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1 Introduction

My research focuses on theoretical gravitational physics, black holes, and mathematical
relativity. I am a recognized expert on hidden symmetries, separability, and integrability
of field equations in curved spacetime. I am one of the founders of a new subdiscipline
of black hole thermodynamics known as black hole chemistry. In the last couple of years
I have pushed forward our understanding of exotic black hole spacetimes, studied the
interaction of ultralight bosons with rotating black holes, and proposed a new theory of
higher curvature gravity. Most recently, I have become interested in relativistic quantum
information and quantum detection of various spacetime features.

In this Habilitation I have gathered a number of selected publications that I have
published in collaboration with my students and numerous researchers in the past 15
years or so. These papers have been split into four categories: i) hidden symmetries of
rotating black holes ii) black hole thermodynamics iii) modified gravity theories and iv)
miscellaneous results. A brief introduction to each of these topics is provided in Sec. 2.
This section also sets the context for each of the attached papers.

The central topic of this Habilitation is that of black holes. Black holes are one of
the most fascinating predictions of Einstein’s general relativity. With a high resolution
image of a supermassive black hole at the center of M87 by the Event Horizon Telescope!
and recent gravitational wave observations of binary black hole collisions by LIGO? at
hand, there are no longer any doubts that black holes exist in our Universe. However, the
very existence of black holes still raises many fundamental theoretical questions. Those
related to quantum processes, such as the mystery of black hole entropy, information
loss, quantum evaporation and black hole thermodynamics, are expected to provide key
insights towards understanding how to reconcile gravity with quantum theory. Other are
purely classical and range from describing astrophysical processes to pure mathematical
physics

One of the most exciting theoretical developments in classical black hole thermody-
namics in the past couple of years is due to the black hole chemistry — a new discipline I
helped to establish. My original papers on this topic®* have generated a groundswell of

activity, resulting in more than 700 papers written in this field. The subject has grown
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substantially and now spans many diverse directions®. While the mainstream focuses

on studying black hole phase transitions and understanding the notion of black hole
volume, more recently there have been attempts to understand the thermodynamics of

6,7

“exotic” black hole spacetimes, for example those with acceleration®’ and Newman—

Unti-Tamburino (NUT) parameters®?.

These works have helped to discover a more
complete thermodynamic dictionary and raise new challenges for the interpretation of
the black hole entropy and the AdS/CFT correspondence.

Perhaps my most ground breaking discovery in the past 6 years is the demonstration'©
of separability of the massive vector perturbations around rotating black holes in any
number of dimensions — a completely unexpected result that was awaiting its discovery
for almost 50 years. The demonstrated separability allowed us to study instability modes
of such perturbations, providing constraints on various candidates for the dark matter!®.
The key tool towards this discovery was to exploit a hidden symmetry encoded in the
principal Killing—Yano tensor that is present in these black hole spacetimes'!.

Another topic discussed in this Habilitation is that of modified gravity theories. It is
very likely that Einstein’s theory of gravity is only an approximation and will eventually
have to be modified. At classical level, the departures are expected to be described by
the higher curvature terms. Of special interest are the higher curvature theories that
preserve some of the remarkable properties of Einstein’s theory. In this spirit, we have
proposed two novel modified higher curvature gravities. One that is obtained by taking a
singular limit of the well known Gauss-Bonnet gravity to four dimensions'? and another
that generalizes the recently proposed quasi-topological gravities's.

Finally, we shall discuss three ‘miscellaneous results’, related to the calculation of
gravitational wave production in black hole mergers'#, to quantum detection of inertial
frame dragging'®, and cosmic string hair of black holes'6.

The author would like to thank the Perimeter Institute for Theoretical Physics, where
many of the included works have been completed, and the Natural Sciences and Engi-
neering Research Council of Canada (NSERC) for their support. Research at Perimeter
Institute is supported in part by the Government of Canada through the Department
of Innovation, Science and Economic Development Canada and by the Province of On-
tario through the Ministry of Colleges and Universities. Perimeter Institute is situated
on the Haldimand Tract, land that was promised to the Haudenosaunee of the Six Na-
tions of the Grand River, and is within the territory of the Neutral, Anishnawbe, and

Haudenosaunee peoples.



2 The Hitchhiker’s guide to the selected
papers

2.1 Black hole thermodynamics

It has been nearly 50 years since Bardeen, Carter and Hawking first formulated the
laws of black hole mechanics'”. These laws are geometric in origin and are consequences
of classical general relativity. In particular, the first law of black hole mechanics is
a constraint enforced by the Einstein equation, relating physical perturbations of the
black hole to variations in its area and conserved charges. That the laws of black
hole mechanics are in fact the laws of thermodynamics (induced by quantum effects
in the vicinity of a black hole horizon) was only firmly established somewhat later by

18,19

Bekenstein and Hawking , yielding the famous relation for the black hole temperature

and entropy:

temperature T <> surface gravity

entropy S <+ horizon area (2.1)

Y] =

in units where G =c¢=h = kp =1, yielding a correspondence between the laws of ther-

modynamics and black hole mechanics:

0E =T6S — PSV +work terms <+ 5M=§%+Q§J+¢5Q+..., (2.2)
T

where on the r.h.s. the QdJ and ®dQ terms are the standard ‘kinetic’ and ‘chemical
potential’ black hole work terms, written in terms of the asymptotic angular momentum
J and electric charge @ (and their conjugate variables © and ¢), and M is the mass of the
black hole. The first law is standardly accompanied by its ‘integral version’, the so called
Smarr—Gibbs—Duhem relation®®, which is an equality relating the finite thermodynamic
charges:

d—3 d—3
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valid for asymptotically flat black holes in d number of spacetime dimensions.

While the above laws are well established for simple black holes, two natural questions
arise. 1) Is it possible to find, on the black hole side, the term that would correspond
to the standard P§V work term? 2) Can the laws of black hole thermodynamics be
also formulated for more complicated black hole spacetimes, such as those including
acceleration, Taub-NUT charges, and/or cosmic strings? Whereas the answer to the first
question led to a new subdiscipline of black hole thermodynamics known as the black
hole chemistry, the latter gave rise to an extended thermodynamic dictionary where new
thermodynamic charges on the black hole side were properly identified. In what follows,

we shall describe these recent developments.

2.1.1 Black hole chemistry

Black hole chemistry®?! is a new and fast developing subdiscipline of classical black
hole thermodynamics. The original idea was to reconsider the behavior of Anti de
Sitter (AdS) black holes, that is black holes in an asymptotically AdS space, in the
context of a dynamical cosmological constant, which provided the basis for introducing

22 This simple idea has far

the pressure/volume term into black hole thermodynamics
reaching consequences and leads to a radical new understanding of black holes from the
“viewpoint of chemistry”, in terms of concepts such as chemical enthalpy, Van der Waals

fluids, and holographic heat engines.

Thermodynamics with variable A

Asymptotically AdS black holes feature many attractive properties that are absent for
their asymptotically flat cousins. Such black holes provide a description of the dual
conformal field theory (CFT) at finite temperature via the AdS/CFT correspondence®.
Moreover, they can be in thermal equilibrium with their Hawking radiation and exhibit
interesting thermodynamic phase transitions, such as the first order Hawking—Page phase

24

transition*, or the existence of a second order Van der Waals type phase transition for

charged AdS black holes*25-27,
An asymptotically AdS black hole in d spacetime dimensions is a black hole solution

to the Einstein equations

1
Ruy - ig,uuR + Aguu = Tw/ ) (24)

where the cosmological constant A < 0 is often parameterized by the AdS radius [
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according to

d—1)(d—-2
(-t

and T}, is the matter stress-energy tensor (that vanishes sufficiently quickly as we ap-

<0, (2.5)

proach the asymptotic region). The starting point of the black hole chemistry is to
identify the thermodynamic pressure with the cosmological constant A according to
A (d-1)(d-2)

P=——=

= 7 2.
8T 16712 ’ (2.6)

and allow it to vary in the first law of black hole thermodynamics.* The thermodynamic

volume is then defined as a quantity that is thermodynamically conjugate to pressure:

oM
V = <) . 2.7
OP ) sq.u 27)

This means that the mass of the black hole M is now identified with enthalpy rather
than energy! and the extended first law reads??:

SM =T5S+VP+> Q6]+ ¢6Q7, (2.8)
( J

where we allowed for a possibility of having multiple angular momenta J* and multiple

U(1) charges Q7. This law is now consistent (via the dimensional Euler argument) with

the following extended Smarr relation?230:
d—3 - 2 d—3 o
—M=T Qg — P 7 2.
T S+2i: T V+d_22j:¢%2 (2.9)

Obviously, without the P —V term this equality would not be valid, giving a ‘practical
reason’ as to why the variations of A have to be included in the first law of black hole

thermodynamics.

*The idea that A might be a dynamical variable was first proposed by Teitelboim and Brown?8:29.

"In standard thermodynamics, enthalpy is energy to create the system and place it in an environment.
In black hole physics this corresponds to ‘creating’ a black hole and ‘placing’ it in an environment of
the negative cosmological constant.
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Simple example

To illustrate the above concepts, let us consider the ‘simplest possible’ (vacuum) spherical
AdS black hole in d = 4 dimensions, the Schwarzschild-AdS spacetime:
2M  r?

2
dr +72(d0* +sin®0de?), f(r)=1-"—+— (2.10)

d82 = —f(T)dt2 + W r l2 9

whose horizon is located at the radius r;, determined as the largest positive root of

f(ry) =0. This black hole can be assigned the following thermodynamic quantities:

2 / 2
T4 i Area 9 f(ry) 1 i
M=—(1+—= = = T= = 1 - . 2.11

(1 3), s=— ==, in 47rr+( +355) (211)

Thence, upon identifying P = 3/(87l?), we find an ‘amusing formula’

4
V= gm"i (2.12)

for the thermodynamic volume of this black hole, which is a volume of a sphere in a
3-dimensional Euclidean space. Such a volume can also be recovered by integrating the
‘space’ hidden behind the black hole horizon — a quantity know as the geometric black

hole volume332,

Thermodynamic volume

In general, there is no reason for the thermodynamic volume to have any relation to the
volume in Euclidean space or to the black hole geometric volume. In fact, already for
rotating black holes in four dimensions, the three concepts are different®. That ther-
modynamic definition yields a sensible definition for the black hole volume is indicated
by the reverse isoperimetric inequality. Namely, the following conjecture has been put

forward in3:

Reverse isoperimetric inequality. For any AdS black hole solution in Einstein

gravity the following ratio:

(d— 1)V)ﬁ (wd,2>ri2

R= ( W42 A

(2.13)
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where A is the black hole horizon area, V is its thermodynamic volume, and

9 ntl
2
b = (2.14)
r ( n+41 )
2
is the volume of the unit n-sphere, obeys the following inequality:
R>1, (2.15)

with the bound being saturated for Schwarzschild-AdS black holes. In other
words, for a fixed thermodynamic volume the entropy of the black hole is

maximized for the Schwarzschild-AdS spacetime.

It turns out that many of the AdS black holes obey the conjectured inequality®. Those
that do not, possess for a given thermodynamic volume more entropy than the Schwarzschild-

AdS spacetime, and are known as the ‘superentropic black holes™3.

Phase transitions

Interestingly, already the simplest AdS black hole (2.10) admits an interesting phase

4. To uncover this, one has

transition, known as the Hawking-Page phase transition?
to study the corresponding free energy of the system and seek its global minimum. If
such a minimum is ‘discontinuous’, there will be the corresponding phase transition. In
particular, according to Ehrenfest’s classification the continuity in the minimum itself
but discontinuity in its first derivatives implies a first order phase transition.

In our case, the total system consists of AdS black hole and its Hawking radiation.
While the (Gibbs) free energy of the latter, sometimes referred to as the thermal AdS, is
negligible?*, G4 ~ 0, the free energy of the black hole (and thence the total free energy)
reads

7“2
G:G(T,P):MfTS:%( -5 (2.16)

For a given pressure, this is parametrically plotted in Fig. 2.1. We observe a minimum
temperature T, = 2v/3/(4rl), corresponding to 7., = 1/v/3, below which no black holes
can exist. Above this temperature we have two branches of black holes that meet at a
cusp. The upper branch describes small black holes with negative specific heat; these
are thermodynamically unstable and cannot be in a thermal equilibrium with a thermal
bath of radiation. The large (74 > r,;,) black holes at lower branch have positive specific
heat and are locally thermodynamically stable. More importantly, the radiation with

zero free energy represents a global minimum of the free energy for temperatures lower
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Figure 2.1: Hawking—Page phase transition. Above T,;,, the free energy of the Schwarzchild-
AdS black hole displays two branches of black holes. The upper branch (small
black holes) has negative specific heat and is thermodynamically unstable. The
lower branch (large black holes) has positive specific heat. For T' > Typ this branch
has negative free energy (lower than that of the Hawking radiation) and the corre-
sponding black holes represent the globally thermodynamically preferred state. As
the temperature increases, at Typ, the system undergoes a first order Hawking—Page
phase transition from radiation to large black hole.
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Figure 2.2: Phase diagram: Schwarzschild-AdS. We display a semi-infinite coexistence line be-
tween the radiation and large black hole phases, reminiscent of the solid-liquid
phase transition.

than the Hawking—Page temperature:

1

determined from G = 0, above which the branch of large black holes thermodynami-
cally dominates. In other words, as the system is heated up, it undergoes a first order

Hawking—Page phase transition from thermal radiation to a large black hole??.

This phase transition was later re-interpreted as a confinement/deconfinement phase
transition in the dual quark gluon plasma3*. Alternatively, it is obvious that as we vary
the cosmological constant, the Hawking—Page critical temperature, (2.17), changes. This

yields the following coexistence line between the two phases:

3
P‘COexistence = §T2 . (218)

The corresponding P —T phase diagram is displayed in Fig. 2.2. It is reminiscent of a

solid-liquid phase transition, yielding thus a familiar interpretation.

So far we have only dealt with the simplest AdS black hole (2.10). Considering more
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complicated AdS black hole spacetimes has revealed remarkable similarities between
the phase behaviour of black holes and that of ordinary matter’. The paradigmatic
example of this analogy is the Van der Waals-like phase transition of charged AdS black
holes®2%26 While the Van der Waals behavior is the most ‘typical’ for AdS black holes,
more complicated phase diagrams can also be identified. For example, people observed

5 water-like tricritical points®®, an isolated

39

the so called reentrant phase transitions®
critical point3"38, superfluid-like behaviour?”, or the existence of ‘snapping’ swallow
tails®®. Most recently, these phase transitions were further investigated employing the
Ruppener’s thermodynamic geometry to reveal possible features of the underlying black

hole microstructure®!.

Holographic interpretation

One of the main motivations to study AdS black holes is the AdS/CFT correspondence?
where such black holes provide a dual description of the boundary CFT at finite tem-
perature. This in particular regards the bulk black hole phase transitions which are dual
to the phase transitions of the boundary CFT.

