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ABSTRACT: We carry out an extensive study of the holographic aspects of any-dimensional
higher-derivative Einstein-Maxwell theories in a fully analytic and non-perturbative fashion.
We achieve this by introducing the d-dimensional version of Electromagnetic Quasitopological
gravities: higher-derivative theories of gravity and electromagnetism that propagate no
additional degrees of freedom and that allow one to study charged black hole solutions
analytically. These theories contain non-minimal couplings, that in the holographic context
give rise to a modified (JJ) correlator as well as to a general (T'JJ) structure whose
coefficients we compute. We constrain the couplings of the theory by imposing CFT
unitarity and positivity of energy (which we show to be equivalent to causality in the bulk)
as well as positive-entropy bounds from the weak gravity conjecture. The thermodynamic
properties of the dual plasma at finite chemical potential are studied in detail, and we find
that exotic zeroth-order phase transitions may appear, but that many of them are ruled out
by the physical constraints. We further compute the shear viscosity to entropy density ratio,
and we show that it can be taken to zero while respecting all the constraints, providing that
the chemical potential is large enough. We also obtain the charged Rényi entropies and we
observe that the chemical potential always increases the amount of entanglement and that
the usual properties of Rényi entropies are preserved if the physical constraints are met.
Finally, we compute the scaling dimension and magnetic response of twist operators and we
provide a holographic derivation of the universal relations between the expansion of these
quantities and the coefficients of (JJ) and (T'JJ).
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1 Introduction

Higher-derivative theories of gravity play a relevant role in the context of the AdS/CFT
correspondence [1-3], as they can lead to new insights on the physics of conformal field
theories. On the one hand, certain higher-derivative terms capture finite IV and finite
coupling effects in the boundary CFT, as is the case, for instance, for the corrections that
appear explicitly in type IIB string theory [4-8]. In this situation, one is typically interested
in a perturbative treatment of the corrections, as the 1/N and 1/\ effects are supposed
to be small. On the other hand, higher-derivative gravities can be used to probe more
general universality classes of CFTs than those covered by Einstein gravity [9-13]. In other
words, they allow one to explore a larger region in the space of CFTs via holography. A
paradigmatic example of this is provided by the three-point function of the stress-energy
tensor (I'T'T"), which for a general d-dimensional CFT depends on three parameters. As is
well known, for holographic CF'Ts dual to Einstein gravity only one of these parameters
is non-vanishing, but one can achieve a general (T'T'T") structure by considering a higher-
curvature theory in the bulk [14-16]. It is also worth noting that, since for a given CFT
all the parameters of this correlator could be of order one, from this point of view it even
makes sense to study the higher-derivative theory in a non-perturbative fashion.

The program of studying the holographic aspects of higher-derivative theories as models
for more general classes of CF'Ts has provided many insights into the dynamics of highly-
interacting quantum field theories. One of the most impressive applications of this approach
consists in unveiling universal properties valid for arbitrary CF'Ts, whose determination
from first principles is sometimes obscure. In this line we can mention the holographic
c-theorem established by refs. [17, 18], the universal behavior of corner contributions to the
entanglement entropy found in refs. [19, 20], and more recently, the universal relationship
between the free energy of a CFT in a squashed sphere and the coefficients of (TTT)
observed in [21, 22] — see also [23-26] for other interesting examples. On broader terms,
higher-order gravities allow one to inspect which features of holographic CFTs dual to
Einstein gravity are general and which ones can be changed. In this way, it is natural to
wonder about the possible effects of higher-derivative terms on the holographic predictions
regarding, for example, hydrodynamics, entanglement structure, superconductors, etc. —
see e.g. [7, 8, 27-41] for a necessarily incomplete list of references on these topics.

