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Abstract

This work is devoted to the study of some important questions in gen-
eral relativity. They include topics related to astrophysical shock waves,
impulsive signals, gravitational memory effect, black hole geometries and
integrable systems connected with them.

We begin by studying the effects that an impulsive signal in a singular
hypersurface can have on a particle which encounters it. We propose a
new approach for studying the effect of null shells on null geodesic con-
gruences. This is an exact method which allows one to easily calculate
the change in the expansion, shear and rotation of the congruence upon
crossing the shell and its evolution to the future of the shell. We find
that the effect of the shell on the congruence is a discontinuity in the B-
tensor (the gradient of the geodesic vector). We call this the B-memory
effect, which is a more covariant way of describing the gravitational mem-
ory effect. Gravitational memory effect has deep connections with soft
gravitons, which in turn is linked to the symmetries of null infinity of
asymptotically flat spaces. We found the explicit relation of B-memory
with the stress energy and gravitational wave components of the shell. We
consider the simplest case of a null shell representing an outgoing gravi-
tational wave and parametrized by a general soldering transformation (a
subclass of which are the BMS supertranslations) in Minkowski space, but
our method is applicable to any geodesic congruence that crosses a null
shell localized on a killing horizon.

Furthermore, we study conformal mechanics associated with Near Hori-
zon geometry of Extremal Myers-Perry (NHEMP) black hole. We propose
a unified description of an arbitrary odd and even dimensional geometry
and conformal mechanics. Then, the question of integrability of special
cases of fully non-isotropic and fully isotropic cases is addressed in this
description. We found a non-trivial transformation from non-isotropic
NHEMP conformal mechanics to its isotropic case. The general case, when
groups of equal and non-equal rotation parameters exist, is studied. It is
shown that this problem reduces to its special cases of fully non-isotropic
and fully isotropic NHEMP conformal mechanics. At the end we turn
to the so-called Near Horizon Extremal Vanishing Horizon Myers-Perry
black hole (NHEVHMP). The integrability properties of NHEVHMP in
higher dimensions in fully isotropic, fully non-isotropic and general cases
are discussed.



We have also studied quantum aspects of the superintegrable systems
encountered in black hole backgrounds. We propose a geometrization
procedure which associates to a non-relativistic quantum particle in a
potential on a curved spacetime a purely geodesic motion in another ge-
ometry. In other words, we propose a correspondence between the solu-
tions of Schroedinger equation and Klein-Gordon equation. We explain
this procedure on the example of the Higgs oscillator and superintegrable
Rosochatius system.

Relevance and motivation

Einstein equations have been discovered for over a century now and found
many important applications in experimental and theoretical physics. De-
spite the long period they are being studied by the scientific community,
there are just a few exact solutions known so far and one class of them
is called black hole (BH) metrics. These solutions were one of the main
discoveries of general relativity, first of all, due to their astrophysical im-
portance. Black holes are assumed to be a final step in star evolution, are
believed to make an important contribution in galaxy formation processes
and are “blamed” to be responsible for a great amount of high energy radi-
ation that we detect in the universe. Although black holes have not been
observed directly, their indirect observations are overwhelming and from
general considerations it is believed that they should be rotating objects
with almost no electric charge. The space-time of such a black hole is best
approximated by the Kerr metric [2], which is a four-dimensional station-
ary, asymptoticly flat vacuum solution of Einstein’s equations. There ex-
ists higher dimensional generalization of Kerr space-time which is called
Myers-Perry black hole [11]. Just like Kerr black hole, it is also a sta-
tionary, asymptoticly flat vacuum solution of Einstein’s equations which
describes a spinning black hole in an arbitrary dimension.

An important special case of Kerr black hole is the so called extremal
Kerr solution which has the smallest possible mass for a given angular
momentum or charge. Existence of astrophysical black holes is a matter
of debate, but if in the future, the measurements of high angular momen-
tum will be confirmed, extremal black holes will start to represent real
astrophysical interest.

Black hole geometries are also important objects in mathematical



physics. Many of them represent a background for integrable systems.
Some of these integrable systems have been unknown prior to their dis-
covery in black hole geometries. Particularly interesting is the integrabil-
ity of Hamilton-Jacobi equation as it describes the geodesics of particles.
Geodesics in the near horizon limit of Kerr black hole are associated with
black hole accretions which might be a source of Very High Energy (VHE)
gamma-ray bursts. Accretions around black holes can also be the key to
the first direct observation of a black hole (e.g. with the Event Horizon
Telescope).