Surprisingly, the holographic interpretation of black hole chemistry has been elusive
for many years*? 8. The reason for this is that the extended first law (2.8) cannot be
straightforwardly related to the corresponding thermodynamics of the holographic dual
field theory*?0, because variations of the bulk cosmological constant A correspond to
changing both the central charge C' (or the number of colours N) and the CFT volume
V. Namely, one has the following holographic first law°°:

SE =T8S —pdV + $6Q + Q3J + 16 C, (2.19)

where E is the CFT energy (not enthalpy), p and V = VP2 are the CFT pressure and
volume, [ is the chemical potential for the central charge C, which is proportional to N
to some power (C oc N2 for SU(N) gauge theories with conformal symmetry), J and
are the angular momentum and conjugate angular velocity, and Q, ¢ are its respective
holographic charge and conjugate potential.

When the holographic first law (2.19) is used a starting point, and upon employing
the standard dictionary between boundary and bulk quantities (recovering the Newton’s

constant G for the moment):

ove
l )

Ql

E=M, Q:ﬁ’ b= (2.20)

10
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together with the two holographic Smarr relations £ = (D —2)pV, E=TS5 + PQ+QJ +

2C', and the duality relation
lD72

- klﬁTFG ’
9

where the numerical factor k depends on the details of the particular holographic system?®®,

(2.21)

one arrives at the following extended bulk first law:

R A8+ 660 — — A —a’C (2.22)

OM = &G 871G G

Thus varying A is naturally (at least from the holographic perspective) accompanied by
varying the Newton’s constant G. (See® for additional reasons as to why G should be
varied in the first law of black hole thermodynamics.)
Alternatively, one may rewrite the extended bulk first law (2.22) in the following
‘mized’ form>?:
OM =T6S+Q0J 4+ $p0Q + Vo P+ pdC, (2.23)

where Vi and p are the new thermodynamic volume and chemical potential, respectively.
In this form, it is possible to decouple the variations of the cosmological constant from
the effect of changing the boundary theory — allowing one to study the black hole bulk
behavior, holding the central charge C fixed. As shown in®?, this has the very interesting
consequence that varying bulk pressure (as done in the black hole chemistry literature)
no longer qualitatively changes phase diagrams. Their qualitative behavior depends
entirely on the value of the central charge — in particular, phase transitions of charged
AdS black holes only exist provided the dual CFT has a sufficient number of degrees of
freedom. In this sense the work®® marks “the fall” of black hole chemistry as traditionally
understood, but opens up a new frontier for exploring its relationship with the AdS/CFT

correspondence.

Comments on selected papers

As described above the black hole chemistry is a fast developing discipline. More than
700 papers have been written on the topic in past 10 years, with the author of the current
manuscript playing a leading role in many of the developments.

Paper? is one of the first studies probing the notion of the black hole thermodynamic
volume (2.7). Having calculated this volume for a large variety of black holes, the authors
were led to the reverse isoperimetric inequality conjecture (2.15). This has influenced

many following studies and led eventually to the concept of superentropic black holes,

11
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discussed in Paper33.

One of the most interesting conclusions that come from the black hole chemistry is that
black holes feature many interesting phase transitions, reminiscent of phase transitions
of everyday substances. The Paper?* represents the first study in this direction, showing
that the charged AdS black holes demonstrate Van der Waals-like behavior, where the
coexistence line of first order phase transition terminates at a second order critical point
characterized by standard mean field theory critical exponents. While many other more
complicated phase transitions were later identified, one of the most remarkable discover-
ies is the existence of an ‘isolated critical point’, studied in®® for higher-curvature black
holes, which is a special critical pint with polymer-like critical exponents.

Finally, the holographic interpretation of the black hole chemistry was recently clarified

in®2.

2.1.2 Thermodynamics of exotic black hole spacetimes

Euclidean methods and regularity paradigm

9 was performed in the con-

While Hawking’s original derivation of black hole radiation®
text of Lorentzian quantum field theory in curved spacetime, very shortly after this a
number of works established relationships between properties of the complexified geom-
etry and black hole thermodynamics®3 5. These so-called Fuclidean methods have since
become common practice for deducing the thermodynamic properties of spacetimes con-
taining horizons. A key point advocated in this approach is that the Euclidean sector

be regular. For example, York writes®®

“This geometry must be topologically regular (no conical singularity at its
axis or horizon), a geometrical condition equivalent to the physical require-

ment of thermal equilibrium.”

For many examples of gravitating solutions regularity is indeed an essential ingredient
for the validity of the first law — as is the case of the Schwarzschild solution, or for
certain gravitational solitons®’. In particular, regularity implies that the Euclidean time

T is periodic, 7 ~ 7+ 3, and yields a finite temperature 7', given by:

1
T=-—, 7~74+0. (2.24)

p
In what follows we are going to question the regularity paradigm, and probe whether or
not the first law can also be formulated for more ‘exotic black hole spacetimes’ for which

regularity of the Euclidean solution cannot be fully achieved.

12



2.1 Black hole thermodynamics

Lorentzian Taub-NUT solution

A prototypical example of a spacetime that has been puzzling physicists for the past 70
years is the Lorentzian Taub-NUT(-AdS) solution®® %9 whose metric reads

2
ds* = —f(dt+2ncosfde)? + d; + (r? 4 n?)(d6? +sin? 0d¢?) ,
r2—2mr—n? 3n*—6nr2—rt
= — . 2.2
/ r2+n?2 12(r24n?2) (2.25)

Here, m stands for the gravitational mass, [ is the AdS radius, and n represents the so
called NUT charge (a gravitational analogue of the magnetic monopole). The solution
is plagued by the existence of a Misner string singularity', located along the axis § = 0,
and the associated with it closed timelike curves in its vicinity. The Misner string,
which is the gravitational analog of the Dirac string, can be eliminated by requiring the

Lorentzian time ¢ to be periodic!

t~t+8mn, (2.26)
which, however, has fatal consequences for the spacetime causality and geodesic completeness®? 6%,

66,67 is to preserve the Misner string and interpret it as

68-70

A recently preferred alternative

a (rotating string) source of angular momentum

Turning to the Fuclidean sector, which is obtained by Wick rotating ¢t — ¢7 and n — v,
we observe several singularities. Namely, similar to Schwarzschild, the Euclidean metric
possesses a conical singularity at the root of f(ry) =0 that can be eliminated by choosing

the Euclidean time 7 to have period 3, given by

_ 47
S fi(ry)

B (2.27)

In addition to the conical singularity at the horizon f(ry) =0, there is the Euclidean

version of the Misner string singularity along the axis # = 0, which can be eliminated by
60,61,71

requiring that 7 ~ 74 3, where
8 =S8mv, (2.28)

in accord with the Lorentzian condition (2.26). To proceed further, we calculate the

13
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Euclidean action

1 6 1 2 /L
I=— | d R+ )+— | & h[/C——Rh 2.29
167r/M oVa(R+ )+ g VR gR B, (229)
where K and R (h) are respectively the extrinsic curvature and Ricci scalar of the
boundary. In this expression we have included, apart from the Einstein—Hilbert and
York-Gibbons-Hawking terms, also the standard AdS counter-terms’. Assuming gen-
eral periodicity 7 ~ 7+ 3, we obtain the following simple result for the free energy of the

Euclidean solution®72:

F % ! (r2 —3v%r,). (2.30)

_f_m 1
B 212

So what do we infer from here?

The conventional approach is to concentrate on the thermodynamics of the Euclidean
solution and require its full regularity. This means that both conditions (2.27) and (2.28)
have to be simultaneously satisfied, which implies
1 fitry) 1

T= B A = % = r4+ = T+(I/,l) (231)

for the temperature and reduces the number of free parameters of the solution. At the
same time, the free energy is now understood as a function of two variables, F' = F(T, P),

which yields the following entropy:

OF | w(3ri —120%r% +r3 12+ %12 — 30)
orlp 1243r2 — 302 ’

S = (2.32)
providing thus the only example of entropy in Einstein gravity that is not equal to
Area/4, a result that is interpreted by assigning the Misner strings themselves an
611‘51ropy60773.i

Despite this being the conventional approach, it is possible to obtain fully consistent
thermodynamics without imposing the absence of Misner strings — abandoning the regu-
larity paradigm. Let us concentrate on the Lorentzian setting, where the Misner strings
are themselves Killing horizons associated with the Killing vector { = 9y — 05/(2n), and

can be assigned the following Misner potential®®™:

b= (2.33)

8mn’

!The author finds this conclusion very counter-intuitive, as the Misner string has already been removed
by imposing the Misner condition (2.28).

14



2.1 Black hole thermodynamics

where 1 has been identified with either the Misner string surface gravity xnig/(4m)", or

75

alternatively, with its angular velocity Qug/(47m). The Lorentzian versions of (2.27)

and (2.30) are given by

2,2 2 2

T — f/(T+) _ 1 1+3(n +T’+) ’ F:m_r+(r++3n ) ) (234)
47 47T7’+ l2

We stress that, since the absence of Misner strings is no longer required, all of r1,n,l

remain independent, and the free energy is now a function of three variables, F =

F(T,4,P). The conjugate potentials are then computed in the standard way:

_ OF o 9 _ OF B 47n3 3(n2—7’3_)
5= "or w,P_W(T++n)7 N__% TP Ty (1+ 12 )’ (2:35)

while the energy F = m is deduced from the relation F = E —TS —¢¥N. The obtained

quantities can easily be verified to satisfy the first law
OE=T6S+0W, oW =¢dN, (2.36)

where the new work term §W is associated with either the surface gravity or the rota-
tional energy of Misner strings. The entropy S is now Area/4, while N can be shown to
have the geometric interpretation as the integral of *d¢ over the Misner string®.

We thus managed to formulate a ‘meaningful’ first law for the Taub-NUT spacetime,
without demanding the full regularity of its Euclidean sector. The same considerations
apply also to other spacetimes containing NUT charge. For example, demanding reg-
ularity for rotating NUT solutions eliminates all free parameters of the solution and
leads to a ‘discrete first law’"%. However, it is entirely possible to obtain a ‘normal’ full

cohomogeneity first law when regularity is not demanded’”.

Accelerating black holes and other examples

There are many other examples of black hole solutions for which a sensible first law
of black hole mechanics can be formulated — even using Euclidean methods — without
demanding regularity of the Euclidean solution.

A very interesting (and only recently understood) example is that of accelerated black

L7879 t6:7:80.81 zccelerated horizons. The Euclidean action is not reg-

holes wit or withou
ular due to the presence of conical singularities, or cosmic strings, that extend along
the north pole/south pole symmetry axes. It is precisely the tension p of these strings

that causes the acceleration of the black hole. As understood in the above studies, the

15
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variation of this tension needs to be included in the first law, leading to a new black hole
work term

SW = Adp, (2.37)

h80’82

with a new conjugate variable A\, known as the thermodynamic lengt . Similar work

term also appears for the ‘balanced’ multi black hole solutions, e.g.%? 86,

Perhaps the most famous example of spacetimes where full regularity cannot be
achieved is that of de Sitter black holes®™ 88 whose Euclidean sector has necessarily coni-
cal singularity on at least one of the horizons, cosmological or black hole. Although, such
spacetimes are in general out of thermodynamic equilibrium, the corresponding laws of
black hole mechanics can be formulated for each horizon separately and consequently

combined to a ‘mixed’ black hole/cosmological horizon first law, e.g.®8.

We may also consider an example of a black hole with magnetic charge @Q,,. Here the

Euclidean geometry is regular, but the U(1) gauge potential
A o dt + Qm cosOdp (2.38)

is not, unless the Dirac quantization condition is imposed. Nevertheless, the first law of
black hole mechanics can still be formulated without imposing regularity, picking up an
additional work term

OW = dmoQm , (2.39)

where ¢,, is the conjugate ‘magnetostatic’ potential, e.g.%C.

To summarize, we have illustrated here through a number of examples, that the po-
tential singularity of the Fuclidean solution need not be fatal and does not necessarily
prevent one from formulating the first law of black hole mechanics. Instead, one typically
picks up additional work terms which come with a well-motivated physical interpretation
such as string tension p in the case of accelerating black holes, or Misner charge N in
case of the Taub-NUT solutions. These quantities can be interpreted as the physical
sources responsible for the loss of regularity in the Euclidean solution. Their inclusion
extends the black hole thermodynamic dictionary and poses a challenge for the potential
holographic interpretation. While some of the obtained first laws obviously cannot be
associated with equilibrium thermodynamics in the spirit of the identification (2.1), as
is the case of de Sitter black holes, for others this is not so obvious — for example the
Taub-NUT solutions. Therefore, it seems that the precise role played by regularity of

the Euclidean solution remains an open question.
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2.1 Black hole thermodynamics

Comments on selected papers

The author has devoted a number of papers towards understanding thermodynamics
of exotic objects, and in particular the thermodynamics of accelerated black holes and
Lorentzian Taub-NUT solutions.

Paper® marks the first study of the author on thermodynamics of the accelerated black
holes (before the necessity of including the Adu term, (2.37), was first realized). The
work on this subject culminated in®' where the full thermodynamics of accelerated black
holes with charges and rotations was finally understood.

As discussed above, the thermodynamics of the Lorentzian Taub-NUT solutions finds
natural description in terms of the Misner potential ¢, (2.33), and its conjugate quantity
N. InY the geometric interpretation of these quantities has been first proposed, filling

an important gap in understanding these spacetimes.
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2.2 Hidden symmetries of rotating black holes

With motivations coming from string theory and braneworld scenarios, higher-dimensional
black holes have recently attracted a lot of attention. One of the most surprising discov-
eries of recent years is a realization that the properties of higher-dimensional rotating
black holes are very similar to those of the simple four-dimensional Kerr metric.5 This
remarkable result stems from the existence of a single object called the principal Killing—
Yano tensor. The very existence of this tensor determines uniquely the Kerr-NUT-AdS
family of metrics in all dimensions. It also generates a tower of explicit and hidden sym-
metries that stand behind complete integrability of geodesic motion and separability of
the Hamilton—Jacobi equation, as well guarantee separability of the scalar, spinor, and
vector perturbations in these spacetimes. In this section we shall review some of these

remarkable results.

Principal Killing—Yano tensor

1,92 is a special object which obeys a number of

The Principal Killing—Yano tensor
algebraic and differential restrictions. More specifically, it is a non-degenerate closed

conformal Killing—Yano 2-form h obeying the following equation:

Vohas = garés — 9pr&a (2.40)

where
1

W= ——Vsh?, 2.41
T 1V8 (2.41)

§

is the corresponding characteristic 1-form, the primary Killing vector”®. The non-
degeneracy means that h has a maximal matrix rank and that its eigenvalues are func-
tionally independent.¥

Contrary to explicit symmetries of Killing vectors, whose action is evident on the
configuration space (manifold itself), the principal Killing—Yano tensor is a dynamical
symmetry of the phase space, and its action on configuration space remains ‘hidden’. For
this reason we call the corresponding symmetry a hidden symmetry. In what follows, we

shall assume the existence of this tensor and derive some of the implications.

