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     Overture  
  
    25-th annyversary of  
  Hubble Space Telescope 
     
 
                                       New release 



                 Crab nebula  



Westerlun2 – super star cluster in the Milky Way 



NGC 7635 (Bubble Nebula),   emission nebula in the constellation Cassiopeia 



Horsehead Nebula in the constellation Orion 



Butterfly emerges from stellar demise in planetary nebula NGC 6302 



   "Pillars of Creation" in the Eagle Nebula. 



 Who (and where) 
 is the Creator ? 



Creator is gravity!  
  It is everywhere 

And The Black Hole  
 is its ultimate goal 



Isolated black hole  (simulation) 



The way to Black Hole 
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     The scale of the first line is comparable  
with time of existence of humans on the Earth! 

How long does it take? 



Neanderthal  -10^5 yr 

Homo Erectus -10^6 yr 

Lucy (australopitek) 
-3.2*10^6 years 

Homo sapiens, 
-2.7*10^4 before 
creation of JINR. 
Discovered 
near Vladimir 

Man’s evolution  
  on the Earth 

https://it.wikipedia.org/wiki/File:Lucy_(Frankfurt_am_Main).jpg
https://en.wikipedia.org/wiki/File:Skeleton_and_restoration_model_of_Neanderthal_La_Ferrassie_1.jpg


Luci , 
Discovered in 1974 
in Ethiopia, contemplated  
by pitekantrops  
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-3.6*10^4 yr    Cave Chauvet, France 
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How many black holes are there? 

  
Stellar-mass black holes form from the most massive stars when 
their lives end in supernova explosions. The Milky Way galaxy 
contains some 100 billion stars. Roughly one out of every thousand 
stars that form is massive enough to become a black hole. Therefore, 
our galaxy must harbor some 100 million stellar-mass black holes. 
Most of these are invisible to us, and only about a dozen have been 
identified. The nearest one is some 1,600 light years from Earth. In the 
region of the Universe visible from Earth, there are perhaps 100 billion 
galaxies. Each one has about 100 million stellar-mass black holes. 
And somewhere out there, a new stellar-mass black hole is born in a 
supernova every second. 

 
Supermassive black holes (SMBH) are a million to a billion times more 
massive than our Sun and are found in the centers of galaxies. Most 
galaxies, and maybe all of them, harbor such a black hole. So in our 
region of the Universe, there are some 100 billion supermassive black 
holes. The nearest one resides in the center of our Milky Way galaxy, 
28 thousand lightyears away. The most distant we know of lives in a 
quasar galaxy billions of lightyears away. 



Primordial (microscopic) black holes 
• This is is a hypothetical type of black hole that is formed not by 

the gravitational collapse of a large star but by the extreme 
density of matter present during the universe's early 
expansion. 
 

• It has been proposed that dark matter is made up of primordial 
black holes. One theory proposes that they are in the mass 
range of 1017 g to 1026 g,based on the expectation that at this 
low mass they would behave as expected of other particle 
candidates for dark matter. They would be within the typical 
mass range of asteroids, having sizes ranging between 10-12  
and 10-3 cm. 
 

• Their search looking for Hawking evaporation effect was not 
successful (explosive eventa are not expected in this range of 
parameters). But now they are discussed as possible dark 
matter candidates.  



Supermassive black hole (Muse) 
The Galactic Center is the rotational center of the Milky Way.  
The estimates for its location range from 7.6 to 8.7 kiloparsecs  
(about 25,000 to 28,000 lightyears) from Earth in the direction  
of the constellations Sagittarius, Ophiuchus, and Scorpius where 
 the Milky Way appears brightest. There is strong evidence 
consistent with the existence of a supermassive black hole at the 
Galactic Center of the Milky Way 

Because of interstellar dust along the line of sight, the Galactic Center  
cannot be studied at visible, ultraviolet or soft X-ray wavelength. The  
available information about the Galactic Center comes from observations  
at gamma ray, hard X-ray, infrared, sub-millimetre and radio wavelengths. 