In this paper we are interested in higher-derivative bulk theories that contain not only the
metric, but also a vector field, which according to the holographic duality couples to a current
operator J® in the boundary. Similarly to the case of pure gravity, the higher-derivative
terms permit us to study more general classes of dual CFTs. An important quantity in
this regard is the mixed correlator (7'.JJ), which has a fixed form for holographic Einstein-
Maxwell theory, but which for a general CFT may contain an additional structure. The
presence of this extra structure can be encoded in the energy-flux parameter ag of ref. [12],
which is zero for EM theory, but which can get a non-vanishing value for higher-derivative
theories — in particular, it requires non-minimal couplings. It is interesting to note that,
for QCD, one has as ~ —3/2, so if one wanted to provide a holographic approximation to
this theory one would need to consider higher-derivative operators with order one couplings.



The presence of a vector field also allows us to explore the effect of a chemical potential
in the CFT. It is then interesting to study how the holographic predictions for certain
properties of the CFT, such as, e.g., the hydrodynamics of charged plasmas [42—44] or
entanglement and Rényi entropies [45], change when we vary the couplings of the higher-order
terms. Although some of these questions have already been explored, most of the analyses
so far have followed a perturbative approach [46-51], or have either stick to particular
models, e.g., [29, 30, 52]. On the other hand, our goal is to perform a non-perturbative
analysis of this type of theories taking into account all kinds of interactions between gravity
and electromagnetism. This includes, in particular, non-minimal couplings of the form
RFF, which, to the best of our knowledge, have not been studied in a non-perturbative
fashion in the holographic context yet. As we show, these are actually the most interesting
terms to be added to the Einstein-Maxwell action due to their effects on the dual CFT.

A key question in order to carry out an exact exploration rather than a perturbative one
is to have a bulk theory which is amenable to analytic computations, which is typically not
the case when there are higher derivatives involved. In the case of pure gravity, this is the
reason why most of the literature has focused on a subset of theories with special properties,
including Lovelock [53-58], Quasitopological [59-62] and Generalized Quasitopological
gravities (GQG) [63-69], which are the only non-trivial ones in D = 4. All of these theories
actually belong to the GQG class [66, 67], and all of them share the following properties:
they allow for the analytic study of static black hole solutions and they only propagate
a massless graviton on maximally symmetric backgrounds. Furthermore, this family of
theories forms a basis for an effective-field-theory (EFT) extension of GR [70], so they
provide a general enough set of higher-order gravities. These theories can be minimally
coupled to a Maxwell field while keeping all of their properties, but this is not a sufficiently
general theory as it misses higher-derivative terms involving the vector field. For this reason,
ref. [71] introduced the family of Electromagnetic Quasitopological gravities (EQGs) in
D = 4, as extensions of the GQG theories that contain a vector field that can be coupled to
gravity in many different forms, including non-minimal couplings. These theories were also
recently studied in D = 3 by ref. [72].

In this paper, we generalize this construction to arbitrary dimensions, and we will use
the corresponding Electromagnetic Quasitopological theories to learn many aspects about
holography in the presence of a chemical potential beyond the Einstein-Maxwell model. Let
us summarize our different contributions in each section.

e In section 2 we introduce the family of EQG theories. These are most naturally
written in terms of a (d — 2)-form B (in D = d + 1 dimensions), and are characterized
by possessing static black hole solutions magnetically charged under B whose metric
depends on a single function. We explain how the B-field can be dualized into a
vector field, in terms of which the solutions become electrically charged. We provide
a four-derivative EQG with four different operators, in which we focus for the rest of
the paper. We additionally obtain EQGs at arbitrary order in the field strength and
in the curvature.



e In section 3 we study the asymptotically AdS black hole solutions with spherical,
planar and hyperbolic horizons of the four-derivative EQG we introduced in the
previous section.

e In section 4 we establish several basic entries of the holographic dictionary of these
theories. We review the coefficients of the (T'T") and (T'TT) correlators and we carry
out a detailed computation of the central charge C of (J.J) as well as of the parameter
as that controls the angular distribution of energy radiated after a local insertion of
J is performed [12]. Using these results we obtain explicitly the coefficients of the
three-point function (1°J.J).

e In section 5 we constrain the couplings of the bulk higher-derivative theory by imposing
several physical conditions. We analyze unitarity and positivity-of-energy bounds
on the boundary, and we show that the latter are exactly equivalent to avoidance of
superluminal propagation of electromagnetic waves in the bulk. We further study the
constraints coming from the mild form of the weak gravity conjecture (WGC) [73, 74],
which demands that the corrections to the entropy of stable black holes at fixed mass
and charge be positive, and that has recently been explored in the case of AdS in
ref. [75].