SHere we refer to the black holes with spherical horizon topology that belong to the ‘Myers—Perry
class’®®. This excludes both the non-trivial topology generalizations, such as black ringsgo, as well
as ‘bumpy’ black holes”!.

TWhen the algebraic conditions on h are not imposed, the existence of h is far less restrictive and many
of the results discussed below become weaker. For example, we have to deal with the corresponding
generalized Kerr-NUT-AdS spacetimes which contain unspecified Kéhler manifolds??.
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2.2 Hidden symmetries of rotating black holes

Towers of symmetries

Starting with a single principal Killing—Yano tensor h, one can generate the whole towers
of explicit and hidden symmetries — the ‘symmetry descendants’ of h%°. Namely, we can

construct the following tower of closed conformal Killing—Yano tensors:

: 1
W) = ZhA---AB. (2.42)
e
J times
Their Hodge duals f) = xh() are Killing—Yano tensors, and their square gives rise to a

tower of rank-2 Killing tensors:

Ky = a—a -’ D) gy SO (2.43)

In turn, these tensors give rise to the tower of Killing vectors:
_ rap
l@) = k(j)fg. (2.44)

Note that the 7 = 0 Killing tensor is just the inverse metric and the zeroth Killing vector
is the primary Killing vector, {g) = ¢&.
Since the principal Killing—Yano tensor is non-degenerate — it admits n independent
eigenvalues in
d=2n+e (2.45)

number of dimensions, where ¢ = 0,1 in even, odd dimensions — the above construction
yields n independent Killing tensors, and (n+ ¢€) independent Killing vectors, with the
last [(,) in odd dimensions given by [,) = f(,). Moreover, being constructed from a
single object, all these symmetries mutually Schouten—Nijenhuis commute

a of af
lola], = Linlty =0, |kokp)|,, = Linkey =0,

SN

B slag 1.8y p8lag 1BV _
Fako,, = Ky VR — k(YR =0, (2.46)

and the Killing tensors commute as matrices: kg) ﬁk(ﬂjh — ké) 5k(ﬁi)7 =0, see'! for all the

details and proofs of the above statements.

Remarkable properties of rotating black holes

It is not surprising that the above towers of symmetries are very special and determine

many remarkable properties of the corresponding spacetime. Namely, the following
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uniqueness theorem was proved in”396:

Uniqueness theorem: The most general solution of the Einstein equations
with the cosmological constant which admits the principal Killing—Yano ten-
sor is the Kerr-NUT-(A)dS black hole spacetime?”. Even when the Einstein
equations are not imposed, any spacetime admitting such a hidden symme-
try can be written in the off-shell Kerr-NUT-AdS form which guarantees
the following properties: it is of the special algebraic type D, it allows the
separation of variables for the Hamilton—Jacobi, Klein—Gordon, and Dirac

equations, the geodesic motion in such a spacetime is completely integrable.

We are already equipped to intuitively understand complete integrability of geodesic
motion. To this purpose we would need to find d number of integrals of motion that
are all independent and mutually Poisson commute®®. These integrals are simply given
by the (n+€) linear and n quadratic in particle’s momenta integrals of motion that are

generated from Killing vectors and Killing tensors of the above constructed tower:
Lj= pala‘) , K= pak?kﬁ)pb’ . (2.47)

Note that Kj is related to the Hamiltonian of the geodesic motion, H = %Ko = %pagﬁpﬁ.
The Schouten-Nijenhuis commutation relations between the tensors (2.46) then precisely

translate into the mutual Poisson commutation of these integrals:

The final step in the proof of integrability is to show that all such integrals are indepen-

99-101

dent. This fact was shown in and is intimately related to the fact that h possesses

independent eigenvalues.

99-101 was shortly followed by the demonstration

that the Hamilton-Jacobi'??, the Klein-Gordon!??, and the Dirac'®® equations all sepa-

The proof of geodesic integrability

rate in Kerr-NUT-AdS spacetimes. The geodesic integrability result was later extended

to integrability of the bosonic sector of the Grassmann spinning particle model'%4,

Perhaps the most remarkable is a more recent result of separability of vector per-
turbations in these spacetimes!?195:196 " The key ingredience for this development is to

consider a novel ansatz for the vector field

Al = BN, 7 (2.49)
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2.2 Hidden symmetries of rotating black holes

where the ‘polarization tensor B*” is the following ‘inverse’ of the principal Killing—Yano
tensor: BMY = [(g—l—i,uh)_l]w, and p is an arbitrary constant. Imposing the Lorentz
‘gauge’ condition,

VAP =0, (2.50)

yields a set of differential equations for the separated scalar Z. Interestingly, the ansatz

is applicable to both the Maxwell (m = 0) and massive perturbations:
V,FM +m2Ar =0, (2.51)

whose equations simply impose an additional algebraic constraint on the separated
solution Z. This method therefore provides an alternative to the famous Teukolsky

approach!07-108

over which it has many advantages: it is i) covariant ii) applicable in
all dimensions, and iii) applies to massive vector fields as well. In particular, the novel
ansatz allowed one to study the instability modes of the ultralight massive vector fields
in the vicinity of rotating black holes, providing thus a characteristic feature for possible

observations of axionic-type dark matter candidates'%:109.

Generalized Killing—Yano tensors

The above uniqueness theorem essentially restricts the applications of the principal
Killling—Yano tensor to ‘vacuum spacetimes’ of Einstein gravity — we are inevitably
led to the Kerr-NUT-AdS family of metrics. To go beyond, one has to relax some of
the assumptions imposed on the principal Killing—Yano tensor. One such generalization,
especially useful for supergravity and string theory solutions, is that of Killing—Yano ten-
sors with torsion, where the torsion is identified with the 3-form flux naturally present
in these theories!10114,

In particular, we define a generalized principal Killing—Yano tensor with torsion by

the following equation generalizing (2.40):

Vi has = gar€s — 9prta (2.52)

where V7 is a covariant derivative with (totally antisymmetric) torsion 7', properly
identified with the 3-form flux of the given solution. This simple generalization turned
out to be very fruitful for example for black holes of d = 5 minimal gauged supergravity!°
(with T identified with the Maxwell flux, T' = *F/1/3), or the Kerr-Sen solution of the
string theory!'!? (with T given by the Kalb-Ramond field, 7= H). At the moment, there

is no uniqueness theorem for such a generalized principal Killing—Yano tensor, though a

21



2 The Hitchhiker’s guide to the selected papers

partial classification was achieved in'4.

Other natural generalizations of Killing—Yano tensors, that can be obtained by study-
ing the symmetry operators of the Dirac equation in the presence of general fluxes, were
studied in'12.

Comments on selected papers

The author of this Habilitation has played a central role in many of the above develop-
ments. The following publications provide a selected overview of some of these works.
Paper?? presents a discovery of the principal Killing—Yano tensor in higher-dimensional
rotating black hole spacetimes. Before its publication it was strongly believed, e.g.!!?,
that such symmetries are very unlikely to play any role for black holes in higher di-
mensions. Paper? demonstrates complete integrability of geodesic motion in rotating
black hole spacetimes, while paper'% presents a generalization of thereof to the case
of a spinning particle described by the Grassmann variables. The separability of the
Klein-Gordon and Hamilton-Jacobi equations has been demonstrated in'?2. In?3 the
Uniqueness theorem for the principal Killing-Yano tensor was formulated. Paper!'!?
presents the torsion generalization of the Killing—Yano tensors and demonstrates their
relevance for black holes of d = 5 minimal gauged supergravity. Finally, paper'? shows
separability of massive vector perturbations in general Kerr-NUT-AdS spacetimes and
provides its application to calculating the black hole instability modes due to ultralight

massive vector bosons.
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2.3 Modified gravity theories

2.3 Modified gravity theories

Although incredibly successful and in full agreement with all its experimental verifi-
cations, Finstein’s general relativity cannot be the final theory of gravity. First, it is
intrinsically incompatible with quantum theory — the smooth spacetime on which the
theory is founded likely emerges only in the low energy limit. Even at the classical level
one has to deal with the problem of spacetime singularities, which are a generic predic-
tion of the theory. Furthermore, it is an open question whether the Einstein’s relativity
provides the correct description at cosmological scales. For all these reasons, it is im-
portant to seek new modified theories of gravity. In particular, at the classical level it
is natural to study higher curvature corrections to the Einstein—Hilbert action, as the
latter is only expected to provide effective description for weak gravitational fields. In
this section, we shall describe two attempts of the author at formulating new (classical)

higher curvature theories of gravity.

Lovelock gravities

The gravitational action of a theory that possesses the diffeomorphism invariance as
a fundamental symmetry is determined by specifying a scalar Lagrangian density £, a

function of the metric tensor ¢ and its derivatives,

_ L 2
S_IGWG/dx lg|L(g,0g,0%g,...). (2.53)

In order to avoid the so called ‘runaway solutions’ (or ghosts at the quantum level) an
additional assumption, that the resulting equations of motion for the metric should be
at most second order in metric derivatives, is often imposed. The simplest solution to
these requirements is provided by the Einstein—Hilbert action where L is identified with
the Ricci scalar:

Len=R. (2.54)

Is this really just the simplest solution, or can we include some other terms like:
R?, RapR™, RupsR°, R®, V,RV°R, ...7 (2.55)

The answer is provided by the following theorem!16:

Lovelock theorem (1971): In four dimensions, the Einstein-Hilbert action is

the only local action, apart from the cosmological constant and topological
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terms (total derivatives), that leads to the second-order partial differential

equations for the metric.

An example of an interesting topological term in four dimensions is the following Gauss—

Bonnet term:
Lop = R*—4R,5R 4 Rop, s RO (2.56)

Interestingly, this term is topological only in four dimensions. It identically vanishes
in d < 4, and yields a non-trivial equations of motion in d =5 and higher dimensions,

governed by the corresponding Gauss—Bonnet tensor:

1
Hop = -3 90pG +2RRopg — 4Roy R + 4R 055 R +2R0 " R 5. (2.57)

By inspection, this tensor leads to second-order equations of motion for the metric, and
thence a generalization of the Einstein gravity in d > 5 dimensions.

16 This is a unique higher-

More generally, one may consider the Lovelock gravity
curvature (with local action) gravity in d dimensions that yields second order partial

differential equations for the metric. The corresponding Lagrangian density is given by

1 K
L= > apc®), (2.58)
167G =

where £*) are the 2k-dimensional Euler densities

1

k 19 ok
LW = 275%1(51.“70;13?}5&161% ! "'Rakﬂk% ) (2.59)

and oy are the associated coupling constants. In particular, £ = 0 is the cosmological
constant term, A = —ag/2, k =1 corresponds to the Einstein—Hilbert action, k = 2
recovers the Gauss—Bonnet term, and so on. Interestingly, the basic property of the Euler
densities is that they are topological in d = 2k dimension, trivial below, and contribute
to equations of motion for d > 2k. This is why the sum terminates at K = {d—gl} . Many
people consider the Lovelock gravity to be a natural generalization of Einstein’s gravity

to higher dimensions, though the problem of well-posedness is a non-trivial one, see
e.g 17118,

Beyond Lovelock

While Lovelock gravities are very natural geometric generalizations of the Einstein grav-

ity, they are only non-trivial in higher dimensions. If one wants to restrict to (what
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2.3 Modified gravity theories

seems to be a physical dimension) d = 4, one must therefore seek other alternatives.

In a purely geometric framework, where gravity is described by the metric only, it
follows from the Lovelock theorem that one must consider theories that lead to higher-
order equations of motion. A famous example of one such theory is the so called quasi-
topological gravity*'®. This is a higher curvature theory (a generalization of the Lovelock
gravity ) whose equations of motion become second-order on spherically symmetric space-
times. Another very specific theory which is non-trivial even in four dimensions is known
as the Einsteinian cubic gravity'*°. Guided by the importance of spherically symmet-
ric solutions, a generalized quasi-topological theory was proposed by the author and his

3 see also!?1122 for its later generalizations. These new theories play, for

collaborators!
example, a natural role in ‘geometric inflation’, e.g.123.

Going beyond the purely geometric framework, one may consider theories with extra
gravitational degrees of freedom. Among such theories, the forefront position belongs

124 " which is the most general scalar-tensor theory that yields

to the Horndeski gravity
second order equations of motion for both the metric and the scalar field. As shown by
the author!'?, a special subclass of Horndeski theories is obtained by taking a (singular)

limit of the Gauss—Bonnet gravity to four dimensions.

Comments on selected papers

In paper'3 the author constructed the most general cubic in curvature theory with the fol-
lowing remarkable properties: i) It has a well-defined Einstein gravity limit, ii) it admits
“Schwarzschild-like” solutions characterized by a single metric function, iii) on maxi-
mally symmetric backgrounds it propagates the same degrees of freedom as Einstein’s

gravity, and iv) all of the following: Lovelock!!®, quasitopological''”, and Einsteinian

120

cubic™” gravities are recovered as special cases.

Recently, there has the been a lot of interest in whether or not there exists a meaningful

theory of gravity obtained by taking a singular limit of the Gauss—Bonnet gravity to

125129 " In paper'? we have shown that a well-defined d — 4 limit of

the Gauss-Bonnet Gravity is obtained by generalizing a method of Mann and Ross'3°,

d = 4 dimensions

used many years ago to obtain a limit of the Einstein gravity in d = 2 dimensions. The
resulting theory is a scalar-tensor theory of the Horndeski type, obtained alternatively

by a special dimensional reduction!?7.
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2.4 Miscellaneous results

Apart from hidden symmetries, black hole thermodynamics, and modified gravity theo-
ries, the author of this Habilitation has also been interested in many other problems of
gravitational physics. In this section, we shall present three different results on: gravita-
tional waves, quantum detection of inertial frame dragging, and black hole cosmic string

hair, that provide a glimpse into the author’s other interests.

Gravitational waves

Gravitational waves provide a new window into our Universe. The great discovery made
by LIGO on September 14, 20152 provided the first direct confirmation that strong
gravitational waves are produced in the violent process of the coalescence of two black
holes. Other such observations shortly followed. The effort culminated in an observation

of a neutron star-neutron star collision!?!

, marking the beginning of multi messenger
astronomy.

The precise modelling of the merger and of the corresponding gravitational wave
production are complicated and have to often be simulated numerically or by using
various approximations. In'* we have employed the so called moduli space approzimation
to study the collision of charged black holes surrounded by a dilatonic field, picking up
the threads on the work!'3? where no dilatonic field was considered. The special feature of
such an approximation is that it remains valid in strong gravitational regime (as opposed
to the post-Newtonian expansion). The price to pay is that the approximation is only
valid for extrenal black holes that are supported by (most likely unphysical) strong
electromagnetic fields. The obtained results clearly illustrate the effect of the dilatonic
field on the gravitational wave production, and in turn impose some restrictions on the

corresponding theories with dilatons, string theory for example.