There is a supermassive 
black hole in the bright 
white area to the right of 
the center of image. This   
photograph covers about 
half of a degree 

Artistic view 

https://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Supermassivebh.jpg


SMBH in M 87 
• Colossal SMBH was identified in the center of the galaxy M87 

The black hole at the center of the super giant elliptical galaxy M87 shown above 
in cluster Virgo fifty million light-years away, is the most massive black hole for 
which a precise mass has been measured 6.6 billion solar masses. Orbiting the 
galaxy is an abnormally large population of about 12,000 globular clusters, 
compared to 150-200 globular clusters orbiting the Milky Way. 

New observations on July 2015 with ESO’s  
Very Large Telescope have revealed that 
BH in the giant elliptical galaxy Messier 87  
has swallowed an entire medium-sized 
 galaxy over the last billion years. For  
the first time a team of astronomers  
has been able to track the motions of  
300 glowing planetary nebulae to find  
clear evidence of this event and also  
found evidence of excess light coming  
from the remains of the totally disrupted 
victim. 

Review of SBHs after Hubble Telescope data 
J. Kormendy and L. C. Ho, Annual Review of Astronomy and Astrophysics , 511 (1951), [1308.6483]. 



Event horizon telescope 
• BlackHoleCam is a project funded through a “Synergy Grant” awarded 

by the European Research Council  to a team of European 
astrophysicists  to construct the first accurate image of a black hole.  
 

• By measuring the shadow cast by the event horizon of the black hole 
in the center of the Milky Way, the project will provide the indisputable 
proof that black holes exist. The measurements are done 
by combining several radio-telescopes around the globe in a 
synchronised network as large as the Earth (the Event Horizon 
Telescope)  to peer into the heart of our own Galaxy, which hosts a 
mysterious radio source, called Sagittarius A*, and which is 
considered to be the central supermassive black hole.  
 

• The project aims also at finding new radio pulsars near this black 
hole, which will allow to measure its physical properties with high 
accuracy. By combining these measurements with advanced 
computer simulations of the behaviour of light and matter around 
black holes, BlackHoleCam will test predictions of different theories of 
gravity, including Einstein’s theory of General Relativity, with 
unprecedented precision 



Binary black holes 
• A binary black hole (BBH) is a system consisting of two black holes in 

close orbit around each other.   
• For many years proving the existence of BBHs was made difficult 

because of the nature of black holes themselves, and the limited 
means of detection available. However, in the event that a pair of black 
holes  were to merge, an immense amount of energy should be given 
off as gravitational waves, with distinctive waveforms that were 
calculated using general relativity.  
 

• The existence of stellar-mass binary black holes (and gravitational 
waves themselves) were finally confirmed when LIGO detected 
GW150914 (September 2015, announced February 2016), a distinctive 
gravitational wave signature of two merging  black holes of around 30 
SM each, occurring about 1.3 billion light years away. In its final 
moments of spiraling inward and merging, GW150914 released around 
3 solar masses as gravitational energy, peaking at a rate of 3.6×1049 
watts — more than the combined power of all light radiated by all the 
stars in the observable universe put together !   



GW150914 (simulation) 

https://en.wikipedia.org/wiki/GW150914


GW150914 (first detection) 
Merging of two black holes 
with masses 36 and 29 SM 
with formation a of black hole 
of 62 SM. The distance from the  
Earth is about 1/30 of the size of 
the visible universe 
 
The energy equivalent to  
three solar masses was  
released in the form of  
gravitational waves, with power 
3.6 . 1056 erg/sec in the 
frequency range 25 – 350 Hz 
 
The second detection was in 
December 2015:  merging 
of 7.5 an 14 SM with 1 SM  
released as gravity waves 
 





Determination of parameters became possible via separate analysis of three stages 
of merging reflected in the frequency spectrum: Kepler rotation, damped inspiral  
and the final ringdown. Two first are of Newtonian and post-Newtonian nature with 
account for radiation reaction.   
 