As it is known, the Killing vectors of a geometry are associated with
integrals of motion of a geodesic in that metric. In the case of the near
horizon metric of an extremal rotating black hole, the killing vectors obey
the structural relation of SO(2, 1) algebra. It has been demonstrated
(e.g. [10]) that the Casimir element of this SO(2, 1) algebra gives rise to a
reduced Hamiltonian system called spherical or angular mechanics, which
contains all the specific information about the near horizon geometry. By
reformulating this discussion one can say that a massive particle moving
in the near horizon geometry of an extremal rotating black hole possesses
dynamical conformal symmetry, i.e. defines “conformal mechanics” [4,6—

], whose Casimir element can be viewed as a reduced Hamiltonian, which
contains all the necessary information about the whole system.

On the other hand this reduced Hamiltonian or the spherical mechan-
ics can be thought of as a separate system. Spherical mechanics asso-
ciated with near horizon extremal black hole geometries are relatively
unexplored. Latest works in this direction include [5], where the Hamil-
tonian of the spherical mechanics associated with Near Horizon Extreme
Myers-Perry (NHEMP) geometry has been constructed for the special
case when all rotation parameters of the black hole are equal. In [7, 8]
the integrability of this system has been proven and the integrals of mo-
tion were presented. Extremal Myers-Perry black holes with nonequal
nonvanishing rotation parameters in odd dimensions have been studied
in [4] where the integrability of such systems was proven and separation
of variables was carried out.

As we will see, the near horizon geometry of Myers-Perry black holes
contains integrable and superintegrable systems like Rosochatius and Poschl-
Teller systems. Studies of these kind of systems is important as they
appear in many topics of theoretical physics. Another approach that we
have adopted here for investigating such systems is their geometrization



procedure. Geometrical counterparts of classical systems have been stud-
ied extensively. They provide a new viewpoint to existing and well-known
classical systems and spread some light on their underlying structure.

We will propose a geometrization procedure for quantum systems. We
are mostly interested in problems which are superintegrable in higher
dimensions. Particularly interesting are the Higgs oscillator [12,13], which
is a particle on a d-sphere with a specific potential and the superintegrable
Rosochatius system - a direct generalization of the Higgs oscillator. We
will encounter the classical superintegrable Rosochatius system as the
angular mechanics of near horizon limit of fully isotropic Myers-Perry
black hole. Separation of variables in Rosochatius system results into a
recursive family of one-dimensional Péschl-Teller system.

Higgs oscillator, Rosochatius system and Poschl-Teller system belong
to a class of quantum quantum systems where energy are quadratic func-
tions of the energy level number. After the geometrization procedure
proposed in this work, these systems will result into Klein-Gordon equa-
tions with eigenmode frequencies linear in the frequency level number. In
other words this means that the frequencies are highly resonant, which
itself has important consequences in the AdS stability problem.

Another important class of solutions of Einstein’s equations are grav-
itational waves. Compared to black holes, gravitational waves have been
directly detected in 2015 by two LIGO (Laser Interferometer Gravitational-
wave Observatory) detectors. Besides being a real physical phenomena
and one of the most important predictions of the theory of general rel-
ativity, gravitational waves will take an important role in observational
astronomy. Compared to other types of radiation, e.g. photons, neutrinos
and cosmic rays, gravitational waves don’t get refracted by gas clouds and
don’t get absorbed by cosmic bodies and can travel big distances, point-
ing directly back to the source. The importance of gravitational wave
detectors will grow with their sensibility.

When a pair of inertial test particles encounter gravitational waves,
their relative positions get shifted permanently. This phenomena is called
the gravitational memory effect. It is known to be related to the theory
of soft gravitons and symmetries of null infinity of asymptotically flat
spaces and particularly black holes. We are going to discuss this effect
and suggest its covariant formulation in frames of a model of impulsive
gravitational waves. This model assumes that the space-time is divided
into two domains by a hypersurface, which in general can contain a mix-



ture of gravitational waves and other material sources. There are many
examples of physical systems in nature which can be described in frames
of this model. Such systems may appear after cataclysmic astrophysical
events, such as a supernova or a collision of neutron stars. These sys-
tems are used to simulate an exploding white hole, to model an impulsive
null signal from a system of neighboring test particles and have many
other applications. In general one can choose these two metrics to be
either continuous or discontinuous on the boundary hypersurface subject
to the condition that the induced metric is unique, but either way the
metric’s transverse derivative will not be continuous. This always leads
to a singularity in the form of a J-function in the Riemann tensor.