Quantum detection of inertial frame dragging

Frame dragging (or gravitomagnetism) is a general-relativistic effect induced by the mo-
tion (and in particular rotation) of matter and gravitational waves, that is in many ways
analogous to electromagnetic induction. Already in the early days of general relativity
Lens and Thiring observed!33134 that in the vicinity of a rotating body an infalling
geodesic observer experiences a Coriolis-type force, and that gyroscopes are subject to
precession, which can be thought of as a Larmor precession induced by the gravitomag-

netic fields. The extreme frame dragging manifest itself by the existence of an ergosphere
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in the vicinity of rotating black holes. Frame-dragging is also behind various astrophysi-
cal phenomena such as relativistic jets and the Bardeen-Petterson effect!3®, which aligns
accretion disks perpendicular to the axis of a rotating black hole. The frame drag-
ging by the planet Earth has been measured recently by the Gravity Probe B satellite
mission!36:137,

In'® we have proposed a toy model for quantum measurement of the frame dragging

effect. Namely, we have positioned an Unruh-deWitt detector!3®:139

inside a rotating
shell and shown that it can pick up the information about the frame dragging with
respect to distant stars. This happens despite that the space inside the shell is flat and
the detector remains inertial for all times. Perhaps even more interestingly, it happens
even when the detector is switched on for a finite time interval within which a light signal
cannot travel to the shell and back as required by a classical measurement. In principle,
our results open a possibility of measuring the frame dragging effect in the laboratory

settings and analogue systems.

Cosmic string hair on rotating black holes

Cosmic strings are examples of field theory topological defects that could have been
created by phase transitions in the early Universe. An interaction of such strings with
a black hole might result in a string capture, and black hole featuring a novel type
of cosmic string hair — providing thus another counter-example to black hole no hair
theorems!40:141

In'® we have shown that rotating black holes can indeed sport cosmic string hair.
Interestingly, it was found that, contrary to the common wisdom, the backreaction of
the string can no longer be described by a simple conical deficit, as is the case for
non-rotating black holes'2. Moreover, it is well known, e.g.1437146 that extremal black
holes feature a flux expulsion for simple electromagnetic fields, also known as the black
hole Meissner effect. In the case of cosmic strings, however, the situation is much more
subtle!®!47 Namely, small black holes demonstrate flux expulsion, while large ones
are pierced by the cosmic string. The phase transition between the two situations is
of the second order for charged black holes!?”, and of the first order for the rotating
ones'%, demonstrating that interesting critical phenomena also occur in classical black

hole physics.

27






3 References

10.

Akiyama, K. et al. First M87 Event Horizon Telescope Results. I. The Shadow
of the Supermassive Black Hole. Astrophys. J. Lett. 875, L1. arXiv: 1906.11238
[astro-ph.GA] (2019).

Abbott, B. P. et al. Observation of Gravitational Waves from a Binary Black Hole
Merger. Phys. Rev. Lett. 116, 061102. arXiv: 1602.03837 [gr-qc] (2016).

Cvetic, M., Gibbons, G. W., Kubiznak, D. & Pope, C. N. Black Hole Enthalpy
and an Entropy Inequality for the Thermodynamic Volume. Phys. Rev. D 84,
024037. arXiv: 1012.2888 [hep-th] (2011).

Kubiznak, D. & Mann, R. B. P-V criticality of charged AdS black holes. JHEP
07, 033. arXiv: 1205.0559 [hep-th] (2012).

Kubiznak, D., Mann, R. B. & Teo, M. Black hole chemistry: thermodynamics with
Lambda. Class. Quant. Grav. 34, 063001. arXiv: 1608.06147 [hep-th] (2017).

Appels, M., Gregory, R. & Kubiznak, D. Thermodynamics of Accelerating Black
Holes. Phys. Rev. Lett. 117, 131303. arXiv: 1604.08812 [hep-th] (2016).

Anabaldn, A., Appels, M., Gregory, R., Kubizndk, D., Mann, R. B. & Ovgiin,
A. Holographic Thermodynamics of Accelerating Black Holes. Phys. Rev. D 98,
104038. arXiv: 1805.02687 [hep-th] (2018).

Hennigar, R. A., Kubizndk, D. & Mann, R. B. Thermodynamics of Lorentzian
Taub-NUT spacetimes. Phys. Rev. D 100, 064055. arXiv: 1903.08668 [hep-th]
(2019).

Bordo, A. B., Gray, F., Hennigar, R. A. & Kubizndk, D. Misner Gravitational
Charges and Variable String Strengths. Class. Quant. Grav. 36, 194001. arXiv:
1905.03785 [hep-th] (2019).

Frolov, V. P., Krtous, P., Kubizndk, D. & Santos, J. E. Massive Vector Fields
in Rotating Black-Hole Spacetimes: Separability and Quasinormal Modes. Phys.
Rev. Lett. 120, 231103. arXiv: 1804.00030 [hep-th] (2018).

29


https://arxiv.org/abs/1906.11238
https://arxiv.org/abs/1906.11238
https://arxiv.org/abs/1602.03837
https://arxiv.org/abs/1012.2888
https://arxiv.org/abs/1205.0559
https://arxiv.org/abs/1608.06147
https://arxiv.org/abs/1604.08812
https://arxiv.org/abs/1805.02687
https://arxiv.org/abs/1903.08668
https://arxiv.org/abs/1905.03785
https://arxiv.org/abs/1804.00030

3 References

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

30

Frolov, V., Krtous, P. & Kubiznak, D. Black holes, hidden symmetries, and com-
plete integrability. Living Rev. Rel. 20, 6. arXiv: 1705.05482 [gr-qc] (2017).

Hennigar, R. A., Kubizndk, D., Mann, R. B. & Pollack, C. On taking the D
— 4 limit of Gauss-Bonnet gravity: theory and solutions. JHEP 07, 027. arXiv:
2004.09472 [gr-qc]l (2020).

Hennigar, R. A., Kubiznak, D. & Mann, R. B. Generalized quasitopological grav-
ity. Phys. Rev. D 95, 104042. arXiv: 1703.01631 [hep-th] (2017).

Mccarthy, F., Kubizndk, D. & Mann, R. B. Dilatonic Imprints on Exact Gravi-
tational Wave Signatures. Phys. Rev. D 97, 104025. arXiv: 1803.01862 [gr—qc]
(2018).

Cong, W., Bicak, J., Kubiznak, D. & Mann, R. B. Quantum Detection of Inertial
Frame Dragging. Phys. Rev. D 103, 024027. arXiv: 2009.10584 [gr-qc] (2021).

Gregory, R., Kubiznak, D. & Wills, D. Rotating black hole hair. JHEP 06, 023.
arXiv: 1303.0519 [gr-qc] (2013).

Bardeen, J. M., Carter, B. & Hawking, S. W. The Four laws of black hole me-
chanics. 31, 161-170 (1973).

Bekenstein, J. D. Black holes and entropy. Phys. Rev. D 7, 2333-2346 (1973).

Hawking, S. W. Particle Creation by Black Holes. Commun. Math. Phys. 43
(eds Gibbons, G. W. & Hawking, S. W.) [Erratum: Commun.Math.Phys. 46, 206
(1976)], 199—220 (1975).

Smarr, L. Mass formula for Kerr black holes. Physical Review Letters 30, 71
(1973).

Kubiznak, D. & Mann, R. B. Black hole chemistry. Can. J. Phys. 93 (ed Dasgupta,
A.) 999-1002. arXiv: 1404.2126 [gr-qc] (2015).

Kastor, D., Ray, S. & Traschen, J. Enthalpy and the Mechanics of AdS Black
Holes. 26, 195011. arXiv: 0904.2765 [hep-th] (2009).

Maldacena, J. M. The large N limit of superconformal field theories and super-
gravity. Int. J. Theor. Phys. 38, 1113-1133. arXiv: hep-th/9711200 (1999).

Hawking, S. W. & Page, D. N. Thermodynamics of Black Holes in anti-De Sitter
Space. Commun. Math. Phys. 87, 577 (1983).

Chamblin, A., Emparan, R., Johnson, C. V. & Myers, R. C. Charged AdS black
holes and catastrophic holography. Phys. Rev. D 60, 064018. arXiv: hep-th/
9902170 (1999).


https://arxiv.org/abs/1705.05482
https://arxiv.org/abs/2004.09472
https://arxiv.org/abs/1703.01631
https://arxiv.org/abs/1803.01862
https://arxiv.org/abs/2009.10584
https://arxiv.org/abs/1303.0519
https://arxiv.org/abs/1404.2126
https://arxiv.org/abs/0904.2765
https://arxiv.org/abs/hep-th/9711200
https://arxiv.org/abs/hep-th/9902170
https://arxiv.org/abs/hep-th/9902170

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chamblin, A., Emparan, R., Johnson, C. V. & Myers, R. C. Holography, thermo-
dynamics and fluctuations of charged AdS black holes. Phys. Rev. D 60, 104026.
arXiv: hep-th/9904197 (1999).

Cvetic, M. & Gubser, S. S. Phases of R charged black holes, spinning branes and
strongly coupled gauge theories. JHEP 04, 024. arXiv: hep-th/9902195 (1999).

Teitelboim, C. The cosmological constant as a thermodynamic black hole param-
eter. Phys. Lett. B 158, 293-297 (1985).

Brown, J. D. & Teitelboim, C. Neutralization of the Cosmological Constant by
Membrane Creation. Nucl. Phys. B 297, 787-836 (1988).

Caldarelli, M. M., Cognola, G. & Klemm, D. Thermodynamics of Kerr-Newman-
AdS black holes and conformal field theories. Class. Quant. Grav. 17, 399-420.
arXiv: hep-th/9908022 (2000).

Parikh, M. K. The Volume of black holes. Phys. Rev. D 73, 124021. arXiv: hep-
th/0508108 (2006).

Ballik, W. & Lake, K. Vector volume and black holes. Phys. Rev. D 88, 104038.
arXiv: 1310.1935 [gr-qc] (2013).

Hennigar, R. A., Kubizndk, D. & Mann, R. B. Entropy Inequality Violations
from Ultraspinning Black Holes. Phys. Rev. Lett. 115, 031101. arXiv: 1411.4309
[hep-th] (2015).

Witten, E. Anti-de Sitter space, thermal phase transition, and confinement in
gauge theories. Adv. Theor. Math. Phys. 2 (eds Bergstrom, L. & Lindstrom, U.)
505-532. arXiv: hep-th/9803131 (1998).

Altamirano, N., Kubiznak, D. & Mann, R. B. Reentrant phase transitions in
rotating anti-de Sitter black holes. Phys. Rev. D 88, 101502. arXiv: 1306.5756
[hep-th] (2013).

Altamirano, N., Kubizndk, D., Mann, R. B. & Sherkatghanad, Z. Kerr-AdS ana-
logue of triple point and solid/liquid/gas phase transition. Class. Quant. Grav.
31, 042001. arXiv: 1308.2672 [hep-th] (2014).

Frassino, A. M., Kubiznak, D., Mann, R. B. & Simovic, F. Multiple Reentrant
Phase Transitions and Triple Points in Lovelock Thermodynamics. JHEP 09,
080. arXiv: 1406.7015 [hep-th] (2014).

31


https://arxiv.org/abs/hep-th/9904197
https://arxiv.org/abs/hep-th/9902195
https://arxiv.org/abs/hep-th/9908022
https://arxiv.org/abs/hep-th/0508108
https://arxiv.org/abs/hep-th/0508108
https://arxiv.org/abs/1310.1935
https://arxiv.org/abs/1411.4309
https://arxiv.org/abs/1411.4309
https://arxiv.org/abs/hep-th/9803131
https://arxiv.org/abs/1306.5756
https://arxiv.org/abs/1306.5756
https://arxiv.org/abs/1308.2672
https://arxiv.org/abs/1406.7015

3 References

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

32

Dolan, B. P., Kostouki, A., Kubiznak, D. & Mann, R. B. Isolated critical point
from Lovelock gravity. Class. Quant. Grav. 31, 242001. arXiv: 1407 .4783 [hep-th]
(2014).

Hennigar, R. A., Mann, R. B. & Tjoa, E. Superfluid Black Holes. Phys. Rev. Lett.
118, 021301. arXiv: 1609.02564 [hep-th] (2017).

Abbasvandi, N., Cong, W., Kubiznak, D. & Mann, R. B. Snapping swallowtails in
accelerating black hole thermodynamics. Class. Quant. Grav. 36, 104001. arXiv:
1812.00384 [gr-qcl (2019).

Wei, S.-W., Liu, Y.-X. & Mann, R. B. Repulsive Interactions and Universal Prop-
erties of Charged Anti—de Sitter Black Hole Microstructures. Phys. Rev. Lett. 123,
071103. arXiv: 1906.10840 [gr-qc] (2019).

Johnson, C. V. Holographic Heat Engines. Class. Quant. Grav. 31, 205002. arXiv:
1404.5982 [hep-th] (2014).

Dolan, B. P. Bose condensation and branes. JHEP 10, 179. arXiv: 1406 . 7267
[hep-th] (2014).

Kastor, D., Ray, S. & Traschen, J. Chemical Potential in the First Law for
Holographic Entanglement Entropy. JHEP 11, 120. arXiv: 1409.3521 [hep-th]
(2014).

Zhang, J.-L., Cai, R.-G. & Yu, H. Phase transition and thermodynamical geometry
for Schwarzschild AdS black hole in AdSs x S° spacetime. JHEP 02, 143. arXiv:
1409.5305 [hep-th] (2015).

Zhang, J.-L., Cai, R.-G. & Yu, H. Phase transition and thermodynamical geometry
of Reissner-Nordstréom-AdS black holes in extended phase space. Phys. Rev. D 91,
044028. arXiv: 1502.01428 [hep-th] (2015).

Dolan, B. P. Pressure and compressibility of conformal field theories from the
AdS/CFT correspondence. Entropy 18, 169. arXiv: 1603.06279 [hep-th] (2016).

McCarthy, F., Kubizndk, D. & Mann, R. B. Breakdown of the equal area law for
holographic entanglement entropy. JHEP 11, 165. arXiv: 1708.07982 [hep-th]
(2017).

Karch, A. & Robinson, B. Holographic Black Hole Chemistry. JHEP 12, 073.
arXiv: 15610.02472 [hep-th] (2015).