The ringdown stage is most informative about extreme gravity. It is thought to be 
associated with emergence of the common event horizon. Templates used 
by LIGO were based on the picture of quasinormal modes (QNM) which are eigenmodes 
of perturbations of would-be black hole disappearing at the ultimate stage of the merger. 
 
This analysis has certain subtleties, however.  Recently it was argued (Cardoso et al,  
Price et al) that  QNM spectrum in the high frequency region may be not related 
 to existence of the event  horizon but rather appeals to ‘light rings’ (the closed  
null geodesics) which can exist independently on whether or not there is a horizon.  
Though the initial explanation remains the most appropriate, the light rings alternative 
Is worth to be kept in mind  



Second event observed by LIGO on December 26, 2015. Coalescence of two  
black holes with masses 14.2 and 7.5 of solar mass, resulting in a black hole of  
mass 21.8 and rotation parameter 0.74. The distance is estimated as 440 Mps. 
About one solar mass was transformed into gravitational radiation. 



A galaxy about 4 billion light-years from us was recently discovered to have not 
one, not even two, but three gigantic black holes at its center. 
   
Such triple systems appear to be extremely rare—only four are known.  
The newfound system includes two black holes orbiting each other 
very closely, about 450 light-years apart, with a third black hole  
a bit farther out. The central pair zoom around each other at a fast clip,  
about 300 times the speed of sound on Earth. The hole trinity also  
represents the tightest trio of black holes known to date.           

     Triple BH systems found ! 

https://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjkyfyYx_XOAhXEF5oKHR8AA2YQjRwIBw&url=http%3A%2F%2Fwww.salon.com%2F2014%2F07%2F06%2Ftriple_black_hole_system_found_in_distant_galaxy_partner%2F&psig=AFQjCNG64_tgDpXa27pbYkUZtLLZE9jDIg&ust=1473073134642705


 Beginning of BH saga: Schwarzschild metric 
(1915) 

rs=2GM/c2=2M in units G=c=1 is Mitchel-Schwarzschild (gravitational) radius, 
t  is time at infinity related to proper time of radially falling observer follows by 
the energy equation 

So infinite time corresponds to finite proper time when rs is approached. Similarly, 
the surface of the collapsing ball will be approaching rs during infinite time 
measured by the distant observer (infinite time delay). Frequency of light emitted 
from the collapsing surface will be shifted down to zero (infinite red shift) 

It was proven that this metric is unique for non-rotating asymptotically flat 
solutions of vacuum Einstein equation with a regular event horizon. It satisfies: 
 ---  Topological censorship (spherical) 
 ---  Cosmic censorship (singularity hidden by event horizon) 
 ---  No hair 



Einstein was skeptical to associate Schwarzschild solution to possible 
physical object. More physical  evidence was provided discovery by 
Chandrasekhar the limit for white dwarfs mass, later extended to neutron 
stars (Landau-Oppenheimer-Volkoff limit) and by calculation of gravitational 
collapse by Oppenheimer and Snyder in 1939. 
 
Further impact to physical recognition of BHs   was due to singularity 
theorems by Penrose and Hawking in ’60-ies, discovery of rotating black 
hole metric by Kerr, and investigation of horizon properties (Bardeen, Carter, 
Hawking), formulation of the uniqueness theorems (Israel, Carter, Robinson), 
discovery of superradiance (Misner, Zeldovich), Hawking prediction of 
quantum evaporation. 
 