e In section 6 we study the thermodynamic properties of the dual CF'T by computing
the grand-canonical potential of black holes of arbitrary topology. Focusing on the
case of planar black holes, we carry out a detailed analysis of the phase structure of
charged plasmas as a function of the chemical potential p. We find that new phases
appear with respect to the Einstein-Maxwell prediction, and sometimes a zeroth-order
phase transition can take place. However, we find that the physical constraints disfavor
the values of the couplings giving rise to this situation.

e In section 7 we compute the shear viscosity at finite chemical potential and we study
the ratio between this quantity and the entropy density. Taking into account all
the physical constraints, we show that the behavior of 7/s is quite different for our
holographic models depending on the sign of as. For as < 0, this ratio is always a
growing function of the chemical potential and we establish absolute bounds on it
valid for any dimension and any value of the chemical potential. On the other hand,
we show that for ag > 0 one can get /s = 0 for a sufficiently high chemical potential
even if all the physical constraints are satisfied.

o In section 8 we study the charged Rényi entropies S, [45] and the generalized twist
operators for the holographic Electromagnetic Quasitopological theories. We prove
that, as long as the unitarity constraints are met, a small chemical potential always
increases the amount of entanglement. Furthermore, we show that, if the WGC bounds
are also satisfied, then the Rényi entropies satisfy a series of standard inequalities as
a function of the index n, but we observe that these can be violated if the WGC does
not hold. We also compute the scaling dimension and magnetic response of generalized
twist operators. The expansion of these quantities around n» = 1 and g = 0 is known



to be dictated by the coefficients of (T'T), (JJ) and (T'JJ) in a specific form and we
provide a holographic derivation of these relationships that match exactly the results
of [45] obtained from first principles.

e We conclude in section 9, where we discuss the significance of our findings and
comment on future directions.

2 Electromagnetic quasitopological gravities in arbitrary dimension

2.1 Gravity, (d — 2)-forms and their electromagnetic dual

In this paper, we consider (d + 1)-dimensional theories of gravity and of a (d — 2)-form B
of the form'

I— /dd+1m/|g|C(QMV,RMVPU,HM...M&), (2.1)

where Ry, is the Riemann tensor of the metric g,,, and the (d — 1)-form H is the field
strength of B, H = dB. The Lagrangian is supposed to be a scalar function built out of
these tensors, and we implicitly assume that it has a polynomial form or that it can be
expanded as such. In particular, we are interested in theories that reduce to the standard
Einstein-(d — 2)-form Lagrangian for small curvatures and field strengths,

1 d(d—1) 2

R+ - Hypyopy P Ha=1 4| (2.2)

£=Tora L2 d—1)!

These theories are invariant under diffeomorphisms and under gauge transformations
B — B+ dA, where A is a (d — 3)-form, and their equations of motion obtained from the
variation of the action read
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where
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Our interest in these theories lies on the fact that they allow for black hole solutions
magnetically charged under the form B, as we explain below. Furthermore, the (d — 2)-form
can be related to a 1-form (a vector field) by means of a duality transformation, and therefore
we can map any of these theories to a higher-derivative extension of Einstein-Maxwell
theory, which is the interpretation in which we are most interested.

LGravity actions like this one need to be supplemented with York-Gibbons-Hawking boundary terms to
make the variational problem well posed [132, 133]. Although on general grounds we expect the existence
of these terms, determining them is a difficult problem and they are only known explicitly for certain
higher-order theories such as Lovelock gravity [135, 136]. However, it is possible to obtain simple effective
boundary terms as long as we restrict to asymptotically AdS spacetimes with the boundary placed at
infinity [97] — we address this in section 6.1.



Let us quickly review the process of dualization. Starting from the theory (2.1), we can
dualize the (d — 2)-form B into a 1-form by introducing the Bianchi identity dH = 0 in the
action as follows?