There are two different approaches to describe singular hypersurfaces.
The first one is called the distributional method. In this case a common
set of coordinates is used for both sides of the hypersurface. The other
method is a generalization of the “cut and paste” approach of Penrose.
Here, the space-time coordinates on the two sides of the hypersurface can
be chosen independently from each other, so in this sense it is a more
general approach than the distributional algorithm. It was introduced by
Israel to describe timelike hypersurfaces [1] but it was not suitable for
the case of null hypersurfaces. In the timelike case, the Israel approach
uses the extrinsic curvature of the hypersurface to describe the stress-
energy tensor in it. When we move to the null case, the intrinsic metric
of the hypersurface space-time becomes degenerate, because the normal
vector becomes tangent and there is no distinguishable transverse vector
defined. Hence, the extrinsic curvature, which is defined in terms of the
metric, is no longer uniquely definable, so it cannot be used to study the
hypersurface. This problem was solved and the approach was generalized
for the lightlike case by Barrabés and Israel [3].

Aim of the dissertation

The purpose of this thesis is to address some important questions in gen-
eral relativity, particularly related to gravitational waves, black holes and
integrable systems connected with them. Our goals can be summarized
in the following points:

e Develop a technique which would allow to analytically study the



effects of impulsive signals on geodesic congruences. Give a general
covariant definition of the gravitational memory effect of impulsive
gravitational waves.

e Study the integrable systems connected with massive and massless
particles in the background of Near Horizon Extremal Myers-Perry
(NHEMP) black holes in arbitrary dimensions.

e Study the integrable systems connected with massive and massless
particles in the background of Near Horizon Extremal Vanishing
Horizon Myers-Perry (NHEVHMP) black holes in arbitrary odd di-

mensions.

e Map (super)integrable quantum systems to static spacetimes in ar-
bitrary dimensions. In other words, relate solutions of Schroedinger
equation to Klein-Gordon equation in different static background.

Novelty of the works

We suggested a new approach for studying geodesic congruences after
they encounter impulsive gravitational waves. Analytic description of the
congruences in the future allowed us to give a general covariant definition
for the gravitational memory effect. We studied the geodesics of parti-
cles in the background of NHEMP and NHEVHMP black holes. Thus,
we encountered integrable and superintegrable systems, identified some
of them with previously known mechanics and successfully separated the
variables in Hamilton-Jacobi equation and found the constants of mo-
tion. Furthermore, we suggested a new approach for geometrization of
the quantum counterparts of these and other systems, this way relating
them to Klein-Gordon equation in static background.

Practical value

We studied some important questions in general relativity and mathe-
matical physics mainly related to the two most important solutions of the
theory of relativity - gravitational waves and black holes. In particular,



the work is related to astrophysical shock waves, gravitational waves, black
holes, integrable systems associated with them as well as their quantum
equivalents. We studied the effects of null shells on geodesic congruences
and suggested a general covariant definition of the gravitational mem-
ory effect. Thus, we studied observable effects that astrophysical shock
waves can have on test particles, after cataclysmic astrophysical events.
We studied the geodesics of massive particles in NHEMP black hole ge-
ometries. This is the space-time in the vicinity of the horizon of higher
dimensional rotating black holes. Thus, this work can have applications
for studying accretions of black holes. The system is also important in
mathematical physics as it describes integrable (in special cases superin-
tegrable) system, where the constants of motion are fully studied. On the
other hand, the quantum counterparts of this and other integrable systems
are studied as well and a new technique is suggested for geometrization
of these systems.

Summary

Here we outline of the main results of this thesis.

e A new approach has been suggested for studying the effects of im-
pulsive gravitational waves on congruences encountering them. The
technique has been applied on null congruences. It has been estab-
lished that hypersurface orthogonal null congruences stay such after
crossing the shell.

e A covariant definition of the gravitational memory effect has been
suggested based on the B-tensor of the congruence. The relations
between the components of the B-tensor and the stress-energy tensor
of the shell have been derived. The B-tensor has been calculated and
the approach has been demonstrated for BMS type soldering.

e A common description has been introduced for even and odd di-
mensional NHEMP geometries. This description was used to prove
that the even dimensional fully non-isotropic NHEMP system is in-
tegrable.