In 1983 Chandrasekhar published “Mathematical theory of black hole” calling 
black hole the most simple and beautiful prediction of General Relativity 



Kerr black hole (1963) 
• The pink surface bounds ergosphere: 

 
• The yellow sphere – the event horizon  

 
   inside of which there is an inner horizon, 

unstable against matter perturbations. In 
the ergosphere all bodies must rotate 
(dragging of inertial frames). Such bodies 
may enter and leave this region, but they 
can’t leave interior inside yellow surface 

• Penrose process 
      Due to rotation, inside the ergosphere 

particles may have negative energy. If 
some external particle enters the 
ergosphere and decays into two 
particles one of which, carrying 
negative energy, is absorbed by the 
black hole, the outgoing particle will 
have an increased energy. Similarly, 
certain waves may beam amplified 
under scattering on Kerr black hole  
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Singularity theorems by Hawking and Penrose 
 
 for a recent review see  
 
 M. M. Senovilla and D. Garfinkle, The 1965 Penrose singularity theorem, Class. 
Quant.Grav. 32 (2015), no. 12, 124008, [arXiv:1410.5226]. 
 
these ultimately led to formulation of the Cosmic Censorship conjecture (CCS) 
 
R. Penrose, Gravitational collapse: The role of general relativity, Riv. Nuovo Cim. 1 
(1969)   252{276. [Gen. Rel. Grav.34,1141(2002) 
S. Hawking and G. Ellis, The Large Scale Structure of Space-Time. Cambridge 
University Press, Cambridge, 1973. 
 
One of the best books on the black hole theory: 
 
1973, in Black Holes, Les Houches, ed. De Witt and De Witt, Gordon and Breach, 
New-York. 
 
 One of the best papers, which opened many perspectives: 
 
Carter B., 1968, Phys. Rev., 174, 1559. 



           Black Hole Uniqueness Theorems 
 
This is a broad term that encompasses many theorems about spacetime topology, 
their symmetries  and their asymptotic quantities. Ultimately, these theorems strive 
to prove the uniqueness of a solution in a given theory.  
Naturally, these theorems were first formulated in asymptotically at 4-dimensional 
Einstein-Maxwell theory.They were subsequently generalized to a number of 
supergravity 
and superstring theory inspired field systems if four and higher dimensions. 
Reviews on the four-dimensional uniqueness theorems can be found in    
 
M. Heusler, Black hole uniqueness theorems. Cambridge University Press, 1996. 
P. T. Chrusciel, J. L. Costa, and M. Heusler, Stationary Black Holes: Uniqueness and 
Beyond, Living Rev. Rel. 15 (2012) 7, [arXiv:1205.6112]. 
D. Robinson, Four decades of black holes uniqueness theorems, in: The Kerr 
Spacetime:  Rotating Black Holes in General Relativity." (Editors: D. L. Wiltshire, M. 
Visser, S. M. Scott (Cambridge University Press, 2009).). 
A. Ionescu and S. Klainerman, Rigidity Results in General Relativity: a Review, 
                  arXiv:1501.0158. 
  
These theorems apply to `stationary' solutions, meaning they have a Killing 
vector field that is timelike everywhere in the asymptotic region. In this case 
dimensional reduction leads to three-dimensional gravity coupled sigma-model 
which is simpler for analysis and open different ways to construct exact solution and 
to prove uniqueness.  



  where the gravitational potential f and the three-dimensional reduced metric 
  depend only on the x. The vacuum Einstein equations split in three components: 

equivalent to 

Write the 4-metric as 

which is solved by duality equation 

enabling us to trade the  Kaluza-Klein vector a for the (pseudo)scalar  

satisfying the field equation 

The component Is then equivalent to another scalar equation 

while the remaining part takes the form 

of three-dimensional Einstein equations with the source term depending on scalars 

This system can be derived from the three-dimensional action 

 for  sigma-model  

whose target space has the metric 

of the coset space 

This result was obtained by J.Ehlers in 1959, generalized to Einstein-Maxwell by Ernst 

Sigma-model approach (see for review DG ’09, G. Clement ’08) 



Static asymptotically flat black hole with regular horizon must be spherically  
symmetric and is given by Schwarzschild metric (Israel). It is therefore satisfies  
Cosmic Censorship conjecture. It is fully characterized by the only parameter –mass 
Thjs result belongs to Israel, who also generalized it to Reissner-Nordstrom  
solution of the Einstein-Maxwell system, in which case CCS holds if charge is  
less than mass in appropriate units 

Stationary asymptotically flat regular black hole must be axisymmetric (Hawking’s  
rigidity theorem) The rigidity theorem guarantees that the black hole is time  
independent, axisymmetric, and must rotate along an isometry, and hence emits no  
gravitational radiation.  
  

