.
Gamma–ray bursts The best examples are GRBs. Due to current paradigms for short–term
[102, 114] and for long–term GRBs [82] astrophysicists are convinced that in each GRB there
forms a stellar–mass BH. Short–term GRBs are merging binaries consisting of two neutron stars
or a neutron star and a BH. Long–term GRBs are also called hypernovae because they exceed
the total energy output of supernovae by a factor of ∼ 100. A gravitational collapse of a massive
star e.g. a Wolf–Rayet star leads to a hypernova. In any case a stellar–mass BH forms and drives
ultrarelativistic jets. They produce a prompt γ–ray emission that is followed by X–ray, optical, and
radio afterglows, see [131] for a review.
Tidal disruption events Another eruptive detection method for BHs involves stellar tidal disruptions. Fig. 7 illustrates this scenario: In the approaching phase (I) the star with mass m∗ and radius
R∗ approaches a BH of mass M. In the tidal deformation phase (II) the star is strongly deformed
by tidal forces of the BH. At the tidal radius that satisfies
RT ≈ R∗ (M/m∗ )1/3
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Eddington’s relation Using Eddington’s relation [38] that links luminosity to accretion rate and
BH mass, accretive methods are of particular interest for high accretion rates close to the Eddington
rate. Accretion onto a SMBH is a widely accepted paradigm that drives AGN luminosity. But also
X–ray binaries that contain stellar black holes are observed where black hole accretion drives a
strong X–ray source. Prominent examples are Cyg X–1 and Cyg X–3. Recently, for the BHXB
GRO J1655-40 it could be shown observationally that magnetic accretion operates as expected from
the Blandford–Payne scenario [94]. Thereby, the different accretion and spectral states of BHXBs
can be described in a unified scheme [41]. From the observed luminosity it is possible to estimate
the BH mass. A higher value of the radiative efficiency ε ' 0.1...0.4 even indicates BH spin.
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the BH’s tidal forces dominate selfgravity of the star. As a consequence the star is disrupted in the
tidal disruption phase (III). The stellar debris spread over a region close to the BH and might be
accreted partly. If so, a characteristic X–ray flare develops in the accretion and flare phase (IV).
This X–ray flare has typical signatures that hint for a tidal disruption e.g. it is thermal radiation,
the X–ray luminosity decays with time according to a power law, LX ∝ t −5/3 [42] with typical
timescales of months and the integrated luminosity yields an energy output of ' 1051 erg that is
comparable to supernovae. Stellar tidal disruptions are rare events that occur once in 104 years per
galaxy [84]. To exclude flares from AGN activity the X–ray observations have to be accompanied
by simultaneous optical observations.
The observation of a stellar tidal disruption of a solar–type star constrains immediately the
BH mass to be smaller than ≈ 108 M because for larger BHs the tidal radius is smaller that the
Schwarzschild radius [65].
In 2004, it has been reported on a stellar tidal disruption that occured in the non–active galaxy
RX J1242-1119 [72, 60]. A huge drop of the X–ray luminosity in the post–flare spectrum by a
factor of ' 200 and other characteristics as mentioned before favour that indeed a stellar disruption
has been detected. The brightness in the blue band as observed with the Hubble space telescope
gives an estimate for the SMBH mass to ' 2 × 108 M .
Recently, another stellar tidal disruption event has been reported also in the UV [53]. The BH
mass can be derived from blackbody spectral fits. Due to the fact that the radius of emission should
be greater than ISCO these fits also provide an estimate of BH spin.
Hawking evaporation In the early Seventies, it was shown that even a semi–classical approach
with quantized scalar fields on the background of non–quantized 4D BH space–times results in
the possibility that BHs are not totally black [63]. Practically, this Hawking emission is to dim for
astrophysical BH candidates and estimates show that the horizon illuminated by Hawking radiation
16

PoS(P2GC)017

Figure 7: Sketch of the tidal disruption scenario, see text for details.
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3.5 Obscurative methods
These methods make use of the blackness of the BH. The method’s name is based on the Latin
word for darkness: obscuratio. If there is something bright in the environment the BH emerges
in the foreground. In BH physics the luminous background source may be the accretion flow that
streams like a swirl into the hole or it may be the cosmic microwave background (CMB).