o Integrals of motion, as well as the Killing vectors of the fully non-
isotropic NHEMP in arbitrary dimensions have been presented in



initial coordinates. We found a non-trivial transformation between
the integrals of motion of fully non-isotropic and fully isotropic
NHEMP black hole geometries.

o We separated the variables of the most general partially isotropic
NHEMP and showed its transformation to the special cases of fully
non-isotropic and isotropic NHEMP.

e A new approach has been suggested for mapping Schrédinger equa-
tion on a curved background to a Klein-Gordon equation on the
background of another geometry. We have shown that this proce-
dure greatly simplifies for systems with quadratic spectra and ap-
plied it on the Higgs oscillator and the superintegrable Rosochatius
system.

Content

In this thesis we discuss different problems related to asymptotic flat
spaces, integrable systems and mathematical physics associated with black
holes. Chapter 1 is an introduction to the problems addressed in the
thesis. In Chapter 2, we will study gravitational memory effect which
is known to have deep connections with soft gravitons and symmetries of
null infinity of asymptotically flat spaces. In Chapter 3 and Chapter
4, we discuss Myers-Perry black holes, more particularly, the near horizon
geometry and associated integrable systems. In Chapter 5 we propose a
geometrization procedure for a special class of quantum (super)integrable
systems, which appear in many topics of mathematical physics (including
in near horizon geometry of Myers-Perry black hole).
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Chapter 1

This chapter is an introduction to the thesis. Here we discuss our motiva-
tions, the background of the problems and the main questions addressed.
We briefly introduce the models and mathematical techniques used in
solving the problems and the main results obtained.

Chapter 2

We have presented a new approach for studying congruences that cross
a singular hypersurface. Our method is based on the physically justi-
fied assumption that the geodesic vector of a test particle is continuous
across the hypersurface when using continuous coordinates. To obtain the
geodesic flow to the future of the hypersurface one simply needs to do a
coordinate transformation on the past coordinates to go to a continuous
coordinate system. The resulting transformation on the geodesic congru-
ence in M~ gives initial conditions on N to develop the geodesic vector
field on M™ to the future.

We then proved that a parallel congruence upon crossing the shell gives
rise to a hypersurface orthogonal congruence to the future of the shell, and
in particular that the shell gives rise to a discontinuity in the B-tensor of
the congruence. In general the jump in the expansion is determined by
the energy density and currents on the shell while the jump in the shear is
determined by the gravitational wave component together with the surface
currents. Although we derived these results using a particular congruence,
it is clear that the results are independent of the choice of congruence
in the case of BMS supertranslations for which the surface currents are
zero. We also provide a general argument that a hypersurface orthogonal
congruence before the shell will give rise to a hypersurface orthogonal
congruence to the future.

The change in the B-tensor after the passage of an outgoing gravita-
tional wave leads to a covariant description of the gravitational memory
effect - the B-memory effect.

11



Chapter 3

The isometry group of generic stationary extremal black holes in the near
horizon region is known to have an SO(2,1) = SL(2,R) part. There-
fore, particle dynamics on the near horizon extreme geometries possesses
dynamical 0 + 1 dimensional conformal symmetry, i.e. it defines a “con-
formal mechanics” . This allows to reduce the problem to the study
of system depending on latitudinal and azimuthal coordinates and their
conjugate momenta with the effective Hamiltonian being Casimir of con-
formal algebra. Such associated systems are called “angular (or spherical)
mechanics”.

In this chapter, we continue our analysis of [4,6] and extend the analy-
sis to Near Horizon Extremal Myers-Perry [11] (NHEMP) black holes [9].
We present the geometry of near-horizon extremal Myers-Perry black holes
in generic even and odd dimensions, and construct the “angular mechan-
ics” describing probe particle dynamics.

We analyze generic causal curve, massive or massless geodesic, in the
NHEMP background in two special cases. First we analyze fully non-
isotropic case. We show that this Hamiltonian system is separable in
ellipsoidal coordinate system and establish that the system is integrable.
We discuss constants of motion for “angular mechanics” associated with
these systems. Moreover, we show how the Killing vectors and second rank
Killing tensors are related to these constants of motion. Furthermore,
we analyze the special case where all of the rotation parameters of the
background NHEMP are equal to each other. In these case we have some
extra Killing vectors and tensors and the system is superintegrable in even
dimensions and maximally superintegrable in odd dimensions.