Visser, M. R. Holographic Thermodynamics Requires a Chemical Potential for
Color. arXiv: 2101.04145 [hep-th] (Jan. 2021).


https://arxiv.org/abs/1407.4783
https://arxiv.org/abs/1609.02564
https://arxiv.org/abs/1812.00384
https://arxiv.org/abs/1906.10840
https://arxiv.org/abs/1404.5982
https://arxiv.org/abs/1406.7267
https://arxiv.org/abs/1406.7267
https://arxiv.org/abs/1409.3521
https://arxiv.org/abs/1409.5305
https://arxiv.org/abs/1502.01428
https://arxiv.org/abs/1603.06279
https://arxiv.org/abs/1708.07982
https://arxiv.org/abs/1510.02472
https://arxiv.org/abs/2101.04145

ol.

52.

53.

o4.

95.

26.

57.

58.

99.

60.

61.

62.

63.

64.

65.

Kastor, D., Ray, S. & Traschen, J. Smarr Formula and an Extended First Law for
Lovelock Gravity. Class. Quant. Grav. 27, 235014. arXiv: 1005.5053 [hep-th]
(2010).

Cong, W., Kubiznak, D. & Mann, R. B. Thermodynamics of AdS Black Holes:

Critical Behavior of the Central Charge. Phys. Rev. Lett. 127, 091301. arXiv:
2105.02223 [hep-th] (2021).

Hartle, J. B. & Hawking, S. W. Path Integral Derivation of Black Hole Radiance.
Phys. Rev. D 13, 2188-2203 (1976).

Gibbons, G. W. & Perry, M. J. Black Holes and Thermal Green’s Functions. Proc.
Roy. Soc. Lond. A 358 (eds Gibbons, G. W. & Hawking, S. W.) 467-494 (1978).

Gibbons, G. W. & Hawking, S. W. Action Integrals and Partition Functions in
Quantum Gravity. Phys. Rev. D 15, 2752-2756 (1977).

York Jr., J. W. Black hole thermodynamics and the Euclidean Einstein action.
Phys. Rev. D 33, 2092-2099 (1986).

Kunduri, H. K. & Lucietti, J. The first law of soliton and black hole mechanics
in five dimensions. Class. Quant. Grav. 31, 032001. arXiv: 1310.4810 [hep-th]
(2014).

Taub, A. H. Empty space-times admitting a three parameter group of motions.
Annals of Mathematics, 472-490 (1951).

Newman, E., Tamburino, L. & Unti, T. Empty-Space Generalization of the Schwarzschild

Metric. Journal of Mathematical Physics 4, 915-923 (1963).

Hawking, S. W., Hunter, C. J. & Page, D. N. Nut charge, anti-de Sitter space and
entropy. Phys. Rev. D59, 044033. arXiv: hep-th/9809035 [hep-th] (1999).

Misner, C. W. The Flatter regions of Newman, Unti and Tamburino’s generalized
Schwarzschild space. J. Math. Phys. 4, 924-938 (1963).

Misner, C. W. The flatter regions of Newman, Unti, and Tamburino’s generalized
Schwarzschild space. Journal of Mathematical Physics 4, 924-937 (1963).

Hawking, S. W. & Ellis, G. F. R. The large scale structure of space-time (Cam-
bridge university press, 1973).

Hajicek, P. Causality in non-Hausdorff space-times. Communications in Mathe-
matical Physics 21, 75-84 (1971).

Miller, J., Kruskal, M. D. & Godfrey, B. B. Taub-NUT (Newman, Unti, Tam-
burino) metric and incompatible extensions. Physical Review D 4, 2945 (1971).

33


https://arxiv.org/abs/1005.5053
https://arxiv.org/abs/2105.02223
https://arxiv.org/abs/1310.4810
https://arxiv.org/abs/hep-th/9809035

3 References

66.

67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

7.

78.

79.

34

Clément, G., Gal’tsov, D. & Guenouche, M. Rehabilitating space-times with NUTs.
Phys. Lett. B750, 591-594. arXiv: 1508.07622 [hep-th] (2015).

Clément, G., Gal’tsov, D. & Guenouche, M. NUT wormholes. Phys. Rev. D93.
[Phys. Rev.D93,024048(2016)], 024048. arXiv: 1509.07854 [hep-th] (2016).

Bonnor, W. B. A new interpretation of the NUT metric in general relativity in
Mathematical Proceedings of the Cambridge Philosophical Society 66 (1969), 145—
151.

Sackfield, A. Physical interpretation of NUT metric in Mathematical Proceedings
of the Cambridge Philosophical Society 70 (1971), 89-94.

Manko, V. & Ruiz, E. Physical interpretation of the NUT family of solutions.
Classical and Quantum Gravity 22, 3555 (2005).

Chamblin, A., Emparan, R., Johnson, C. V. & Myers, R. C. Large N phases,
gravitational instantons and the nuts and bolts of AdS holography. 59, 064010.
arXiv: hep-th/9808177 (1999).

Emparan, R., Johnson, C. V. & Myers, R. C. Surface terms as counterterms in the
AdS / CFT correspondence. Phys. Rev. D 60, 104001. arXiv: hep-th/9903238
(1999).

Mann, R. B. Misner string entropy. Phys. Rev. D 60, 104047. arXiv: hep-th/
9903229 (1999).

Hennigar, R. A., Kubizndk, D. & Mann, R. B. Thermodynamics of Lorentzian
Taub-NUT spacetimes. Phys. Rev. D 100, 064055. arXiv: 1903.08668 [hep-th]
(2019).

Clément, G. & Gal’tsov, D. On the Smarr formulas for electrovac spacetimes with

line singularities. Phys. Lett. B 802, 135270. arXiv: 1908.10617 [gr-qc] (2020).

Ghezelbash, A. M., Mann, R. B. & Sorkin, R. D. The Disjointed thermodynamics
of rotating black holes with a NUT twist. Nucl. Phys. B 775, 95-119. arXiv:
hep-th/0703030 (2007).

Ballon Bordo, A., Gray, F., Hennigar, R. A. & Kubiznak, D. The First Law for
Rotating NUTs. Phys. Lett. B 798, 134972. arXiv: 1905.06350 [hep-th] (2019).

Ball, A. & Miller, N. Accelerating Black Hole Thermodynamics with Boost Time.
arXiv: 2008.03682 [hep-th] (Aug. 2020).

Ball, A. Global First Laws of Accelerating Black Holes. arXiv: 2103.07521 [hep-th]
(Mar. 2021).


https://arxiv.org/abs/1508.07622
https://arxiv.org/abs/1509.07854
https://arxiv.org/abs/hep-th/9808177
https://arxiv.org/abs/hep-th/9903238
https://arxiv.org/abs/hep-th/9903229
https://arxiv.org/abs/hep-th/9903229
https://arxiv.org/abs/1903.08668
https://arxiv.org/abs/1908.10617
https://arxiv.org/abs/hep-th/0703030
https://arxiv.org/abs/1905.06350
https://arxiv.org/abs/2008.03682
https://arxiv.org/abs/2103.07521

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Appels, M., Gregory, R. & Kubiznak, D. Black Hole Thermodynamics with Con-
ical Defects. JHEP 05, 116. arXiv: 1702.00490 [hep-th] (2017).

Anabaldn, A., Gray, F., Gregory, R., Kubiznak, D. & Mann, R. B. Thermodynam-
ics of Charged, Rotating, and Accelerating Black Holes. JHEP 04, 096. arXiv:
1811.04936 [hep-th] (2019).

Herdeiro, C., Kleihaus, B., Kunz, J. & Radu, E. On the Bekenstein-Hawking area
law for black objects with conical singularities. Phys. Rev. D 81, 064013. arXiv:
0912.3386 [gr-qc] (2010).

Krtous, P. & Zelnikov, A. Thermodynamics of two black holes. JHEP 02, 164.
arXiv: 1909.13467 [gr-qcl (2020).

Garcia-Compean, H., Manko, V. S. & Ramirez-Valdez, C. J. Thermodynamics of
two aligned Kerr-Newman black holes. Phys. Rev. D 103, 104001. arXiv: 2008.
01213 [gr-qc] (2021).

Manko, V. S. & Ruiz, E. Equatorially symmetric configurations of two Kerr-
Newman black holes. arXiv: 2011.04313 [gr-qc] (Nov. 2020).

Gregory, R., Lim, Z. L. & Scoins, A. Thermodynamics of Many Black Holes. Front.
in Phys. 9, 187. arXiv: 2012.15561 [gr-qc] (2021).

Gibbons, G. W. & Hawking, S. W. Cosmological Event Horizons, Thermodynam-
ics, and Particle Creation. Phys. Rev. D 15, 2738-2751 (1977).

Dolan, B. P., Kastor, D., Kubiznak, D., Mann, R. B. & Traschen, J. Thermo-
dynamic Volumes and Isoperimetric Inequalities for de Sitter Black Holes. Phys.
Rev. D 87, 104017. arXiv: 1301.5926 [hep-th] (2013).

Myers, R. C. & Perry, M. J. Black Holes in Higher Dimensional Space-Times.
Annals Phys. 172, 304 (1986).

Emparan, R. & Reall, H. S. A Rotating black ring solution in five-dimensions.
Phys. Rev. Lett. 88, 101101. arXiv: hep-th/0110260 (2002).

Emparan, R., Figueras, P. & Martinez, M. Bumpy black holes. JHEP 12, 072.
arXiv: 1410.4764 [hep-th] (2014).

Frolov, V. P. & Kubiznak, D. Hidden Symmetries of Higher Dimensional Rotating
Black Holes. Phys. Rev. Lett. 98, 011101. arXiv: gr-qc/0605058 (2007).

Krtous, P., Frolov, V. P. & Kubiznak, D. Hidden Symmetries of Higher Dimen-
sional Black Holes and Uniqueness of the Kerr-NUT-(A)dS spacetime. Phys. Rev.
D 78, 064022. arXiv: 0804.4705 [hep-th] (2008).

35


https://arxiv.org/abs/1702.00490
https://arxiv.org/abs/1811.04936
https://arxiv.org/abs/0912.3386
https://arxiv.org/abs/1909.13467
https://arxiv.org/abs/2008.01213
https://arxiv.org/abs/2008.01213
https://arxiv.org/abs/2011.04313
https://arxiv.org/abs/2012.15561
https://arxiv.org/abs/1301.5926
https://arxiv.org/abs/hep-th/0110260
https://arxiv.org/abs/1410.4764
https://arxiv.org/abs/gr-qc/0605058
https://arxiv.org/abs/0804.4705

3 References

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

36

Houri, T., Oota, T. & Yasui, Y. Generalized Kerr-NUT-de Sitter metrics in all
dimensions. Phys. Lett. B 666, 391-394. arXiv: 0805.0838 [hep-th] (2008).

Krtous, P., Kubiznak, D., Page, D. N. & Frolov, V. P. Killing-Yano Tensors, Rank-
2 Killing Tensors, and Conserved Quantities in Higher Dimensions. JHEP 02, 004.
arXiv: hep-th/0612029 (2007).

Houri, T., Oota, T. & Yasui, Y. Closed conformal Killing-Yano tensor and Kerr-
NUT-de Sitter spacetime uniqueness. Phys. Lett. B 656, 214-216. arXiv: 0708.
1368 [hep-th] (2007).

Chen, W., Lu, H. & Pope, C. N. General Kerr-NUT-AdS metrics in all dimensions.
Class. Quant. Grav. 23, 5323-5340. arXiv: hep-th/0604125 (2006).

Arnol’d, V. I. Mathematical methods of classical mechanics (Springer Science &
Business Media, 2013).

Page, D. N., Kubiznak, D., Vasudevan, M. & Krtous, P. Complete integrability
of geodesic motion in general Kerr-NUT-AdS spacetimes. Phys. Rev. Lett. 98,
061102. arXiv: hep-th/0611083 (2007).

Krtous, P., Kubiznak, D., Page, D. N. & Vasudevan, M. Constants of geodesic
motion in higher-dimensional black-hole spacetimes. Phys. Rev. D 76, 084034.
arXiv: 0707.0001 [hep-th] (2007).

Houri, T., Oota, T. & Yasui, Y. Closed conformal Killing-Yano tensor and geodesic
integrability. J. Phys. A 41, 025204. arXiv: 0707.4039 [hep-th] (2008).

Frolov, V. P., Krtous, P. & Kubiznak, D. Separability of Hamilton-Jacobi and
Klein-Gordon Equations in General Kerr-NUT-AdS Spacetimes. 0702, 005. arXiv:
hep-th/0611245 (2007).

Oota, T. & Yasui, Y. Separability of Dirac equation in higher dimensional Kerr-
NUT-de Sitter spacetime. Phys. Lett. B 659, 688—-693. arXiv: 0711.0078 [hep-th]
(2008).

Kubiznak, D. & Cariglia, M. On Integrability of spinning particle motion in higher-
dimensional black hole spacetimes. Phys. Rev. Lett. 108, 051104. arXiv: 1110.
0495 [hep-th] (2012).

Lunin, O. Maxwell’s equations in the Myers-Perry geometry. JHEP 12, 138. arXiv:
1708.06766 [hep-th] (2017).


https://arxiv.org/abs/0805.0838
https://arxiv.org/abs/hep-th/0612029
https://arxiv.org/abs/0708.1368
https://arxiv.org/abs/0708.1368
https://arxiv.org/abs/hep-th/0604125
https://arxiv.org/abs/hep-th/0611083
https://arxiv.org/abs/0707.0001
https://arxiv.org/abs/0707.4039
https://arxiv.org/abs/hep-th/0611245
https://arxiv.org/abs/0711.0078
https://arxiv.org/abs/1110.0495
https://arxiv.org/abs/1110.0495
https://arxiv.org/abs/1708.06766

106. Krtous, P., Frolov, V. P. & Kubiznak, D. Separation of Maxwell equations in
Kerr-NUT—(A)dS spacetimes. Nucl. Phys. B 934, 7-38. arXiv: 1803.02485 [hep-th]
(2018).

107. Teukolsky, S. A. Perturbations of a rotating black hole. 1. Fundamental equations
for gravitational electromagnetic and neutrino field perturbations. Astrophys. J.
185, 635-647 (1973).

108. Teukolsky, S. A. Rotating black holes - separable wave equations for gravitational
and electromagnetic perturbations. Phys. Rev. Lett. 29, 1114-1118 (1972).

109. Cayuso, R., Dias, O. J. C., Gray, F., Kubizndk, D., Margalit, A., Santos, J. E.,
Gomes Souza, R. & Thiele, L. Massive vector fields in Kerr-Newman and Kerr-Sen
black hole spacetimes. JHEP 04, 159. arXiv: 1912.08224 [hep-th] (2020).

110. Kubiznak, D., Kunduri, H. K. & Yasui, Y. Generalized Killing-Yano equations
in D=5 gauged supergravity. Phys. Lett. B 678, 240-245. arXiv: 0905 . 0722
[hep-th] (2009).

111. Houri, T., Kubiznak, D., Warnick, C. & Yasui, Y. Symmetries of the Dirac Op-

erator with Skew-Symmetric Torsion. Class. Quant. Grav. 27, 185019. arXiv:
1002.3616 [hep-th] (2010).