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deviates hardly from the classical zero–luminosity horizon. On one hand, the signal–to–noise ratio
does not allow to detect dim Hawking emission currently; on the other hand, BH surroundings are
blurred with other kinds of radiation that are even more intense.
For typical cosmic BHs the decay due to energy loss by Hawking radiation can be neglected
because the decay time scales with τ ∝ M −3 . A solar–mass BH decays after 1064 years exceeding
the Hubble time by far. However, Hawking evaporation might be interesting for primordial BHs
that have canonical masses around 1015 g [25] – but still there are no observational clues that hint
for these small BHs in the Early Universe.
We make an aside and concentrate onto a new branch of BH physics that will be of great
importance in the near future that is to say BHs in particle accelerators. Possibly, high–energy
physics will deliver fruitful new insights into BH research: On the condition that spatial extra dimensions (more than three) exist in nature and the classical Planck scale is reduced to significantly
lower energy scales, it may be possible to produce mini BHs in high–energy particle collisions
[34, 56, 29].
The general formula to compute the reduced Planck scale, MPl,D , from the number of spatial
extra dimensions, n, and the compactification Radius, R, is in the ADD scenario [5]
 n/(2+n)
h̄
2/(2+n)
,
(3.4)
MPl,D = MPl
Rc
p
where MPl denotes the classical Planck scale of MPl = h̄c/G = 1.221 × 1019 GeV, h̄ Planck’s
constant, c vacuum speed of light and G Newton’s constant. For all cases n & 2 (as suggested by
M–theory, string theories and supergravity) a modified gravity occurs at the sub–mm scale. This
theory is called TeV quantum gravity because the Planck energy is reduced and comparable to
the electroweak scale, mEW ∼ 1 TeV. However, the mm to µm regime has been tested but spatial
extra dimensions have not been found so far. TeV quantum gravity scenarios can be tested at the
Large Hadron Collider (LHC) at CERN or at International Linear Collider (ILC). Maybe, it will be
possible to verify Hawking emission in terrestrial experiments because evaporating mini BHs are
produced in in TeV quantum gravity. It is important to note that these mini BHs are significantly
different from classical GR BHs: mini BHs are higher–dimensional and "stringy" at the reduced
Planck scale i.e. more complex [34].
The lifetime of mini BHs is quite short e.g. a BH with mass of 3 TeV lives only ∼ 10−24
s [30]. These authors also estimate that in lead–lead collisions at LHC the absorbtion rate for
elementary particles is much smaller than the evaporation rate so that mini BHs can hardly absorb
their surroundings.
The decay rate suggests that Hawking evaporation of mini BHs is rather something like an
explosion. If the scenario outlined here should be in fact verified at LHC then it is justified to
entitle this as eruptive verification method of a BH.
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The lapse function α has been presented in Eq. (2.4). This is the dominant factor producing
the blackness. Spectral flux is reduced by higher powers of the g–factor which satisfies g ∝ α. The
lapse function obeys α ∝ ∆, where ∆ denotes the horizon function. ∆ = 0 sets both horizons of a
Kerr BH. If ∆ 7→ 0, then also g 7→ α 7→ 0 i.e. spectral flux vanishes at the horizons.
Black spot studies The resulting dark feature has been called ’shadow’ by [45]. We think that this
notion is somewhat misleading because BHs do not cast a shadow geometrically as in Newtonian
gravity. It is strong space–time curvature that warps light rays that they cannot escape from the BH.
As previously suggested [100], we introduce here again the notion Black Spot (BS) for this black
hole feature.