Chapter 4

When some of the rotation parameters are equal, the NHEMP geometry
exhibits a bigger isometry group than SL(2,R) x U(1)"; depending on
the number of equal rotation parameters, the U (I)N part is enhanced to
a rank N subgroup of U(N). This larger isometry group brings larger
number of Killing vectors and tensors and one hence expects the particle
dynamics for these cases to become a superintegrable system. This is
what we explore in this chapter and construct the corresponding conserved
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charges.

We also discussed the EVH case, which happens for odd dimensional
extremal MP when one of the rotation parameters a; vanishes. In the
general NHEVHMP case, where the background isometry is SO(2,2) x

U(l)% the number of independent charges associated with Killing vec-
tors is %. Despite enhancement of the isometry group compared to the
generic NHEMP case, we found that this symmetry enhancement does
not add independent constants of motion, the system in general does not
poses extra constants of motion and remains just integrable.

By summarizing the results of Chapter 3 and Chapter 4 one can
describe the rough picture as follows: We started with a system with
2N + 1 + o variables with N isometries. Fixing the momenta associated
with the isometries, we obtained and focused the N — 1 + o dimensional
“angular mechanics” part. In this sector, whenever N number of rotation
parameters m; of the background metric are equal the U(1)" isometry is
enhanced to U(N) and this latter brings about other second rank Killing
tensors. All in all, the fully isotropic case in odd dimensions with U(%45*)
isometry, the d — 2 dimensional spherical mechanics part is maximally
superintegrable, it has N + (N — 2) = 2N — 2 extra constants of motion.
The fully isotropic case in even dimensions, however, is not maximally
superintegrable; it has still 2N — 1 extra Killing tensors (one less than
the N constants of motion to make the system fully superintegrable). We
discussed the “special cases” in two different ways. First, we reanalyzed
the system from the scratch and also took the equal rotation parameter
limit of the generic case. As expected, these two cases matched. Our
preliminary analysis, which we did not show here, indicate that the above
statements is also true for the NH limit of extremal MP black holes in
(A)dS backgrounds.

Here we explored second rank Killing tensors. One may suspect that
the system has independent higher rank Killing tensors too, although it
is unlikely. But if it does, the system for the generic rotation parameters
becomes superintegrable. It is interesting to explore this question.
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Chapter 5

Geometrization of dynamics is a recurrent theme in theoretical physics.
While it has underlied such fundamental developments as the creation
of General Relativity and search for unified theories of interactions, it
also has a more modest (but often fruitful) aspect of reformulating con-
ventional, well-established theories in more geometrical terms, in hope of
elucidating their structure. One particular approach of the latter type is
the Jacobi metric. This energy-dependent metric simply encodes as its
geodesics the classical orbits of a nonrelativistic mechanical particle on a
manifold moving in a potential.

We have presented a procedure associating to quantum systems a
Klein-Gordon equation on a static spacetime. For systems with the quadratic
energy spectrum, our procedure results in spacetimes with a resonant
spectrum of evenly spaced frequencies. This correspondence generalizes
the previously known relation between the Higgs oscillator and (global)
Anti-de Sitter spacetime.

Implementing our procedure in practice requires solving a nonlinear
elliptic equation. The latter form is closely reminiscent of elliptic equa-
tions extensively studied in relation to classic ‘prescribed scalar curvature’
problems of differential geometry (though the exact power appearing in
the power-law nonlinearity is different). If one aims at constructing a
massless Klein-Gordon (i.e., wave) equation corresponding to the origi-
nal quantum-mechanical system, the nonlinearity drops out, resulting in
a much simpler problem. In this case, known ground state wavefunc-
tions for the original quantum system can be utilized for the conversion
procedure. We have demonstrated how this approach works for superinte-
grable Rosochatius systems, resulting in a family of spacetimes resonant
with respect to the massless wave equation.

The main practical target of our geometrization program are the fol-
lowing;:

e to provide geometric counterparts for quantum systems with quadratic
spectra (the resulting Klein-Gordon equation is set up on a highly
special spacetime with a resonant spectrum of frequencies and the
geometric properties of this spacetime are likely to yield insights into
the algebraic properties of the original quantum system, including
its high degree of degeneracy and hidden symmetries),

14



e to generate, starting from known quantum systems with quadratic
spectra, highly resonant spacetimes (weakly nonlinear dynamics is
likely to be very sophisticated, sharing the features of the extensively
explored weakly nonlinear dynamics of AdS).