112. Kubiznak, D., Warnick, C. M. & Krtous, P. Hidden symmetry in the presence of
fluxes. Nucl. Phys. B 844, 185-198. arXiv: 1009.2767 [hep-th] (2011).

113. Houri, T., Kubiznak, D., Warnick, C. M. & Yasui, Y. Generalized hidden sym-
metries and the Kerr-Sen black hole. JHEP 07, 055. arXiv: 1004.1032 [hep-th]
(2010).

114. Houri, T., Kubiznak, D., Warnick, C. M. & Yasui, Y. Local metrics admitting a

principal Killing-Yano tensor with torsion. Class. Quant. Grav. 29, 165001. arXiv:
1203.0393 [hep-th] (2012).

115. Chong, Z. W., Gibbons, G. W., Lu, H. & Pope, C. N. Separability and killing
tensors in Kerr-Taub-NUT-de sitter metrics in higher dimensions. Phys. Lett. B
609, 124-132. arXiv: hep-th/0405061 (2005).

116. Lovelock, D. The Einstein tensor and its generalizations. J. Math. Phys. 12, 498—
501 (1971).

117. Reall, H., Tanahashi, N. & Way, B. Causality and Hyperbolicity of Lovelock The-
ories. Class. Quant. Grav. 31, 205005. arXiv: 1406.3379 [hep-th] (2014).

37


https://arxiv.org/abs/1803.02485
https://arxiv.org/abs/1912.08224
https://arxiv.org/abs/0905.0722
https://arxiv.org/abs/0905.0722
https://arxiv.org/abs/1002.3616
https://arxiv.org/abs/1009.2767
https://arxiv.org/abs/1004.1032
https://arxiv.org/abs/1203.0393
https://arxiv.org/abs/hep-th/0405061
https://arxiv.org/abs/1406.3379

3 References

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

38

Kovécs, A. D. & Reall, H. S. Well-posed formulation of Lovelock and Horndeski
theories. Phys. Rev. D 101, 124003. arXiv: 2003.08398 [gr-qcl (2020).

Myers, R. C. & Robinson, B. Black Holes in Quasi-topological Gravity. JHEP 08,
067. arXiv: 1003.5357 [gr-qcl (2010).

Bueno, P. & Cano, P. A. Einsteinian cubic gravity. Phys. Rev. D 94, 104005.
arXiv: 1607.06463 [hep-th] (2016).

Bueno, P., Cano, P. A., Moreno, J. & Murcia, A. All higher-curvature gravities
as Generalized quasi-topological gravities. JHEP 11, 062. arXiv: 1906 . 00987
[hep-th] (2019).

Bueno, P., Cano, P. A. & Hennigar, R. A. (Generalized) quasi-topological gravi-
ties at all orders. Class. Quant. Grav. 37, 015002. arXiv: 1909.07983 [hep-th]
(2020).

Arciniega, G., Bueno, P., Cano, P. A., Edelstein, J. D., Hennigar, R. A. & Jaime,
L. G. Geometric Inflation. Phys. Lett. B 802, 135242. arXiv: 1812.11187 [hep-th]
(2020).

Horndeski, G. W. Second-order scalar-tensor field equations in a four-dimensional
space. Int. J. Theor. Phys. 10, 363-384 (1974).

Glavan, D. & Lin, C. Einstein-Gauss-Bonnet Gravity in Four-Dimensional Space-
time. Phys. Rev. Lett. 124, 081301. arXiv: 1905.03601 [gr-qc] (2020).

Gurses, M., Sisman, T. C. & Tekin, B. Is there a novel Einstein—Gauss—Bonnet
theory in four dimensions? Fur. Phys. J. C' 80, 647. arXiv: 2004.03390 [gr-qc]
(2020).

Lu, H. & Pang, Y. Horndeski gravity as D — 4 limit of Gauss-Bonnet. Phys. Lett.
B 809, 135717. arXiv: 2003.11552 [gr-qc] (2020).

Bonifacio, J., Hinterbichler, K. & Johnson, L. A. Amplitudes and 4D Gauss-
Bonnet Theory. Phys. Rev. D 102, 024029. arXiv: 2004.10716 [hep-th] (2020).

Aoki, K., Gorji, M. A. & Mukohyama, S. A consistent theory of D — 4 Einstein-
Gauss-Bonnet gravity. Phys. Lett. B 810, 135843. arXiv: 2005.03859 [gr-qc]
(2020).

Mann, R. B. & Ross, S. F. The D —> 2 limit of general relativity. Class. Quant.
Grav. 10, 1405-1408. arXiv: gr-qc/9208004 (1993).


https://arxiv.org/abs/2003.08398
https://arxiv.org/abs/1003.5357
https://arxiv.org/abs/1607.06463
https://arxiv.org/abs/1906.00987
https://arxiv.org/abs/1906.00987
https://arxiv.org/abs/1909.07983
https://arxiv.org/abs/1812.11187
https://arxiv.org/abs/1905.03601
https://arxiv.org/abs/2004.03390
https://arxiv.org/abs/2003.11552
https://arxiv.org/abs/2004.10716
https://arxiv.org/abs/2005.03859
https://arxiv.org/abs/gr-qc/9208004

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Abbott, B. P. et al. GW170817: Observation of Gravitational Waves from a Binary
Neutron Star Inspiral. Phys. Rev. Lett. 119, 161101. arXiv: 1710.05832 [gr-qc]
(2017).

Camps, J., Hadar, S. & Manton, N. S. Exact Gravitational Wave Signatures from
Colliding Extreme Black Holes. Phys. Rev. D 96, 061501. arXiv: 1704 . 08520
[gr-qcl (2017).

Lense, J. & Thirring, H. Ueber den Einfluss der Eigenrotation der Zentralkoerper

auf die Bewegung der Planeten und Monde nach der Einsteinschen Gravitations-
theorie. Phys. Z. 19, 156-163 (1918).

Thirring, H. Uber die Wirkung rotierender ferner Massen in der Einsteinschen
Gravitationstheorie. Physikalische Zeitschrift 19 (1918).

Bardeen, J. M. & Petterson, J. A. The Lense-Thirring Effect and Accretion Disks
around Kerr Black Holes. Astrophys. J. Lett. 195, L65 (1975).

Everitt, C. W. F., DeBra, D. B., Parkinson, B. W., et al. Gravity Probe B: Final
Results of a Space Experiment to Test General Relativity. Phys. Rev. Lett. 106,
221101. arXiv: 1105.3456 [gr-qc] (2011).

Everitt, C. W. F., Muhlfelder, B., DeBra, D. B., et al. The Gravity Probe B
test of general relativity. Classical and Quantum Gravity 32, 224001. https :
//doi.org/10.1088/0264-9381/32/22/224001 (Nov. 2015).

DeWitt, B. S. in General Relativity: An Einstein Centenary Survey 680-745 (1980).

Birrell, N. D. & Davies, P. C. W. Quantum Fields in Curved Space (Cambridge
University Press, 1982).

Chrusciel, P. T. ’No hair’ theorems: Folklore, conjectures, results. Contemp. Math.
170, 23-49. arXiv: gr-qc/9402032 (1994).

Bekenstein, J. D. Black hole hair: 25 - years after in 2nd International Sakharov
Conference on Physics (May 1996), 216-219. arXiv: gr-qc/9605059.

Achucarro, A., Gregory, R. & Kuijken, K. Abelian Higgs hair for black holes. Phys.
Rev. D 52, 5729-5742. arXiv: gr-qc/9505039 (1995).

Wald, R. M. Black hole in a uniform magnetic field. Phys. Rev. D 10, 1680-1685
(1974).

King, A. R., Lasota, J. P. & Kundt, W. Black Holes and Magnetic Fields. Phys.
Rev. D 12, 3037-3042 (1975).

39


https://arxiv.org/abs/1710.05832
https://arxiv.org/abs/1704.08520
https://arxiv.org/abs/1704.08520
https://arxiv.org/abs/1105.3456
https://doi.org/10.1088/0264-9381/32/22/224001
https://doi.org/10.1088/0264-9381/32/22/224001
https://arxiv.org/abs/gr-qc/9402032
https://arxiv.org/abs/gr-qc/9605059
https://arxiv.org/abs/gr-qc/9505039

3 References

145.

146.

147.

40

Bicék, J. & Dvordk, L. Stationary electromagnetic fields around black holes. III.
General solutions and the fields of current loops near the Reissner-Nordstrom
black hole. Physical Review D 22, 2933 (1980).

Bicék, J. & Hejda, F. Near-horizon description of extremal magnetized stationary
black holes and Meissner effect. Phys. Rev. D 92, 104006. arXiv: 1510.01911
[gr-qcl (2015).

Bonjour, F., Emparan, R. & Gregory, R. Vortices and extreme black holes: The
Question of flux expulsion. Phys. Rev. D 59, 084022. arXiv: gr-qc/9810061
(1999).


https://arxiv.org/abs/1510.01911
https://arxiv.org/abs/1510.01911
https://arxiv.org/abs/gr-qc/9810061

4

List of author’s publications

Research Papers

1]

2]

[3]

[6]

F. Gray, D. Kubiznak, T. May, S. Timmerman and E. Tjoa, Quantum imprints of
gravitational shockwaves, arXiv:2105.09337.

W. Cong, D. Kubiznak and R. B. Mann, Thermodynamics of AdS Black Holes:
Critical Behavior of the Central Charge, Physical Review Letters 127 (2021) 091301,
doi:10.1103/PhysRevLett.127.091301[arXiV:2105.02223}*

W. Cong, J. Bicak, D. Kubiznak and R. B. Mann, Quantum detection of conic-
ity, Physics Letters B 820 (2021) 136482, doi:10.1016/j.physletb.2021.136482
[arXiv:2103.05802].

F. Gray, T. Houri, D. Kubiznak and Y. Yasui, Symmetry operators for the conformal

wave equation in rotating black hole spacetimes, arXiv:2101.06700.

A. B. Bordo, D. Kubiznak and T. R. Perche, Taub-NUT solutions in conformal
electrodynamics, Physics Letters B 817 (2021) 136312,
doi:10.1016/j.physletb.2021.136312 [arXiv:2011.13398].

W. Cong, J. Bicak, D. Kubiznak and R. B. Mann, Quantum Detection of Inertial
Frame Dragging, Physical Review D 103 (2021) 024027,
doi:lO.1103/PhysRevD.103.024027[arXiV:2009.10584L*

R. A. Hennigar, D. Kubiznak and R. B. Mann, Rotating and Charged Gauss-Bonnet
BTZ Black Holes, Classical and Quantum Gravity 38, 03LT01 [Fast Track]| (2021),
doi:10.1088/1361—6382/abce48[arXiv:2005.13732y

R. A. Hennigar, D. Kubiznak, R. B. Mann and C. Pollack, Lower-dimensional
Gauss-Bonnet Gravity and BTZ Black Holes, Physics Letters B808, 135657 (2020),
doi:10.1016/j.physletb.2020.135657 [arXiv:2004.12995].

41


https://arxiv.org/abs/2105.09337
https://doi.org/10.1103/PhysRevLett.127.091301
https://arxiv.org/abs/2105.02223
https://doi.org/10.1016/j.physletb.2021.136482
https://arxiv.org/abs/2103.05802
https://arxiv.org/abs/2101.06700
https://doi.org/10.1016/j.physletb.2021.136312
https://arxiv.org/abs/2011.13398
https://doi.org/10.1103/PhysRevD.103.024027
https://arxiv.org/abs/2009.10584
https://doi.org/10.1088/1361-6382/abce48
https://arxiv.org/abs/2005.13732
https://doi.org/10.1016/j.physletb.2020.135657
https://arxiv.org/abs/2004.12995

4 List of author’s publications

[9] R. A. Hennigar, D. Kubiznak, R. B. Mann and C. Pollack, On Taking the D — 4 limit
of Gauss-Bonnet Gravity: Theory and Solutions, Journal of High Energy Physics 07,
027 (2020), doi : 10. 1007/ JHEPO7 (2020) 027 [arXiv:2004.09472]. Top-cited (100+).*

[10] W. Cong, J. Bicak, D. Kubiznak and R. B. Mann, Quantum Distinction of Inertial
Frames: Local vs. Global, Physical Review D 101, 104060 (2020),
doi:10.1103/PhysReVD.101.104060[arXiV:2003.09719}

[11] A. Ballon Bordo, F. Gray and D. Kubizndk, Thermodynamics of Rotating NUTty
Dyons, Journal of High Energy Physics 05, 084 (2020), doi:10.1007/JHEP05(2020) 084
[arXiv:2003.02268].

[12] F. Gray, I. Holst, D. Kubiznak, G. Odak, D. M. Pirvu and T. R. Perche, Conformally
Coupled Scalar in Rotating Black Hole Spacetimes, Physical Review D 101, 084031
(2020),doi:lO.1103/PhysReVD.101.084031[arXiV:2002.05221}

[13] R. Cayuso, O. J. C. Dias, F. Gray, D. Kubiznak, A. Margalit, J. E. Santos, R. Gomes
Souza and L. Thiele, Massive vector fields in Kerr-Newman and Kerr-Sen black hole
spacetimes, Journal of High Energy Physics 04, 159 (2020),
doi:10.1007/JHEP04(2020) 159 [arXiv:1912.08224].

[14] M. Appels, L. Cuspinera, R. Gregory, P. Krtous and D. Kubiznak, Are Superen-
tropic black holes superentropic?, Journal of High Energy Physics 02, 195 (2020),
doi:10.1007/JHEP02(2020) 195 [arXiv:1911.12817].

[15] R. Cayuso, F. Gray, D. Kubiznak, A. Margalit, R.G. Souza and L. Thiele, Principal
Tensor Strikes Again: Separability of Vector Equations with Torsion, Physics Letters
B795, 650 (2019), doi:10.1016/j.physletb.2019.07.007 [arXiv:1906.10072].

[16] N. Abbasvandi, W. Ahmed, W. Cong, D. Kubiznak and R.B. Mann, Finely Split
Phase Transitions of Rotating and Accelerating Black Holes, Physical Review D100,
064027 (2019), doi:10.1103/PhysRevD.100.064027 [arXiv:1906.03379].

[17] A.B. Bordo, F. Gray, R.A. Hennigar and D. Kubiznak, The First Law for Rotating
NUTs, Physics Letters B798, 134972 (2019), doi:10.1016/j.physletb.2019.134972
[arXiv:1905.06350].