Eq. (2.10) suggests that the intrinsic shape of the event horizon is spherically symmetric since
there is no angle dependence. However, this radius is not an invariant. As observed from infinity the appearance of the event horizon depends strongly on inclination angle of the observer and
on rotational state of the BH. This was first shown in the work by [32] and can be confirmed by
modern relativistic ray tracing simulations. In Fig. 8 a sequence is shown that proves the deformation of Kerr horizons in the middle of an accretion disk with variable inclination angles. These
deformations can be used to determine BH properties by observations. However, theoretical studies show that some uncertainties are involved because the BS shapes are model–dependent e.g.
whether or not an accretion disk is present or whether or not the accretion disk is geometrically
thin [100, 125]. A detailed study of these models allows in principle for constraining inclination
angle of the BH’s rotation axis to the observer, BH spin, and BH mass if the distance of the BH
candidate is known. Interferometric techniques especially in the radio band are supposed to allow
this kind of measurements in the near future [45, 74, 75].
Krichbaum et al. also suggested good candidate objects with a realistic chance to observe the
BS soon with mm–VLBI techniques, namely the SMBH at Sgr A* and M87. The parameters for
Sgr A* are 8 kpc distance and a SMBH of mass 3 × 106 M . M87 is with 18.7 Mpc more distant
than Sgr A* but the putative SMBH is also by a factor of thousand more massive, 3 × 109 M , so
that the BS is bigger in size, see Eq. (2.11).
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Figure 8: A sequence of apparent shapes of the BH horizon surrounded by a flat accretion disk – in the
present work called Black Spots (BS). The study illustrates an extreme Kerr BH, a ' M, (counter–clockwise
rotation) as seen under different inclination angles. The shapes are numerical results from relativistic ray
tracing. The BS is successively deformed with increasing inclination angle. The ratio of the crossing lines
can be used to parametrize the deformation: At low inclination the ratio is 1:1 and the BS is more or less
symmetric (upper left); at high inclination this ratio deviates significantly to become 1:1.3 and even more
(lower right).
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Figure 10: Luminous counter–clockwisely rotating accretion disk around an extremal Kerr BH. The inclination angle amounts to 40◦ . The colour–coded intensity grows from black over blue to white. The bright
beaming spot is close to the BH.

Let us now turn to the second possibility i.e. that the CMB acts as ambient background source
[27]. A nice analogy to this idea is shown in Fig. 9: This is ROSAT’s view of the half Moon taken
in 1990 [118]. The X–ray background emerges around the black half of the Moon’s disk on the
left–hand side and outlines together with the bright right–hand side the Moon’s total silhouette.
In the future, a detector of sufficient spatial resolution and sensitivity could image a comparable snapshot of a BH immersed in ambient radiation. This technique will deliver the first
photograph of a BH and should look like Fig. 10. The radiation may come from accretion flow –
or even more spectacular from the CMB. Using the CMB this opens the possibility to pinpoint any
BH, whether or not it is accreting. Inactive, dormant and isolated BHs could thereby be detected!
3.6 Aberrative methods
The aberrative verification technique is associated with the fact that BHs cause strong gravitational lensing effects. This means that the visual appearance of an object close to a BH in generally
distorted. Many examples can be found in the literature proving very strange simulated images
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Figure 9: X–ray image of the sunlit half Moon taken by the German X–ray observatory ROSAT in 1990
[118].
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Figure 11: Apparent shapes of circular orbits located r ' 6 rg around a Schwarzschild black hole, a = 0.001
(gray), and a Kerr BH, a = 0.998 (black). The apparent position of the BH is at the origin of the observers
screen in (0; 0). From top to bottom the inclination angles of the orbital plane to the observer are 30◦ , 60◦
and 85◦ . At highest inclinations a clear discrepancy between a non–rotating and a rotating BH is visible.

e.g. the shape of an accretion disk around a BH. Pioneering work has been done by [10, 79]. The
knowledge resulting from such simulations can be used to constrain BH parameters. However, it
must be stated that the current spatial resolution of telescopes is still not sufficient enough to image
the warped appearance. State of the art is that astronomers use two alternatives to analyse images
that are distorted by a BH candidate: Either they use photometric methods by measuring light amplification of background sources from lensing BHs in the foreground, or astronomers benefit from
spectroscopic methods i.e. the total emission over relativistically distorted images is measured (see
Sec. 3.2).
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Lensing of orbital shapes Let us now turn to relativistically distorted images of tight orbits
around BHs. We render these images by relativistic ray tracing techniques on the Kerr geometry.