Conclusion

A new approach has been suggested to study the effects of an impulsive
signal in a singular hypersurface on null geodesics in Minkowski space.
It is based on the physically justified assumption that, in continuous co-
ordinates, the geodesic vector of a test particle is continuous across the
hypersurface.

Applying this technique on a parallel null congruence in flat space we
obtained the initial conditions for the congruence to the future of the
shell. In continues coordinates the geodesic vector flow does not suffer a
jump upon crossing the shell. But a discontinuity arises in the gradient
of the geodesic vector flow, the B-tensor. We have shown, for the parallel
geodesic flow, that this discontinuity is related to different components of
the stress-energy tensor. In particular the jump in the expansion is de-
termined by the energy density and currents on the shell while the jump
in the shear is determined by the gravitational wave component together
with the surface currents. We proved that an impulsive signal does not
effect the rotation of a congruence if it didn’t rotate before crossing the
shell. This change in the B-tensor after the passage of an outgoing gravi-
tational wave leads to a covariant description of the gravitational memory
effect - the B-memory effect. A particular example is given in the case of
BMS type solderings.

Furthermore, the integrability problem of Hamilton-Jacobi equation
in the near horizon geometry of Myers-Perry black hole in arbitrary (even
or odd) d dimensions has been studied. We were able to introduce a con-
venient common description of the geometry in odd and even dimensions
and unify these two cases into a single problem.

It was shown that integrals of motion of Hamilton-Jacobi equation in
fully non-isotropic case can be expressed through inverse Vandermonde
matrix in ellipsoidal coordinates. Solving this equation we found the
hidden symmetries and expressed them through initial coordinates. We

15



found the second rank Killing tensors generating these symmetries. We
also found a non-trivial transformation relating the first integrals of fully
isotropic NHEMP to the first integrals of fully non-isotropic NHEMP.

After finalizing the discussion of the special cases, the fully isotropic
and fully non-isotropic, it is apparent that they are a part of a bigger
picture, the most general case when rotation parameters are grouped in
blocks of equal and non-equal values. Indeed, we found that when some of
the rotation parameters are equal to each other and are different from the
rest, the system becomes superintegrable. In short, the steps for obtaining
the hidden symmetries is the following. We start from a system with
2N + 1 + o variables with N isometries. Fixing the momenta associated
with the isometries, we obtain and focus the N —14-¢ dimensional “angular
mechanics” part. By introducing a special coordinate system, which is a
mixture of spherical and ellipsoidal coordinates, we separate the variables
in the angular mechanics thus introducing N—1+40¢ independent constants,
or the first integrals. This system reduced to its special cases of fully
isotropic and fully non-isotropic NHEMP after appropriate assumptions.

The next step in our discussion was the extremal vanishing horizon ge-
ometry, which exists in odd dimensions, when one of the rotation param-
eters vanishes. The system remains integrable and no new independent
constants of motion exist compared to the non-vanishing case.

We have suggested an approach for mapping quantum systems to a
Klein-Gordon equation on a curved space-time. In general, the procedure
is the following. We start from an equation which defines a scalar field
and can be reduced to the Schrodinger equation after separating the time
variable. The scalar field equation is not a Klein-Gordon type but can
be transformed into such after an appropriate conformal rescaling of the
metric and the scalar field. Such a conformal factor should satisfy a non-
linear elliptic equation, which greatly simplifies with a further assumption
of the Klein-Gordon equation being massless. We have shown that for
quadratic spectra the ground state wavefunction of the initial Schrédinger
equation satisfies the elliptic equation for the conformal factor.

We have demonstrated how the proposed mapping procedure can be
applied on the Higgs oscillator and the superintegrable Rosochatius sys-
tem. In the case of Higgs oscillator, the procedure results into a massive
Klein-Gordon equation in the AdS background.
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Wdthnthnid

Phqmd nuntfuwuhpyly o hwpwpbpuwinipjut wkum pyub kplyne
Jwplnpugny mémdubph’ gpunfpinughnt wihpubph b ub junpnstibph
htn Juyws hupgtp: Uwubwynpuybu, wpjuunwbipbpn Jipupbpynud
Eu wunnubhqhuub hwpjuwdwyhtt whputpht, gpuyhinwughnt wihp-
utipht, ub junpngutinht, tpuitg htn juyus ptntigpynn hwdwlwupgtph
b npnp htnbkgpynn hwdwlwpgtph pyutiinuyghtt hwdwpdtpukph:

Luluplyws hwpgbpp pdpuynpyby b kpbp patighpliph gmpg, npntg
Jupkih £ viwg hinbjw) puphwtnip dbwlpynidubpp.