[18] A.B. Bordo, F. Gray, R.A. Hennigar and D. Kubiznak, Misner Gravitational Charges
and Variable String Strengths, Classical and Quantum Gravity 36, 194001 (2019),
doi:10.1088/1361-6382/ab3d4d [arXiv:1905.03785].*

42


https://doi.org/10.1007/JHEP07(2020)027
https://arxiv.org/abs/2004.09472
https://doi.org/10.1103/PhysRevD.101.104060
https://arxiv.org/abs/2003.09719
https://doi.org/10.1007/JHEP05(2020)084
https://arxiv.org/abs/2003.02268
https://doi.org/10.1103/PhysRevD.101.084031
https://arxiv.org/abs/2002.05221
https://doi.org/10.1007/JHEP04(2020)159
https://arxiv.org/abs/1912.08224
https://doi.org/10.1007/JHEP02(2020)195
https://arxiv.org/abs/1911.12817
https://doi.org/10.1016/j.physletb.2019.07.007
https://arxiv.org/abs/1906.10072
https://doi.org/10.1103/PhysRevD.100.064027
https://arxiv.org/abs/1906.03379
https://doi.org/10.1016/j.physletb.2019.134972
https://arxiv.org/abs/1905.06350
https://doi.org/10.1088/1361-6382/ab3d4d
https://arxiv.org/abs/1905.03785

[19]

[22]

[24]

[25]

[26]

[28]

A.B. Bordo, F. Gray and D. Kubiznak, Thermodynamics and Phase Transitions of
NUTty Dyons, Journal of High Energy Physics 1907, 119 (2019),
doi:10.1007/JHEPO7(2019)119 [arXiv:1904.00030].

R.A. Hennigar, D. Kubiznak and R.B. Mann, Thermodynamics of Lorentzian Taub-
NUT spacetimes, Physical Review D100, 064055 (2019),
doi:10.1103/PhysRevD.100.064055 [arXiv:1903.08668].

N. Abbasvandi, W. Cong, D. Kubiznak and R.B. Mann, Snapping swallowtails in
accelerating black hole thermodynamics, Classical and Quantum Gravity 36, 104001
(2019), doi:10.1088/1361-6382/ab129f [arXiv:1812.00384].

A. Anabalon, F. Gray, R. Gregory, D. Kubiznak and R.B. Mann, Thermodynamics
of Charged, Rotating, and Accelerating Black Holes, Journal of High Energy Physics
1904, 096 (2019), doi:10.1007/JHEP04(2019)096 [arXiv:1811.04936].*

M. Cariglia, T. Houri, P. Krtous and D. Kubiznak, On Integrability of the Geodesic
Deviation Equation, European Physics Journal C78 661 (2018),
doi:10.1140/epjc/s10052-018-6133-1 [arXiv:1805.07677].

A. Anabalén, M. Appels, R. Gregory, D. Kubiznak, R.B. Mann and A. Ovgiin, Holo-
graphic Thermodynamics of Accelerating Black Holes, Physical Review D98 104038
(2018), doi:10.1103/PhysRevD.98.104038 [arXiv:1805.02687].

V.P. Frolov, P. Krtous, D. Kubiznak and J.E. Santos, Massive Vector Fields in Ro-
tating Black Hole Spacetimes: Separability and Quasinormal Modes, Physical Review
Letters 120, 231103 (2018), doi:10.1103/PhysRevLett.120.231103
[arXiv:1804.00030].*

P. Krtous, V.P. Frolov and D. Kubiznak, Separation of Mazxwell equations in Kerr-
NUT-(A)dS spacetimes, Nuclear Physics B934 7 (2018),
doi:10.1016/j.nuclphysb.2018.06.019 [arXiv:1803.02485].

F. McCarthy, D. Kubiznak, R.B. Mann, Dilatonic Imprints on Ezxact Gravitational
Wave Signatures, Physical Review D97, 104025 (2018),
doi:10.1103/PhysReVD.97.104025[arXiv:1803.01862L*

V.P. Frolov, P. Krtous, D. Kubiznak, Separation of variables in Mazwell equations
in Plebanski-Demianski spacetime, Physical Review D97, 101701 (2018) [Rapid
Communications|, doi:10.1103/PhysRevD.97.101701 [arXiv:1802.09491].

43


https://doi.org/10.1007/JHEP07(2019)119
https://arxiv.org/abs/1904.00030
https://doi.org/10.1103/PhysRevD.100.064055
https://arxiv.org/abs/1903.08668
https://doi.org/10.1088/1361-6382/ab129f
https://arxiv.org/abs/1812.00384
https://doi.org/10.1007/JHEP04(2019)096
https://arxiv.org/abs/1811.04936
https://doi.org/10.1140/epjc/s10052-018-6133-1
https://arxiv.org/abs/1805.07677
https://doi.org/10.1103/PhysRevD.98.104038
https://arxiv.org/abs/1805.02687
https://doi.org/10.1103/PhysRevLett.120.231103
https://arxiv.org/abs/1804.00030
https://doi.org/10.1016/j.nuclphysb.2018.06.019
https://arxiv.org/abs/1803.02485
https://doi.org/10.1103/PhysRevD.97.104025
https://arxiv.org/abs/1803.01862
https://doi.org/10.1103/PhysRevD.97.101701
https://arxiv.org/abs/1802.09491

4 List of author’s publications

[29] V.P. Frolov, P. Krtous, D. Kubiznak, New Metrics Admitting the Principal Killing-
Yano Tensor, Physical Review D97, 104071 (2018), doi:10.1103/PhysRevD.97.104071
[arXiv:1712.08070].

[30] F. McCarthy, D. Kubiznak, R.B. Mann, Breakdown of the equal area law for holo-
graphic entanglement entropy, Journal of High Energy Physics 1711 (2017) 165,
doi:10.1007/JHEP11(2017) 165 [arXiv:1708.07982].

[31] V.P. Frolov, P. Krtous, D. Kubiznak, Black holes, hidden symmetries, and complete
integrability, Living Reviews in Relativity 20 (2017) 6,
doi:lO.1007/341114—017—0009-9[arXiv:1705.05482L
Invited Topical Review. Top-cited (50+).

[32] V.P. Frolov, P. Krtous, D. Kubiznak, Weakly charged generalized Kerr—NUT—(A)dS
spacetimes, Physics Letters B771 (2017) 254-256,
doi:10.1016/j.physletb.2017.05.041 [arXiv:1705.00943].

.A Hennigar, D. Kubiznak, R.B. Mann, Generalized quasitopological gravity, Phys-

33] R.A Henni D. Kubiznak, R.B. M G lized topological ty, Ph
ical Review D95 (2017) 104042, doi:10.1103/PhysRevD.95.104042
[arXiv:1703.01631]. Top-cited (50+).*

[34] M. Appels, R. Gregory, D. Kubiznak, Black Hole Thermodynamics with Conical
Defects, Journal of High Energy Physics 1705 (2017) 116,
doi:10.1007/JHEP05(2017) 116 [arXiv:1702.00490].

[35] D. Hansen, D. Kubiznak, R.B. Mann, Horizon Thermodynamics from Einstein’s
Equation of State, Physics Letters B771 (2017) 277-280,
doi:10.1016/j.physletb.2017.04.076 [arXiv:1610.03079].

[36] D. Kubiznak, R. B. Mann and M. Teo, Black hole chemistry: thermodynamics with
Lambda, Classical and Quantum Gravity 34 (2017) 063001,
doi:10.1088/1361-6382/aabc69 [arXiv:1608.06147].

Invited Topical Review, Top-cited (250+).

[37] M. Appels, R. Gregory, D. Kubiznak, Thermodynamics of Accelerating Black Holes,
Physical Review Letters 117 (2016) 131303, doi:10.1103/PhysRevLett.117.131303
[arXiv:1604.08812]. Top-cited (50+).*

[38] D. Hansen, D. Kubiznak, R.B. Mann, Criticality and Surface Tension in Rotat-
ing Horizon Thermodynamics, Classical and Quantum Gravity 33 (2016) 165005,
doi:10.1088/0264—9381/33/16/165005[arXiV:1604.06312y

44


https://doi.org/10.1103/PhysRevD.97.104071
https://arxiv.org/abs/1712.08070
https://doi.org/10.1007/JHEP11(2017)165
https://arxiv.org/abs/1708.07982
https://doi.org/10.1007/s41114-017-0009-9
https://arxiv.org/abs/1705.05482
https://doi.org/10.1016/j.physletb.2017.05.041
https://arxiv.org/abs/1705.00943
https://doi.org/10.1103/PhysRevD.95.104042
https://arxiv.org/abs/1703.01631
https://doi.org/10.1007/JHEP05(2017)116
https://arxiv.org/abs/1702.00490
https://doi.org/10.1016/j.physletb.2017.04.076
https://arxiv.org/abs/1610.03079
https://doi.org/10.1088/1361-6382/aa5c69
https://arxiv.org/abs/1608.06147
https://doi.org/10.1103/PhysRevLett.117.131303
https://arxiv.org/abs/1604.08812
https://doi.org/10.1088/0264-9381/33/16/165005
https://arxiv.org/abs/1604.06312

[39]

[42]

[44]

[45]

[46]

[48]

D. Hansen, D. Kubiznak, R.B. Mann, Universality of P-V Chriticality in Horizon
Thermodynamics, Journal of High Energy Physics 1701 (2017) 047,
doi:10.1007/JHEP01(2017)047 [arXiv:1603.05689].

R.A. Hennigar, D. Kubiznak, R.B. Mann, N. Musoke, Ultraspinning limits and ro-
tating hyperboloid membranes, Nuclear Physics B903 (2016) 400,
d0i:10.1016/j.nuclphysb.2015.12.017 [arXiV: 1512. 02293.]

P. Krtous, D. Kubiznak, V.P. Frolov, I. Kolar, Deformed and twisted black holes with
NUTs, Classical and Quantum Gravity 33 (2016) 115016,
doi:10.1088/0264-9381/33/11/115016 [arXiv:1511.02536].

P. Krtous, D. Kubiznak, I. Kolar, Killing—Yano forms and Killing tensors on a warped
space, Physical Review D93 (2016) 024057, doi:10.1103/PhysRevD.93.024057
[arXiv:1508.02642].

D. Kubiznak, F. Simovic, Thermodynamics of horizons: de Sitter black holes, Classi-
cal and Quantum Gravity 33 (2016) 245001, doi:10.1088/0264-9381/33/24/245001
[arXiv:1507.08630]. Top-cited (50+).

R.A. Hennigar, D. Kubiznak, R.B. Mann, N. Musoke, Ultraspinning limits and super-
entropic black holes, Journal of High Energy Physics 1506 (2015) 096,
doi:10.1007/JHEP06(2015)096 [arXiv:1504.07529]. Top-cited (504).

R.A. Hennigar, D. Kubiznak, R.B. Mann, Entropy Inequality Violations from Ultra-
spinning Black Holes, Physical Review Letters 115 (2015) 3, 031101,
doi:10.1103/PhysRevLett.115.031101 [arXiv: 1411 .4309]. Top-cited (50+).*

A. Rajagopal, D. Kubiznak, R.B. Mann, Van der Waals black hole, Physics Letters
B737 (2014) 277279, doi:10.1016/j.physletb.2014.08.054 [arXiv:1408.1105].
Top-cited (50+).

B.P. Dolan, A. Kostouki, D. Kubiznak, R.B. Mann, Isolated critical point from
Lovelock gravity, Classical and Quantum Gravity 31 (2014) 242001 [Fast Track],
doi:10.1088/0264-9381/31/24/242001 [arXiv:1407.4783]. Top-cited (100+).*

A.M. Frassino, D. Kubiznak, R.B. Mann, F. Simovic, Multiple Reentrant Phase
Transitions and Triple Points in Lovelock Thermodynamics, Journal of High En-
ergy Physics 1409 (2014) 080, doi:10.1007/JHEP09(2014)080 [arXiv:1406.7015].
Top-cited (100+).

45


https://doi.org/10.1007/JHEP01(2017)047
https://arxiv.org/abs/1603.05689
https://doi.org/10.1016/j.nuclphysb.2015.12.017
https://arxiv.org/abs/1512.02293
https://doi.org/10.1088/0264-9381/33/11/115016
https://arxiv.org/abs/1511.02536
https://doi.org/10.1103/PhysRevD.93.024057
https://arxiv.org/abs/1508.02642
https://doi.org/10.1088/0264-9381/33/24/245001
https://arxiv.org/abs/1507.08630
https://doi.org/10.1007/JHEP06(2015)096
https://arxiv.org/abs/1504.07529
https://doi.org/10.1103/PhysRevLett.115.031101
https://arxiv.org/abs/1411.4309
https://doi.org/10.1016/j.physletb.2014.08.054
https://arxiv.org/abs/1408.1105
https://doi.org/10.1088/0264-9381/31/24/242001
https://arxiv.org/abs/1407.4783
https://doi.org/10.1007/JHEP09(2014)080
https://arxiv.org/abs/1406.7015

4 List of author’s publications

[49]

[57]

[58]

46

R. Gregory, P.C. Gustainis, D. Kubiznak, R.B. Mann, D.Wills, Vortex hair on AdS
black holes, Journal of High Energy Physics 1411 (2014) 010,
doi:10.1007/JHEP11(2014)010 [arXiv: 1405. 6507].

D. Kubiznak, R.B. Mann, Black Hole Chemistry, Canadian Journal of Physics 93
(2015) 9, 999, doi:10.1139/cjp-2014-0465 [arXiv:1404.2126]. Top-cited (100+).

N. Altamirano, D. Kubiznak, R.B. Mann, and Z. Sherkatghanad, Thermodynamics
of rotating black holes and black rings: phase transitions and thermodynamic volume,
Galaxies 2 (2014) 89-159, doi:10.3390/galaxies2010089 [arXiv:1401.2586].
Invited Review. Top-cited (250-+).

N. Altamirano, D. Kubiznak, R.B. Mann, and Z. Sherkatghanad, Kerr-AdS ana-
logue of triple point and solid/liquid/gas phase transition, Classical and Quan-
tum Gravity 31 (2014) 042001 [Fast Track|, doi:10.1088/0264-9381/31/4/042001
[arXiv:1308.2672]. Top-cited (100+).

N. Altamirano, D. Kubiznak, and R.B. Mann, Reentrant Phase Transitions in Rotat-
ing AdS Black Holes, Physical Review D88 (2013) 101502 [Rapid Communication],
doi:10.1103/PhysRevD.88.101502 [arXiv:1306.5756]. Top-cited (100+).

R. Gregory, D. Kubiznak, and D. Wills, Rotating black hole hair, Journal of High En-
ergy Physics 1306 (2013) 023, doi:10.1007/JHEP06(2013) 023 [arXiv:1303.0519].*

B. Dolan, D. Kastor, D. Kubiznak, R.B. Mann, and J. Traschen, Thermodynamic
Volumes and Isoperimetric Inequalities for de Sitter Black Holes, Physical Review
D87 (2013) 104017, doi:10.1103/PhysRevD.87.104017 [arXiv:1301.5926].
Top-cited (100+).

M. Cariglia, V.P. Frolov, P. Krtous, and D. Kubiznak, Electron in higher-dimensional
weakly charged rotating black hole spacetimes, Physical Review D87 (2013) 064003,
doi:10.1103/PhysRevD.87.064003 [aI‘XiV: 1211. 4631].