Hawking's topological theorem constrains the topological properties of black 
It states that 4-dimensional   asymptotically flat stationary black holes 
obeying the dominant energy condition, must have horizons with spherical topology. 

The topological and rigidity theorems are fundamental ingredients for the uniqueness 
Theorem of Carter-Robinson-Mazur: all regular stationary, asymptotically at (non-) 
degenerated black holes of the Einstein-Maxwell equations in d = 4 dimensions are  
uniquely specied by their mass, angular momentum, and electric charge, and have  
horizon topology S2. The most general solution is the Kerr-Newman family   which  
includes the Kerr   Reissner-Nordstrom   and Schwarzschild   as special cases. This  
unique spefication is an indication that black holes are featureless, and hence  
`have no hair'.   



Four laws of black hole mechanics 
(Bardeen, Carter and Hawking 1972) 

Zeroth: The horizon has constant surface gravity for a stationary black hole.  
             This quantity is analogous to free fall acceleration on the horizon 

First:  The change of the BH mass, angular momentum and area of the horizon 
            
            are related by                                                    ,  where  
             
             is angular velocity of the horizon 

Second:  The area of the horizon in all interaction of BH with surrounding  
                matter can only increase 

Third:    The state of extremal (M=a) BH can not be reached in a finite  
              sequence of operations 

Note analogy with the laws of Thermodynamics! 

dE=T dS 



Thermodynamics of black holes 
• The only way to satisfy the second law of thermodynamics for thermal 

gas accreting into black holes is to admit that black holes have 
entropy themselves. If black holes carried no entropy, it would be 
possible to violate the second law in the absorption of gas carrying 
certain entropy.   
 

• Starting from theorems proved by Hawking,  Bekenstein conjectured 
that the black hole entropy was proportional to the area of its 
event horizon divided by the Planck area The correct coefficient 
was established when Hawking discovered quantum evaporation 
effect and the associated Hawking temperature. 
 

     The next year, Hawking showed that black holes emit thermal Hawking 
radiation corresponding to a certain temperature (Hawking 
temperature inversly proportional to the black hole mass).   Hawking 
was able to confirm Bekenstein's conjecture and fix the constants of 
proportionality   

                                          
        



Quantum “evaporation” (Hawking effect) 

• According to quantum field theory, vacuum   contains virtual pairs of particles-
antiparticles which can “materialize” in the strong enough external fields. In 
the case of gravity “antiparticles” are states of negative energy, while 
gravitational field near ythe black hole horizon is enough to split the pairs. 
Then the negative energy particle falls into black hole, decreasing its mass, 
while positive energy particle goes away producing Hawking radiation. Thus 
Hawking radiation does not violate the property of the horizon to be one-way 
membrane. 
 

• Radiation turns out to have thermal spectrum, and this perfectly fits with the 
hypothesis about the black hole entropy. Surprisingly, thermal nature of 
radiation here is not associated with thermal averaging, as it is common in 
statistical physics, but have purely geometric origin. But it is still believed that 
some statistical explanation of the thermal nature of Hawking radiation and 
formula for the black hole entropy must be possible in quantum gravity. 
 

• Moreover, such possibiity itself is considered as test for possible models of 
quantum gravity which is not yet a uniquely established theory. 



Hawking temperature in the standard units 

For a black hole of solar mass this temperature is negligibly small 
 
It can be large for black hole of asteroid mass 1016 g , namely 1010 K 
 
Such BH-s, if formed in the very early universe, could evaporate 
completely till the present time, predominantly creating massless 
and light particles: gravitons, photons and neutrino. At the very final 
stage of Hawking evaporation they could produce observable 
explosive events in the Galaxy. 
 