T 1 at...o
JZ/dduz /|g|{c(gw,RWpU,H,“..M1)+WA(113&2H&3WQD6 - D}, (2.6)

At this point, A, is a Lagrange multiplier whose variation yields the Bianchi identity of H,
which is now considered as a fundamental variable instead of B. We can integrate by parts
to express the action as
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where we have defined F' = dA. The variation with respect to A, still yields the Bianchi
identity of H, but now it becomes clear that the variation with respect to H yields an
algebraic relation between this field and F', namely
oL
F=4rG(d—- 1) x —. 2.8

"G(d = 1) * 5 (2.8)
Then, one should invert this relation in order to get H(F'), and inserting this back into the
action one would get the dual theory for the vector A,,. Note that the dualization process also
generates a boundary term, which is precisely the term that makes the variational principle
for the vector well-posed, and that, when computing the Euclidean action, corresponds to
working in the canonical ensemble (fixed electric charge).

It is important to notice that the dual Lagrangian £ is the Legendre transform of £
with respect to H. Then, by the properties of the Legendre transform one can write the
inverse relation between H and F' as follows

oL
H=-87Gx —. 2.9
O (2:9)
This relation is useful because it allows us to identify the electric and magnetic charges in
both frames. In fact, in the frame of the (d — 2)-form we will have solutions with magnetic
charge, which in the frame of the vector field correspond to electrically charged solutions.
We define this charge in either frame as

1 oL

- H:—2/ 2= 2.10
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where the integral is performed over any spacelike co-dimension two hypersurface Sy that
encloses the charge source. In the case of black hole solutions, S;_1 can be any surface that
encloses the black hole horizon.

*We introduce the factor 1/(47G) bearing in mind that the Lagrangian £ will contain an overall 1/(167G)
normalization.



Inverting (2.8) explicitly in order to obtain the dual Lagrangian is in general not
possible. However, an important type of theories that we will consider in this paper are
those quadratic in H, and all of them can be written as

1 d 2
'=T6rc /d Tyl {Egm - (d_l)!(HQ)WWQng} : (2.11)
where Lgray = R + ... only depends on the curvature, and where we are introducing the
notation?
JTERRy
<H2> _ = HM i A g - (2.12)

In this case, it is possible to find the dual theory explicitly. The relation (2.8) can be
written in this case as

(*F)m---ad—l = Quy[alochasmadfl]MV' (2‘13)

This can be inverted in the following way. Let us first introduce the following tensor,

12

[aB V]
A=y s (2.14)

Q"o =

and its inverse, that we denote by (Q‘l)’“’ o+ and which by definition is determined from
the equation

(@)™ 5Q% 5 = a8 (2.15)
Then, one can check that (2.13) is inverted by
1 ~_
Hal...ad_l = iem---ad—wa(Q 1)pUaBFa'67 (216)

and the dual action reads simply
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When the Lagrangian contains terms beyond quadratic order in H, such as (H?)?, the
equation (2.8) becomes a tensorial polynomial equation, whose resolution is more involved.
One could nevertheless solve it by assuming a series expansion in F.

2.2 Electromagnetic quasitopological gravities: general definition

We are interested in studying the charged static solutions with spherical, planar or hyperbolic
sections of the theories (2.1). A general metric ansatz for these configurations reads

dr?
fr)

3That the most general quadratic Lagrangian can be written using only the object (HQ)#,,W (i.e, with

dsy ;= —N?(r)f(r)dt* + +r2dSE 4 1) (2.18)

only four free indices) can be proven by writing the Lagrangian in terms of xH first.



where the metric dEi (d—1) is given by

dQ?d—l) for k =1 (spherical),
1
d%F 41y = ﬁdﬁd_l) for k = 0 (flat), (2.19)
dE%d_l) for k = —1 (hyperbolic).