The code solves the equation of motion for null geodesics in Kerr space–time i.e. the geodesics
equations by using elliptical integrals [46, 99]. All renderings presented here are based on the
physical parameter set {a/M, i, rin , rout } where M denotes BH mass, a the Kerr parameter i.e. specific angular momentum of the BH, i is the inclination angle of the orbital plane relative to the
distant observer in units of degrees (◦ ), rin is the inner and rout the outer radius of the orbit in units
of gravitational radii, rg . All results only show images of first order i.e. higher order images from
light bending and returning radiation are neglected.
Fig. 11 shows a comparison of apparent orbit shapes around a non–rotating (Schwarzschild,
a = 0.001 M, gray) vs. a rapidly rotating BH (Kerr, a = 0.998 M, black) as viewed by a distant
observer at infinity. Each orbit is located at the ISCO, r ' 6 rg , of the Schwarzschild geometry.
The variable parameter in this study is the inclination angle of the orbital plane that cycles over
i = 30, 60, 85◦ from top to bottom. We conclude that at low inclinations i.e. nearly face–on situations the observer cannot distinguish a Schwarzschild from a Kerr BH, unless he observes a stable
Keplerian orbit obeying rorb . 6 rg indicating stable orbits around a Kerr black hole. In contrast,
at high inclinations i.e. nearly edge–on situations the observer clearly detects different apparent
orbit shapes depending on BH spin. From the apparent orbits at the sky we crudely estimate the
maximum relative spatial offset to be ∼ 0.08 in the undermost example shown in Fig. 11. For
a 3.6–million–solar–mass BH in 7.6 kpc distance the apparent size of the orbital diameter, θorb ,
amounts to 56 µas (cf. Eq. (2.11) with θorb = 3 θBH because rorb = 3 RS ). Hence the deviation
between Schwarzschild and Kerr at i = 85◦ can be found to be only ∼4 µas. This is feasible by
mm–VLBI techniques within the next years.
Let us consider also two BHXBs in contrast, Cyg X–1 satisfying M ' 10 M and d ' 2.2 kpc
as well as XTE J1118+480 with M ' 7 M and d ' 1.8 kpc. These are the two spatially closest
stellar BHs to Earth. With Eq. (2.11) it is found that the apparent sizes of these BHs amount only
to ' 10−3 µas in both cases (nas–scale!). This is by far out of current astronomical detectability.
We add here that as already shown in pioneering work strong gravitational lensing emerges
only at high inclination angles. Further, Fig. 11 proves that orbit shapes become asymmetric in
case of rotating BHs. This is the signature of frame–dragging causing matter and light to co–rotate
with the space–time.
Imaging of objects in the BH vicinity is characterised by relativistic blurring. A more sophisticated example is presented in [106] resulting from 3D relativistic ray tracing including also
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Lensing of background point sources Under special circumstances i.e. background point source,
BH in the foreground, and observer are collinear characteristic emission features known as Einstein
rings occur [39]. This phenomenon has been observed for other lens objects such as microlenses –
so called MACHOs i.e. massive compact halo objects, most probably brown dwarfs, even planets –
in the Galaxy [49] and for heavy dark matter galaxy clusters that lens the background emission of
distant galaxies [107]. The corresponding light curve is very symmetric and can be easily selected
in the zoo of observed light curves. However, there is to date no single observation that has proven a
BH only by lensing. But in principle, such a technique is possible. The power of that technique has
been successfully tested in cosmology for heavy dark matter lenses, see e.g. the Abell catalogue.
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multiple images of higher orders (returning radiation). The complete orbital trajectory ressembles
to a cardioid in this case where a Schwarzschild BH and moderate inclination of 45◦ have been
assumed.
Further examples with ray traced accretion flows are based on pseudo–Newtonian MHD [6]
or GRMHD simulations [119]. These turbulent accretion flows demonstrate that the aberrative
structure becomes more complicated.