Theoretically such primordial BH-s could be produced indeed in the 
early universe, they constitute the third type of physical BH-s, 
probably relevant as dark matter candidate 



Black hole theory beyond the “Standard model” 
 
Prior to the beginning of the 21st century, stationary black holes were understood to 
be remarkably simple objects. A number of black hole theorems, including topology, 
rigidity, nohair, and stability theorems established that black holes are spherical in 
topology, uniquely specied by asymptotic charges, and stable. Since the 
corresponding exact and general solutions was already known, (Schwarzchild for 
vacuum non-rotating, Kerr for rotating, Kerr-Newman for rotating BH with charges) 
there was little motivation to search for new stationary solutions.  
 
But more recently, anticipation of detection of gravitational waves  and imaging of 
the center of Galaxy, motivations from higher dimensions, development of string 
theory, holography, or simply a desire to understand general relativity more broadly, 
have lead to considerations that violate many of the assumptions of these black 
hole theorems. Consequently, the theory of black holes is now far fuller and richer 
than previously believed.   
 
This new development  was partly due to development of numerical methods to 
solve Einstein equations both for stationary, and dynamical situation, including full 
four-dimensional integration.  It was also related to theoretical progress in 
understanding some long-standing problems such as non-controversial 
introduction of the graviton mass. 
 
 



‘Candy’ black holes of Einstein-Maxwell-AdS theory (Herdeiro and Radu) 
with no continuous isometries 

Evading rigidity and topological censorship 

Stationary asymptotically AdS black holes with flat and hyperbolic topology of  
the horizon in the models with negative cosmological constant  

In dynamical picture the evolving horizon in d=4 may temporarily  
exhibit toroidal topology 

Black rings andtheir decendants in D=5 and higher dimensions 
 
Black holes on the branes in extradimensional scenarios 



Yes-hair and non-uniqueness 
     The original no-hair theorem proves that all black hole solutions of the Einstein- 
      Maxwell equations of gravitation and electromagnetism can be completely  
      characterized by only three externally observable classical parameters: mass,  
      angular momentum and electric charge. All other information (for which "hair"  
      is a metaphor) about the matter which formed a black hole or is falling into it,  
     "disappears" behind the black-hole event horizon and is therefore permanently  
      inaccessible to external observers.  
 
• However later on it was discovered that in more complicated field theories than 
      Maxwell, black hole with some hair are possible: Einstein-Yang-Mills   
      (Volkov and Gal'tsov, Gravitating nonAbelian solitons and black holes with Yang-Mills  
       fields, Phys. Rept. 319 (1999) 1   Einstein-Skyrme (Bizon…), more recently –  
       Einstein-complex scalar (Herdeiro and Radu). It becomes clear that ‘hairy’ BH are  
      generic. But unstable! This is so in D=4: in higher dimensions a variety of  
       stable BHs violating uniqueness are found 
 
• Moreover, two years ago it was discovered that black holes may carry so-called 
      Bondi-Metzner-Sachs quantum hair, associated with infinite symmetries of the  
      asymptotical metrics. These may be relevant for resolution of the information  
      paradox raised by Hawking: information is lost when matter falls into black  
     hole and is not restored in the thermal evaporation process 



Many other hairy black holes have been constructed with 
a condensed matter dual interpretation. This area of research is quite broad   
see  reviews : 
 