In addition, we assume the following magnetic ansatz for the H field,

Hg = Quy, -1 ; (2.20)

where () is a constant related to the magnetic charge and wy, (4_1) is the volume form of
dEz’( d—1) whose integral yields the volume of this space, that we denote by Vi 4-1) =
Ik Wg,(d—1)- 1t is obvious that this H satisfies the Bianchi identity dH = 0, but one can also
check that, for any theory of the form (2.1), it also solves its equation of motion (2.4) when
we use the metric (2.18). Since we do not have to worry about the “Maxwell equation”
anymore, the problem of finding the solutions becomes simpler: one only has to solve the
equations for the metric functions N and f, that, as shown in [71], can be obtained by
means of the reduced Lagrangian,

L.g = \191Llasz, g - (2.21)

The equations of motion are obtained simply by varying this Lagrangian with respect to

the functions f and N,
_OLny o OLny

En = , =
N7 SN Y
One can then prove that &y = £ = 0 imply that the Einstein equations (2.3) are satisfied,

(2.22)

taking into account that Hq solved its own equation (2.4).

So far the analysis is completely general, but typically one would not be able to solve
these equations for a generic Lagrangian. For this reason, it is interesting to restrict to a
subset of theories, introduced as Electromagnetic Quasitopological gravities (EQG) in [71]
(in d + 1 = 4), that make possible to perform analytic computations. These theories are
simply characterized by the condition that

(5LN’f

57 =0V (). (2.23)

In other words, for these theories the reduced Lagrangian Ly ; is a total derivative when
N(r) takes a constant value. In the purely gravitational case, this definition gives rise to
the Generalized Quasitopological gravities [63, 66-69], which include Quasitopological [59-
62] and Lovelock gravities [53, 54, 58] as particular cases. Our construction extends the
definition of those theories to include a (d — 2)-form (or equivalently, a vector field upon
dualization), allowing one to study charged black hole solutions. Let us note that the
standard two-derivative theory (2.2) satisfies (2.23) and therefore belongs to the EQG class.
In general, all of the theories in this family satisfy a number of properties, which are the
same as for their four-dimensional counterparts studied in [71], and that we summarize here.



1. The degrees of freedom that propagate in maximally symmetric backgrounds are the
same as in the two-derivative theory. This is particularly relevant for the gravita-
tional sector of the theory, since general higher-order gravities typically propagate a
massive ghost-like graviton and a scalar mode along with the massless graviton. The
condition (2.23) guarantees that these modes are absent on the vacuum.

2. The theory allows for charged solutions of the form (2.18), (2.20) with N(r) = N =
const., i.e, characterized by a single function f(r).

3. The equation for the function f(r), which is obtained from SN] NN, = 0, can be
integrated once, and the integration constant is proportional to the total mass of the
spacetime.

4. For some theories the integrated equation for f(r) is algebraic and hence it can be
solved trivially: if this happens, the theory is of the “Quasitopological” subclass.
Other times the integrated equation is a second order ODE for f(r), and that type of
theories is of the “Generalized Quasitopological” subclass.

5. In all cases, the thermodynamic properties of charged black holes can be accessed
analytically.

In this paper we will only deal with the Quasitopological class of Lagrangians, which
already constitute a quite extensive set, as we show below.

2.3 Four-derivative EQGs

Let us begin by classifying the theories belonging to the EQG family at the four-derivative
level. There are four types of terms one could include in the Lagrangian at that order,
namely, those of the types R?, RH?, H* and (VH)?, although our interest lies mostly on
the first two. In the case of quadratic curvature Lagrangians, we know there are three
independent densities,

Lpz = MR? + MRy R* + A3 Ry po RMP7 (2.24)

but there is only one combination of these that satisfies the “single-function” condition (2.23):
the Gauss-Bonnet density (i.e., the quadratic Lovelock Lagrangian),

Xy = R* — 4R, R" + Ry po RMP7 . (2.25)

That Lovelock gravity satisfies (2.23) and possesses single-function solutions of the form (2.18)
is well known [55-57, 76], so let us turn our attention to the next case.
Regarding the operators of the form RH?, there are again three of them, that can be

written as?