* hdwniupy gpuyhinwghnt whputph hinmbwupny wrwewgnn gpu-

Jhwnwughnt hhonnnipjuwt kpliinyp,

* htnkgpynn hwdwljwunpgtp juydws NHEMP ul junnngutph htn,

+ npnp pjuwtnnuhtt hwdwlupgbph juwp Yuwyu-3npgnih pusmfutph
htwn:

tqh hhdwhwlt wpymupttpp wdthnthyws Eu hbnbyw) jenbkpmd:

1. Unp dnntgnid £ wnwewplyyt hiwnijupy gqpuyhwnwghnt whputpp
hwwnnn ghnnkqhly thigkph Jpw tputg wqnigmpmtp niuntduwuh-
phnt hwdwp: Uy mkjuuhut jhpurdt) b inruwbdwi thughph Jpu
Zuwunwwnyl] k, np hhybpdwlkpbingeh nuinquhuyg jnruwtdw
thuglipp tunid B wynuhuhtt punuipp hwwnkjmg htwnn:

2. Q@puyhwnwughnu hhonnmpjut kpbnyph Ynduphwin vwhdwind
iyl hhttugtny thugh B-ptiqnph Ypw: Fmpu b phpdly juy pu-
nuuph B-pugnph b jupjuénipymt Fubpghuyh phiqnph pununphs-
ubkph uhol: B-phugnpp hwoydby k b dninkgnidp gnigunpyk) £ BMS
whuh juytph hudwp:

3. Cunhwimp Wjupugpmpniy | ubpuyugyty qnyq b Y swthwih
NHEMP bpypuwswhnipiniuitph hwdwp: Uju bjupugpnipiniin og-
wnwgnpdyty E wyugnighint hwdwnp, np qniyq swthwh 1phy ns hqn-
wnpnyuwihtt NHEMP hwdwljupgp htnntigpbyh E:

4. Yulwjulub swthwth ;phy ng-hqnunnywyht NHEMP-h owipddwt hi-
wnkqpuiitipp, hsybu bwl Yhyhugh JEjunpubpp tbpljuyugyt) tu
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twputwwu Ynnpphtiwnbbpmd: Uklp qub) Gup ny-inphyghwy dtiw-
thnjum pym ppy ng-hqnnpnuhy b phy hgnunpnwghly NHEMP uli jun-
nnsubph Eppuswihmpniiibph owpddwt htnkqpuutinh thol:

. Uklp wnwhdbwgnpt) tup wilkbwpinhwinip vwuwdp hgninpnuhly
NHEMP hudwlwupgh thnthnpuwljuiutpp b gnyg Gup nygk) wyn hw-
dwjupgh wugnidp (phy ns-hqnuinpnughly b hgnuinpnuyhly NHEMP hw-
wnnl ghwpbph:

. ‘unp Uninbkigmu £ wnwewnlyty Ynp nmwpwsmpniiutph ypw Spyn-
nhugbph hwjwuwpnudp Ukl wy Ephpusuhnipiut ypu Tugi-
Anpnih hwjuwuwpdwi hin uybjn hwdwp: Uklp gnyg kup nyly,
np wju pupwuguljupgp ykdwuybu wupghund £ punwlniuwgh
uykyunputpng hwdwlupgph hwdwp b wyb hpwunt) Eup Zhquh ou-
ghywuwnnph b umybphnkqpynn nunfjpiwinhmuh hwdwlwpgh
uundwdp:
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Pesiome

B muccepranuu 6611 uccsie[0BaHbl BOIPOCHI, CBA3AHHBIE C JIByMs BasKHeMH-
[IUMU PEIeHUSIM TEOPUU OTHOCUTETHHOCTHU - TPABUTAIIMOHHBIMI BOJTHAMU U
ugepubiME Jpipavu. Ona ocHOBaHa Ha paboTax, OTHOCAINIMXCS, B YaCTHOCTH,
K aCTpOMU3MIECKUM YIapPHBIM BOJTHAM W TDABUTAIMOHHBIM BOJTHAM, & TaK-
JKe K YEPHBIM JIbIPDaM, U CBA3AHHBIX C HUMH KJIACCUYECKUM M KBAHTOBBIM
WHTETPUPYEMBIM CHCTEMAM.