G. T. Horowitz, Introduction to Holographic Superconductors, Lect. Notes Phys. 
828 (2011) 
 
S. A. Hartnoll, Horizons, holography and condensed matter, arXiv:1106.4324 
 
J. McGreevy, Holographic duality with a view toward many-body physics, Adv. 
High Energy Phys. 2010 (2010) 723105 
 
  A more subtle way of evading the no-hair theorems is by breaking   assumption 
that the scalar field has the same symmetries as the gravitational field.   Indeed, 
the gravitational field only needs to have the same symmetries as the stress 
tensor   coupled through the Einstein equation, not necessarily the matter fields 
themselves. A simple example of this is a complex scalar   which is neither 
axisymmetric nor time-independent, but its combination in the stress tensor  
 is. C. Herdeiro, E.  Radu    Construction and physical properties of Kerr black holes with 
scalar hair, Class.Quant.Grav. 32 (2015) no.14, 144001  
 
For review of higher D hairy BH see 
 Ó. J.C. Dias   J.  E. Santos, B. Way, Numerical Methods for Finding Stationary Gravitational 
Solutions Class.Quant.Grav. 33 (2016) no.13, 133001  
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Naked singularities 
       liberated? 

Overspinning and overcharged  Kerr- Newman  --- time-like NC 
 
Fisher-Janis-Newman-Winicour   (scalar field)  ---  null NC (rotating version   
                                                                                                                         wrong!) 
  
Gamma-metrics (Zipoy-Voorhees, Tomimatsu-Sato…)   --- attractive 
                             by simplicity, not confirmed by collapse modeling 
 
Scalar field collapse (Christodoulou ’94)  ---  NC arise for non-generic initial   
                                                                            data (unstable ?) 
 
Gravastars and firewalls  --- unfavored by LIGO:  no afterglows 
 Imaging of naked singularities is underway 

https://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwintIrz0fXOAhXCHJoKHZF5B30QjRwIBw&url=http%3A%2F%2Fmaya-gaia.angelfire.com%2Fsingularity.html&psig=AFQjCNGdJT7Hv9vgrn0oHp8YwoKHbskAdA&ust=1473075953360051


NUT WORMHOLES G.Clement and DG ‘15 

Wormholes are another alternative to BHs. Usually it is associated with exotic matter 
(quantum). But invoking metric with Newman-Unti-Tambution (NUT) parameter 
one can construct WHs supprted by Maxwell field. The simplest example is given by 
supercritically charged black holes with NUT provide a new setting for traversable 
wormholes. This does not require exotic matter, a price being the Misner string 
singularities. Without assuming time periodicity to make Misner strings 
unobservable, one can show that, contrary to expectations, geodesics do not stop 
there. Moreover, since there is no central singularity the space-time turns out to be 
geodesically complete.  
 
An  unpleasant feature of spacetimes with NUTs is the presence of regions where the 
azimuthal angle ' becomes timelike, signalling the appearance of closed timelike 
curves (CTCs). But one can show that among them there are no closed timelike or 
null geodesics, so the freely falling observers should not encounter causality 
violations. Considering worldlines of charged particles, we find that, although these 
can become closed in the vicinity of the wormhole throat for large enough charge-to-
mass ratio, the non-causal orbits are still disconnected from the distant zones. 



Conclusions and outlook 
• In XX century blаck holes were thought to be universal physical objects 

described by restricted class of metrics and having much symmetries. This 
view was based on certain physical assumptions and particular matter choices, 
(linear fields) which sometimes were too restrictive.  
 

• During past two decades it became clear that relaxing some of these 
assumptions (non-linear matter fields, adding negative cosmological constant, 
allowing non-trivially realized symmetries, or no symmetries), one arrives at 
substantially wider classes of black hole solutions. This is especially true for 
solutions motivated by holographic applications and higher-dimensional 
solutions. Various new solutions were found using new numerical codes. 

 
• At the same time, it became clear that observations may be compatible with 

wider classes of metric, non necessarily black holes, so imaging  such objects 
as wormholes and naked singularities became demanded, especially in 
anticipation of data from the Event Horizon Telescope and new events on 
gravitational wave detection. 
 

      Extending classes of admissible metrics for astrophysical modeling appeals to 
revision of quasinormal modes, accretion disks and other crucial problems of 
“old” black hole theory to be ready to confront it with future observations. 
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