Lppe = a1 H2R + as (HQ)MV R’, + ag (HQ)’”W R

o (2.26)

4There is a fourth contraction of the form (H2)ng R,”,7, but it can be checked that this is related to
the term multiplied by a3 by means of the Bianchi identity of the Riemann tensor.



where we recall that we are using the notation introduced in eq. (2.12). Evaluating this
Lagrangian on (2.18) and (2.20) with N(r) equal to a constant value N, we obtain
Q*(d—1)!

s = W{(_QO“”’ +ai(l—d)(d—2) —ax(d—2)) (f — k)

T’d_l,cRH2 (2 27)

+ ' (2a1(1 — d)r — agr) — alrzf"} ,

where we included the factor r4~! from the volume element /[g|. In order for this Lagrangian
to belong to the EQG family we apply the condition (2.23) that tells us that the quantity
above should be a total derivative. It is straightforward to compute the functional derivative
of this Lagrangian with respect to f and we find that there is a single condition in order for
it to vanish identically,

az = —(2d —1)(d — Doy — (d — 1)as. (2.28)

Therefore, there are two linearly independent contractions of the form H?R that we can
add to the two-derivative Lagrangian and maintain single-function solutions. Moving to the
next case, in general dimensions there are two independent operators of the form H? that

do not violate parity, which can be chosen as®

2\2 N (2}
Ly = (H?) +62<H)V(H)M. (2.29)
When evaluated on (2.18) and (2.20) we see that both on-shell densities are independent
of f(r) and therefore they both belong to the EQG class straightforwardly. However, it
will be enough for our purposes to only keep one of them, as both terms contribute to
spherical /planar/hyperbolic black hole solutions in the exact same way. Thus, we will take
for simplicity the (H?)? operator. Finally, we find that there are no terms of the form
(VH)? belonging to the EQG class.
Therefore, introducing appropriate normalization factors, we have the following four-
derivative EQG theory

ol e dd—-1) 2, A )
IEQG’4_167TG/d xV"q'[}” = eyt

+ fj_lf; (HQR—(d—l)(2d—1)R“”pU (Hz)’mw) + (2.30)
(6% 2 v o 2
+ fdf%! (R“V (H2) DR, (HQ)p W) +(dB_L1)!2 (HQ)Q] .

This is the theory in which we are going to focus in the rest of the paper. Certainly, the
most interesting part of it are the non-minimally coupled terms RH?, which have not been
considered before in the literature.

Interestingly, having four independent parameters, this theory is general enough from
the point of view of Effective Field Theory. As shown by refs. [46, 49], an EFT extension

5In order to see that there are only two independent terms, it is clearer to work in terms of the two-form
G = xH. There are only two inequivalent quartic contractions: (GWG‘“’)2 and GH”GyaGaﬁGﬁ“.



of Einstein-Maxwell theory (or in our case, Einstein-(d — 2)-form theory) only requires
four independent parity-preserving terms, as the rest of higher-derivative operators can be
removed via field redefinitions. We have checked that our Lagrangian above indeed spans this
basis of four independent operators, which means that we can capture any parity-preserving
four-derivative correction to Einstein-Maxwell theory. It could be particularly interesting
to use it to capture the corrections arising from supersymmetric theories in d = 4 [77-79).
Although five dimensional supergravity theories with higher-derivative corrections also have
parity-breaking Chern-Simons terms, that we are not including, it turns out those terms do
not affect most (or none) of the results we are going to discuss in this paper.

There is a crucial difference between our approach and the EFT one, though, which is
the fact that we are going to carry out a fully non-perturbative analysis of our theory (2.30),
while in EFT one is usually restricted to the linear perturbative regime. Of course, one can
always recover this perturbative regime from our analytic and exact results by expanding
linearly in the couplings. However, the exact result is clearly more interesting and it could
serve as an educated guess for the behavior of these theories and their holographic duals
beyond the limited perturbative approach.

Let us close this section by taking note of the electromagnetic dual theory of (2.30).
The fact that we have an H? term makes it difficult to invert (2.8) explicitly, so obtaining a
closed expression for the dual action is involved (although perhaps not impossible). However,
it is easy to obtain the dual action if we perform a derivative expansion. In that case we
can write H(F) = Ho(F) + Hy(F)L? + O(L*), and the inversion of (2.8) at each order in
L is straightforward. We find that the dual theory, to fourth order in derivatives, reads

T 1 d+1 d(d_ 1) 2 A 2
IEQT’4:167TG/d W Rt == =P+ =t ™™
2 das 212 (3d — 2)az
RF?(3d — F.oF,“R* (4(2d — 1 =
T ( O‘1+(d—1)> d—2 mt (( Ja+ = >
2L2 uvpo 18 2 2\2 4
+ 5 FurFpe R ((2d = Don + o) + L LA(F?)* + O(LY)| (2.31)

and it contains an infinite tower of higher-order terms that we could also compute.