3.7 Temporal methods

3.8 Gravitational wave–induced methods
As anticipated in the beginning of this Sec. 3 gravitational waves (GWs) provide the only direct
method for detecting BHs. Electromagnetic waves cannot serve a fiducial tracers [1]. It has been
demonstrated that event horizons have a characteristic imprint onto GW waveforms [115, 66]. The
idea in both proposals is that the inspiral of a compact object onto a central massive body can be
used to map the space–time. However, this appealing concept is plagued by the two main problems
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Temporal methods are based on the fact that gravity also causes time dilatation effects. This
has been verified by terrestrial experiments (Gravity Probe–A). Strong gravity from BHs is responsible for significant time dilatation effects as discussed at the formula for the lapse function on
the Kerr geometry, Eq. (2.4). Thereby, lapse is defined as α = dτ/dt with eigenzeit interval dτ
and coordinate time interval dt. Together with the gravitational redshift effect an external observer
states that "an infalling luminous clock becomes red and faint when approaching the hole combined with a slow–down of the ticks". For classical GR BHs the clock stops ticking at the horizon
("freezing effect"). However, this is principally not observable due to the fact that it appears black
for external observers at infinity. Additionally, tidal forces will stretch and squeeze the clock. The
tidal damage is extraordinary strong for stellar BHs rather than for their supermassive counterparts
(see Sec. 3.4).
The idea for the temporal verification method is that a suitable ’clock’, a periodical event in
the vicinity of a BH serves as a BH indicator. Time dilation effects e.g. occur in light curves that
originate from orbiters close to a BH. First calculations of the observed light curve of a star orbiting
a Kerr BH were performed in the Seventies [32].
Giant and rapid X–ray variabilities have been reported for a narrow–line Seyfert–1 galaxy
[20]. These observations are consistent with strong relativistic effects that have impact onto the
X–ray light curve.
Recently, it was shown that the modulation of a transient, redshifted iron K line in the Seyfert
galaxy NGC 3516 can be explained by an orbiting spot on the accretion disk that is illuminated by
a corotating flare [67]. Flare position and orbital timescale have been used to estimate the SMBH
mass.
Hence in principle, such observations constrain the Kerr BH parameters. The computations
by Cunningham & Bardeen suggest that the the orbit radius can be determined from the light
curve and this radius would also constrain BH mass and spin e.g. a Kerr BH again is signaled by
rorb < rISCO (a = 0) = 6 rg . They were able to demonstrate that the released energy flux is sharply
peaked in time if the orbit is close to the event horizon.
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of GW astronomy: first, GWs have not been detected directly so that astronomers have not these
waveforms at their disposal; second, there is a source confusion problem in GW astronomy i.e. it
will be hard to pinpoint the GW emitter. Another more specific problem is that e.g. Kerr space–
times and non–Kerr space–times could be confused [57]. Nevertheless, we feel that within the next
years GW astronomy will overcome these rather technical difficulties.
As proposed recently [14], GW waveforms (once detected) offer the opportunity to count the
hairs and to rule out e.g. SMBH or boson star.

What do we observe? Observations reconcile in many cases with classical BH solutions that are
endowed with only two hairs: mass M and spin a. At least in one case, alternatives to the SMBH
are ruled out i.e. in the Galactic Centre [51, 117]. In other cases, there is few space for alternatives
because rapid space–time rotation proves to be an essential ingredient in BHXB, GRB, and AGN
physics. From this perspective, there is evidence for Kerr BHs.
However, a convincing proof consists in verifying two features of a classical BH: the event
horizon and the intrinsic singularity. Both have not been observed by astronomical methods, yet!
The problem is that the event horizon and its direct surroundings are too faint. The event horizon of
classical GR BHs has per se vanishing luminosity as discussed in Sec. 2.1. There is a controversial
debate if black hole event horizons are observable [113] or not [1]. The ADAF argument can be
exploited to distinguish neutron stars from BH candidates in X–ray binaries [104]. However, this
argument only proves that it is something different from a neutron star but it does not prove event
horizons. We argue that it is not possible to rule out BH alternatives such as Gravastar or Holostar,
both without event horizons (see below) by this ADAF argument.