O6cy2xK/1aeMble BOIPOCHI CIPYIIIMPOBAHBI B TPU KJIACCA 33189, KOTOPbIE
MOKHO CPOPMYIHPOBATE CJIEIYIOMIAM 00pa30M:

o 5ddeKT rpaBUTAIIMOHHO TAMSTH, BBI3BAHHBIN HMILYIbCHBIMI I'DaBU-
TAIMOHHBIMY BOJIHAMU,

® UHTErpupyeMble CUCTEMBbI, CB3aHHble ¢ YepHbiMu Jbipamu NHEMP,

® CBs3b HEKOTOPBLIX KBAHTOBOMEXAHUIECKUX CHCTEM CHCTEM C DEIIeHUsI-
mu ypaBHerus Kieitaa-I'opmona.

P63yJII)T&TI>I Juccepranmuu CO6paHI>I B CJIelyromux IIyHKTaXx.

1. Ilpeioxken HOBBIM TOJIXOM, JIJIsl M3YU€HUs BIUSIHUSA UMIIYJIbCHBIX I'Da-
BUTAIMOHHBLIX BOJIH HA, MEPECEKAIOIINE UX MeOJE3NIECKIE Iy IKH. DTOT
MeTOos1, ObITT IPUMEHEH K CBETOMOMOOHBIM ITyIKaM. BBIIO moaTBepKiIe-
HO, YTO IIYYKU, OPTOTOHAJIbHbIE K ITMIIEPIIOBEPXHOCTHU, OCTAIOTCI TaKU-
MU K€ TIOCJIe TIepPeceIeHnst MeMOPaHBI.

2. /lano KoBapuaHTHOE OIIpeJesIeHIe sIBJIEHUIO IPABUTAIMOHHON TTaMATH
Ha ocHoBe B-Tenzopa myuka. BuisiBiiena cBsi3p Mex ity B-tenzopom u
KOMITOHEHTAMU TEH30Pa SHEPIUH-UMITYJIbCA. DTOT MOIXO.T OBLIT IPUMe-
HeH K coepunenusM tuna BMS. B yacTHOCTH, BBIYUCIEH COOTBETCTBY-
rormuit B-rensop.

3. ano eauHoobpa3Hoe onucanue 9eTHLIX U HedeTHbIX reomerpuit NHEMP.
OHO WCITOJIB30BAHO JJIST JTIOKA3aTEIHCTBA MHTETPUPYEMOCTH YETHBIX,
MOJTHOCTBIO Hemzorporuux cucreM NHEMP.

4. TlocTpoeHbl HHTETPAJIBI IBUKEHNUS U BEKTOPHl KuiinHra mjist moJHo-
creio Heuszorpornnoit NHEMP npousBosbHO#l pa3zmeHOCTH, IPUBEIEH
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UX BHUJ B UCXOIHBIX KOOpAWHATAX. HaiileHO HETPUBUAIBHOE COOTBET-
CTBUE MEXKJly WHTErpaJlaMy JIBUZKEHUsI [TOJHOCTHIO HEM30TPOIHBIX U
TOJTHOCTBIO M30TPOIHBIX depHbIX apip NHEMP.

Pasnenensr nepemennsle Hambosiee OOIIENl YACTHYHO U30TPOIHOM CH-
crembl NHEMP, npoBeiena KOHTpaKIUs IepeXo/l K YACTHBIM CJIYIasM
IIOJIHOCTBIO HEM30TPOIHOI U MOJIHOCTBIO m3oTporHoir NHEMP.

IIpe/iozkeH HOBBIN 110/X0J, CBs3bIBaromuii ypasuenne Illpennurepa
Ha MCKPUBJIEHHBIX IpOcTpaHcTBax ¢ ypasuenueM Kieitna-I'opmona B
npyroit reomerpun. Ilokasano, 94To 9Ta nporeypa 3HAYUTENIHHO yIIPO-
IIAeTCs JIJIS CUCTEM C KBaJPATUIHLIM CIEKTPOM. JleTaspHO paccmor-
PEHBI JIBa YaCTHBIX CJIydasl CylepUHTEIPDUPHUEMBIX CHCTeM Ha cdepe:
ocruiaTop Xurca u cucrema Pocoxaruyca.
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