We study the black hole solutions of (2.30) in section 3 below, but let us first show how
analogous versions of this theory exist at higher orders.

2.4 EQGs at all orders

It is possible to construct EQGs in any spacetime dimension D = d + 1 at arbitrary
order in the curvature tensor and the field strength. In the case of pure gravity theories,
Quasitopological and Generalized Quasitopological at all orders were obtained in ref. [69],
so let us focus here in the case of non-minimally coupled theories. In analogy with the
four-dimensional theories identified in [71], we have been able to find the following infinite
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families of EQGs:

a o o n—1\* o m—
£y = (2nR,26, 4 ganm R, ) (R P g (™ (2.32)
’Cg;)%m = (TZR (Rn71>/“/pg+l€ (Rn)uupg+2n(n_ 1)RV”Rﬁp (an)'wﬁa> (HQ)MVPU(HQ)mfl 7
(2.33)
where
gdznvm = _d(n - 1) - 2(d - 1)m7 "id,n,m = gd’;,m (1 - gd’n,m) . (234)

If we evaluate the previous Lagrangians on the ansatz given by (2.18) and (2.20) we find:

a 2"Q%™m ((d—1)H™ k—f
‘Cglﬁ)l,m = 712((d(—1)m) ) k ! (n%k,dJrgd,n,m <7"2)> y (235)
2n—2 2m d—1)N™m
£ = Ciw((l)m )Y b2 (g mtE =20 (d= 1) Hpa+Ga) b+2n(n—1)H7 4) |
(2.36)
where
k —
Y = TQf ; (2.37)
—(d—=2)k+(d=2)f+rf N’
Hia = @=2) ;2 ) 4rf + J;N : (2.38)
2(d — 1) fN' +4r fN" +6rN'f' + N((2(d — 1)) f' + 2r f")
Ga = SNy . (2.39)

That these theories define truly EQGs can be seen from the fact that the reduced
Lagrangians (taking into account the volume element) become a total derivative when
evaluated on N(r) = constant. Explicitly, we have

G = ]
mmlgs? Hg o dp” BAmm?
nptte A (2.40)
-1 () _ 4w
d,n,m ds%’f,HQ dr k,dn,m >
where
I((i(,l'rz,m _ 2nQ2m((d o 1)!)mrd+2m(1—d)¢g 7
7)1 =2~ s g (1 2 d(2m 20— D)+ ).

(2.41)

As a result, we can write infinite examples of EQGs at any order in the curvature and

the field strength by considering linear combinations of £ and £9  with arbitrary

d,n,m d,n,m
coefficients. For instance, the four-derivative theory (2.30) can be expressed as

1 d(d—1) 2 A
I =— [ d™2\/|g||R — H? L*x
QG 167TG/ v |g|[ T d—n" Ta—a—s ™

2L%; E(b) Ly (a) 4 BL?
(d— 1)L T (g — 1)L (23d 4 4)(d — 1)12

(2.42)

Lioal-
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At any order in derivatives, the most general EQG one can write from the theories (2.32)
and (2.33) is

1 d(d—1) 2
I R N { B 72 EQG} 94
- HhG/d 2 /lgl { R+ =0 R : (2.43)
where
£PRG =% % 72(ntm—1) (Anmzw(maZn +%7mgg”)m) , (2.44)
n=1m=1

One could of course add to these theories the pure (Generalized) Quasitopological theories
of ref. [69] that we mentioned before.