We further stress here a temporal aspect of BHs that may be regarded as alternative interpretation of gravitational redshift: BH event horizons are in the future of external observers! Looking
at the Penrose diagrams of classical BHs the intrinsic singularity has the character of a future null
infinity. Therefore, an external observer located at asymptotical flatness does not share the same
hypersurface t = const with the BH singularity. In simple words: BH event horizons are in our
future and hence in principle non–observable. As an astronomer that uses electromagnetic waves
we cannot be assured that we observe an event horizon or the gravitational redshifted and dark
sphere of a compact object without event horizon.
Alternatives to the classical BH Recently, theoretical results were presented that go beyond
Einstein. Petri found a solution of Einstein’s field equation that is called holostar [109, 110].
This new compact object has an external metric that is identical to the Schwarzschild solution. The
holostar has a thin matter shell and an internal metric that satisfies a total energy density distribution
ρ ∝ r−2 . The interior obeys an equation of state with anisotropic pressure. This behaviour can
nicely be interpreted in the framework of string theories: the spherically symmetric holostar core
consists of radial strings. Interestingly, holostars are lacking both, event horizon and curvature
singularity.
Based on string theories, a BH alternative was proposed called fuzzball [85, 86, 87]. The
interior of this compact dark object consists of strings, too.
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4. Discussion
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Developments in loop quantum gravity Besides, classical BH physics is currently confronted
with new clues that follow from the framework of quantum geometry. Considering a simple toy
model for the gravitational collapse of a scalar field, effects of loop quantum gravity cause a bounce
in the course of the collapse. "Loopy effects" in granular space–time develop a negative pressure
that drives strong mass outflows. Finally, this prevents from building–up a curvature singularity.
Detailed research is in progress but it is indicated that this effect might remove the classical BH
singularity [19, 58].

5. Conclusions
Kinematical methods are very robust and deliver precise parameter measurements for both,
BH mass and BH spin. All kinematical methods are standard in astronomy to get insights into BH
properties. We guess that reverberation mapping techniques will become more and more important
especially in X–rays because several high–precision instruments such as eROSITA, XEUS and
Constellation–X are underway.
Meanwhile, spectro–relativistic verification methods such as broad iron K fluorescence lines
represent a standard diagostic tool to study innermost accretion flow and BH. Unfortunately, prominent Fe Kα lines do only occur in a fraction of all BH candidates.
Accretive methods give reliable estimates for BH mass and spin if one considers Eddington’s
argument. Promising investigations involve deep surveys that give rise for average properties of
SMBHs in the field. For the future, detailed mappings of the structure around BHs with VLBI are
supposed to deliver valuable input on the BH properties if compared to supercomputer simulations.
GRB detections as an eruptive method signal clearly the existence of a BH but only give
vague parameters for mass and spin. This is better for stellar tidal disruptions, however these
events are too rare. The most promising upcoming eruptive method is based on decay by Hawking
radiation. But in this case the BHs have particle size. The detecability is quite uncertain because
the underlying theory offers many variants – the serious point is that the existence of spatial extra
dimensions is questionable so far.
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Another alternative to the Schwarzschild BH is the gravastar [98]. This solution exhibits an
external Schwarzschild metric, too. The transition region consists of a thin matter shell filled with
an ultrarelativistic plasma. Unlike holostars, gravastars are endowed with a dark energy core (de
Sitter space) as internal metric. Unfortunately, the original gravastar model with isotropic internal
pressure is unstable [132]. But is it was shown that gravastars become stable and more compact
with anisotropic pressure [28]. Meanwhile, it has been demonstrated that the internal de Sitter
metric can be replaced by other forms of dark energy [132, 15].
The properties and stability of these new BH–like solutions are matter of current research. If all
these solutions turn out to be stable, astrophysicists have a serious problem: how should one single
out one of these competing static solutions for a given Schwarzschild BH candidate? To date, the
only possibility is that rotation of the BH candidate can be measured astronomically. Then, there
is no alternative to the classical Kerr BH. But if researchers will find rotating generalizations of
holostars, fuzzballs, and gravastars this might lead BH astrophysics into a crisis.
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