M. Cariglia, V. Frolov, P. Krtous, and D. Kubiznak, Geometry of Lax pairs: particle
motion and Killing-Yano tensors, Physical Review D87 (2013) 024002,
doi:10.1103/PhysRevD.87.024002 [arXiv:1210.3079].

S. Gunasekaran, D. Kubiznak, and R.B. Mann, Fxtended phase space thermody-
namics for charged and rotating black holes and Born-Infeld vacuum polarization,
Journal of High Energy Physics 1211 (2012) 110, doi:10.1007/JHEP11(2012)110
[arXiv:1208.6251]. Top-cited (250+).



https://doi.org/10.1007/JHEP11(2014)010
https://arxiv.org/abs/1405.6507
https://doi.org/10.1139/cjp-2014-0465
https://arxiv.org/abs/1404.2126
https://doi.org/10.3390/galaxies2010089
https://arxiv.org/abs/1401.2586
https://doi.org/10.1088/0264-9381/31/4/042001
https://arxiv.org/abs/1308.2672
https://doi.org/10.1103/PhysRevD.88.101502
https://arxiv.org/abs/1306.5756
https://doi.org/10.1007/JHEP06(2013)023
https://arxiv.org/abs/1303.0519
https://doi.org/10.1103/PhysRevD.87.104017
https://arxiv.org/abs/1301.5926
https://doi.org/10.1103/PhysRevD.87.064003
https://arxiv.org/abs/1211.4631
https://doi.org/10.1103/PhysRevD.87.024002
https://arxiv.org/abs/1210.3079
https://doi.org/10.1007/JHEP11(2012)110
https://arxiv.org/abs/1208.6251

[59]

[62]

[63]

[65]

[66]

[67]

D. Kubiznak and R.B. Mann, P-V criticality of charged AdS black holes, Journal of
High Energy Physics 1207 (2012) 033, doi:10.1007/JHEP07 (2012)033
[arXiv:1205.0559]. Top-cited (500+).*

T. Houri, D. Kubiznak, C.M. Warnick, and Y. Yasui, Local metrics admitting a
principal Killing- Yano tensor with torsion, Classical and Quantum Gravity 29 (2012)
165001,doi:10.1088/0264—9381/29/16/165001[arXiV:1203.0393L

Highlighted by CQG in 2013.

M. Cariglia, P. Krtous, and D. Kubiznak, Hidden Symmetries and Integrability in
Higher Dimensional Rotating Black Hole Spacetimes, Fortschritte der Physik 60
(2012) 947-951, doi:10.1002/prop.201200005 [arXiv:1112.5446].

D. Kubiznak and M. Cariglia, On Integrability of spinning particle motion in higher-
dimensional black hole spacetimes, Physical Review Letters 108 (2012) 051104,
doi:10.1103/PhysRevLett.108.051104[arXiV:1110.0495]*

M. Cariglia, P. Krtous, and D. Kubiznak, Dirac Equation in Kerr-NUT-(A)dS Space-
times: Intrinsic Characterization of Separability in All Dimensions, Physical Review
D84 (2011) 024008, doi:10.1103/PhysRevD.84.024008 [arXiv:1104.4123].

G.W. Gibbons, T. Houri, D. Kubiznak, and C.M. Warnick, Some Spacetimes with
Higher Rank Killing-Stackel Tensors, Physics Letters B700 (2011) 6874,
doi:10.1016/j.physletb.2011.04.047 [arXiv:1103.5366].

M. Cariglia, P. Krtous, and D. Kubiznak, Commuting symmetry operators of the
Dirac equation, Killing-Yano and Schouten-Nijenhuis brackets, Physical Review
D84 (2011) 024004, doi:10.1103/PhysRevD.84.024004 [arXiv:1102.4501].

M. Cvetic, G.W. Gibbons, D. Kubiznak, and C.N. Pope, Black Hole Enthalpy and
an Entropy Inequality for the Thermodynamic Volume, Physical Review D84 (2011)
024037, doi:10.1103/PhysRevD.84.024037 [arXiv:1012.2888]. Top-cited (250+).%*

D. Kubiznak, C.M. Warnick, and P. Krtous, Hidden symmetry in the presence of
fluzes, Nuclear Physics B (2010), doi:10.1016/j.nuclphysb.2010.11.001
[arXiv:1009.2767].

T. Houri, D. Kubiznak, C.M. Warnick, and Y. Yasui, Generalized hidden symme-
tries and the Kerr-Sen black hole, Journal of High Energy Physics 07 (2010) 055,
doi:lO.1007/JHEP07(2010)055[arXiV:1004.1032]

47


https://doi.org/10.1007/JHEP07(2012)033
https://arxiv.org/abs/1205.0559
https://doi.org/10.1088/0264-9381/29/16/165001
https://arxiv.org/abs/1203.0393
https://doi.org/10.1002/prop.201200005
https://arxiv.org/abs/1112.5446
https://doi.org/10.1103/PhysRevLett.108.051104
https://arxiv.org/abs/1110.0495
https://doi.org/10.1103/PhysRevD.84.024008
https://arxiv.org/abs/1104.4123
https://doi.org/10.1016/j.physletb.2011.04.047
https://arxiv.org/abs/1103.5366
https://doi.org/10.1103/PhysRevD.84.024004
https://arxiv.org/abs/1102.4501
https://doi.org/10.1103/PhysRevD.84.024037
https://arxiv.org/abs/1012.2888
https://doi.org/10.1016/j.nuclphysb.2010.11.001
https://arxiv.org/abs/1009.2767
https://doi.org/10.1007/JHEP07(2010)055
https://arxiv.org/abs/1004.1032

4 List of author’s publications

[69] T. Houri, D. Kubiznak, C.M. Warnick, and Y. Yasui, Symmetries of the Dirac opera-
tor with skew-symmetric torsion, Classical and Quantum Gravity 27 (2010) 185019,
doi:10.1088/0264—9381/27/18/185019[1002.3616L

[70] D. Kubiznak, H.K. Kunduri, and Y. Yasui, Generalized Killing-Yano equations in
D=5 gauged supergravity, Physics Letters B678 (2009) 240-245,
doi:10.1016/j.physletb.2009.06.037[arXiV:0905.0722}*

[71] D. Kubiznak, On the supersymmetric limit of Kerr-NUT-AdS metrics, Physics Let-
ters B675 (2009) 110, doi:10.1016/j.physletb.2009.03.050 [arXiv:0902.1999].

[72] D. Kubiznak, V. Frolov, P. Krtous, and P. Connell, Parallel-propagated frame along
null geodesics in higher-dimensional black hole spacetimes, Physical Review D79
(2009) 024018, doi:10.1103/PhysRevD.79.024018 [arXiv:0811.0012].

[73] P. Krtous, V. P. Frolov, and D. Kubiznak, Hidden Symmetries of Higher Dimen-
sional Black Holes and Uniqueness of the Kerr-NUT-(A)dS spacetime, Physical Re-
view D78 (2008) 064022, doi:10.1103/PhysRevD.78.064022 [arXiv:0804.4705].
Top-cited (50+).*

[74] P. Connell, V. P. Frolov, and D. Kubiznak, Solving parallel transport equations in
the higher- dimensional Kerr-NUT-(A)dS spacetimes, Physical Review D78 (2008)
024042, doi:10.1103/PhysRevD.78.024042 [arXiv:0803.3259].

[75] V. P. Frolov and D. Kubiznak, Higher-Dimensional Black Holes: Hidden Symme-
tries and Separation of Variables, Classical and Quantum Gravity 25 (2008) 154005,
doi:10.1088/0264-9381/25/15/154005 [arXiv:0802.0322].

Highlighted by CQG in 2008. Top-cited (100+).

[76] D.Kubiznak and V. P. Frolov, Stationary strings and branes in the higher-dimensional
Kerr-NUT-(A)dS spacetimes, Journal of High Energy Physics 02 (2008) 007,
doi:10.1088/1126-6708/2008/02/007 [arXiv:0711.2300].

[77] D.Kubiznak and P. Krtous, On conformal Killing- Yano tensors for Plebanski-Demianski
family of solutions, Physical Review D76 (2007) 084036,
doi:10.1103/PhysRevD.76.084036 [arXiv:0707.0409].

[78] P. Krtous, D. Kubiznak, D. N. Page, and M. Vasudevan, Constants of Geodesic
Motion in Higher-Dimensional Black- Hole Spacetimes, Physical Review D76 (2007)
084034, doi:10.1103/PhysRevD.76.084034 [arXiv:0707.0001]. Top-cited (50+).

48


https://doi.org/10.1088/0264-9381/27/18/185019
https://arxiv.org/abs/1002.3616
https://doi.org/10.1016/j.physletb.2009.06.037
https://arxiv.org/abs/0905.0722
https://doi.org/10.1016/j.physletb.2009.03.050
https://arxiv.org/abs/0902.1999
https://doi.org/10.1103/PhysRevD.79.024018
https://arxiv.org/abs/0811.0012
https://doi.org/10.1103/PhysRevD.78.064022
https://arxiv.org/abs/0804.4705
https://doi.org/10.1103/PhysRevD.78.024042
https://arxiv.org/abs/0803.3259
https://doi.org/10.1088/0264-9381/25/15/154005
https://arxiv.org/abs/0802.0322
https://doi.org/10.1088/1126-6708/2008/02/007
https://arxiv.org/abs/0711.2300
https://doi.org/10.1103/PhysRevD.76.084036
https://arxiv.org/abs/0707.0409
https://doi.org/10.1103/PhysRevD.76.084034
https://arxiv.org/abs/0707.0001

[79] P. Krtous, D. Kubiznak, D. N. Page, and V. P. Frolov, Killing-Yano tensors, rank-2
Killing tensors, and conserved quantities in higher dimensions, Journal of High En-
ergy Physics 02 (2007) 004, doi :10.1088/1126-6708/2007/02/004 [hep-th/0612029].
Top-cited (100+).

[80] V. P. Frolov, P. Krtous, and D. Kubiznak, Separability of Hamilton-Jacobi and Klein-
Gordon equations in general Kerr-NUT-AdS spacetimes, Journal of High Energy
Physics 02 (2007) 005, doi:10.1088/1126-6708/2007/02/005 |[hep-th/0611245].
Top-cited (100+).*

[81] D. N. Page, D. Kubiznak, M. Vasudevan, and P. Krtous, Complete integrability of
geodesic motion in general higher-dimensional rotating black hole spacetimes, Physical
Review Letters 98 (2007) 061102, doi:10.1103/PhysRevLett.98.061102
[hep-th/0611083]. Top-cited (100+).*

[82] D. Kubiznak and V. P. Frolov, Hidden symmetry of higher dimensional Kerr-NUT-
AdS spacetimes, Classical and Quantum Gravity 24 (2007) F1-F6 [Fast Track],
doi:10.1088/0264-9381/24/3/F01 [gr-qc/0610144].

Highlighted by CQG in 2007. Top-cited (50+).

[83] V. P. Frolov and D. Kubiznak, Hidden symmetries of higher-dimensional rotating
black holes, Physical Review Letters 98 (2007) 011101,
doi:10.1103/PhysRevlett.98.011101 [gr-qc/0605058] Top-cited (50+).*

[84] J. Bi¢ak and D. Kubiznak, Ultrarelativistic sources in nonlinear electrodynamics,
Physics Letters B636 (2006) 142146, doi:10.1016/j.physletb.2006.03.039
[gr-qc/0604104].

Papers included in this Habilition are marked by *. The “Top-cited” highlights refer
to the HEP INSPIRE classification of highly cited papers. “Highlighted by CQG” refers

to the papers announced by the journal Classical and Quantum Gravity — editor’s choice

for best papers of the year published in the journal.

Editorial work

o Special issue on Black Hole Thermodynamics II, Guest Editor for the Entropy
Journal, 12 papers, Entropy, 2017.

49


https://doi.org/10.1088/1126-6708/2007/02/004
https://arxiv.org/abs/hep-th/0612029
https://doi.org/10.1088/1126-6708/2007/02/005
https://arxiv.org/abs/hep-th/0611245
https://doi.org/10.1103/PhysRevLett.98.061102
https://arxiv.org/abs/hep-th/0611083
https://doi.org/10.1088/0264-9381/24/3/F01
https://arxiv.org/abs/gr-qc/0610144
https://doi.org/10.1103/PhysRevLett.98.011101
https://arxiv.org/abs/gr-qc/0605058
https://doi.org/10.1016/j.physletb.2006.03.039
https://arxiv.org/abs/gr-qc/0604104

4 List of author’s publications

Other publications

D. Kubiznak, Rotating black holes pierced by a cosmic string, prepared for pro-
ceedings of MG14, 2015, doi:10.1142/97898132266093190 arXiv:1512.08807.

D. Kubiznak, Conformal Killing—Yano tensors: Symmetries of the Dirac equation

in curved spacetime, IOP Newsletter, Issue no. 6, London, UK, 2010.

D. Kubiznak, Black hole spacetimes with Killing-Yano symmetries, in XVIth Inter-
national Congress on Mathematical Physics, Prague, August 3-8, 2009 (P. Exner,
ed.), (Singapore), World Scientific, 2010, doi:10.1142/9789814304634(052
[arXiv:0909.1589).

D. Kubiznak, Hidden symmetries of higher-dimensional rotating black holes. PhD
thesis, University of Alberta, Edmonton, Alberta, Canada, 2008,
doi:10.1103/PhysRevD.93.024057 [arXiv :0809. 2452].

V.P. Frolov and D. Kubiznak, Hidden symmetries and separation of variables in
higher dimensional black hole spacetimes, in Annual Report of Theoretical Physics
Institute, (Edmonton), University of Alberta, 2006.

Study texts

D. Kubiznak, Introduction to Relativity, study text for the PSI Relativity core
course. Used in 2018, 2019, 2020, 2021.

D. Kubiznak, Review of Classical Physics, study text for the PSI Classical Physics
core course. Used in 2020, 2021.

D. Kubiznak, Statistical Physics, study text for the PSI Statistical Physics core
course. Used in 2016, 2017.

D. Kubiznak, Cosmology Review, study text for the PSI Cosmology review course.
Used in 2015, 2016, 2017.

These study texts are available upon request. The corresponding lectures are available

online on PIRSA.

50


https://doi.org/10.1142/9789813226609_0190
https://arxiv.org/abs/1512.08807
https://doi.org/10.1142/9789814304634_0052
https://arxiv.org/abs/0909.1589
https://doi.org/10.1103/PhysRevD.93.024057
https://arxiv.org/abs/0809.2452
https://pirsa.org/search-talks?search_api_fulltext=kubiznak

	Introduction
	The Hitchhiker's guide to the selected papers
	Black hole thermodynamics
	Black hole chemistry
	Thermodynamics of exotic black hole spacetimes

	Hidden symmetries of rotating black holes
	Modified gravity theories
	Miscellaneous results

	References
	List of author's publications