Since, by construction, this theory is an EQG, it has solutions of the form (2.18)
and (2.20) with N(r) = Ny = const. The equation of motion for f(r), after integration on
the radial variable, reads

T+ 20 -
(d—1)rd=2 " (d—1)(d—2)r2d=2) L2

00 2n—1L2(p+n—1) 2p d— 1P n—1
(d — 1)r2(d=1p

n,p=1

k—f-

_|_
(2.45)

(an,Pk + 5n,pf) = Oa

where m is an integration constant proportional to the mass and we have implicitly defined

np = 2Anp + (d = 1) (=1 +2p +2n)ynp

, (2.46)
Brp=2(n— DAnp+ (d—1— (4d — 2)n + 2dn® + 2p(d — 1)(2n — 1))yn -

Notice that this equation is algebraic in f and therefore these theories belong to the Qu-
asitopological subclass. However, theories of the Generalized Quasitopological type (with a
second order equation for f(r)) must exist as well. The study of these theories and their black
hole solutions as well as their holographic properties is intended to be carried out elsewhere.

3 AdS vacua and black hole solutions

In this section we focus on the solutions of the theory (2.30), and we start by determining
its AdS vacua. As is well-known, the higher-derivative terms modify the length scale of
AdS, L, which no longer coincides with the cosmological-constant scale L. It is customary
to denote
R (3.1)
Vi

for a dimensionless constant f.., so that for pure AdS space the Riemann tensor takes the

form of
_ oo glu v
RY ., = —?5 [p5 o] (3.2)
Taking this into the Einstein equations (2.3), one finds that fo, must satisfy
1= foo+ Af% =0, (3.3)
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which is the well-known result for Gauss-Bonnet gravity [16]. This polynomial equation has
two real roots if A < 1/4, but only one is continuously connected to the Einstein gravity
vacuum when A = 0, and this is

Foo = % 1-vi—4i]. (3.4)

When A > 1/4 there is no AdS solution, so this is the maximum value A\ can take. As
corresponding to Lovelock gravity, but also to the complete family of Generalized Quasitopo-
logical gravities, the linearized gravitational equations around this vacuum are identical to
the linearized Einstein equations, up to the identification of an effective Newton’s constant
that determines the coupling to matter [80]. In the case of GB gravity, the effective Newton’s
constant reads

G

Gett = 1— 2\

(3.5)

Observe that the denominator in this expression is the slope of the AdS vacuum equa-
tion (3.3). This is in fact no accident and the same property holds for all theories with an
Einstein-like spectrum [21, 81]. We also note that Geg is divergent in the limit A — 1/4,
which is known as the critical theory [82, 83].

Let us now obtain the static spherically /plane/hyperbolic-symmetric solutions of (2.30).
By construction, this theory belongs to the EQG class, and therefore it allows for solutions
of the form (2.18) and (2.20)with N(r) = Ny = constant. As a matter of fact, the equation
dLn,f/0f =0 computed from the reduced Lagrangian implies that N’(r) = 0, so that these
are the only solutions. Then, we only have to find the function f(r) by solving the equation
dLN,f/0N|n=n, = 0. This equation takes the form of a total derivative — as it should
happen according to the results in [67] — and explicitly it reads

6Ly d rd L? L
SN —dr[w—np(1—ﬂ<f<r>—k>+x7ﬂ4<f<r>—k>2>

20)?
d—2

71(1(7“2 +(d—1)(d — 2)L2a1 f(r) + (d — 2)kL*(3(d — 1)aq + a2))] =0

(3.6)
We note that the integrated equation is algebraic in f(r), not differential, which characterizes
this theory as belonging to the proper Quasitopological subclass. Let us also remark that
in this equation one should take A = 0 in d = 3, as in that case the GB invariant does
not really contribute to the equations of motion (note that the normalization factor of
the GB term in (2.30) diverges for d = 3, so the limit d — 3 would seem to give a finite
contribution®). Equating the argument of the derivative to a constant m, which will be
related to the physical mass of the black hole, and introducing

X = T—Q(f(r) —k), (3.7)

5This and similar observations were noted by ref. [84] to propose a non-trivial D — 4 limit for GB gravity,
but the validity of this approach has been contested [85-87].

~13 -



we can rewrite the equation as follows,

AX?—T(r)X +14+7(r) =0, (3.8)
where
9 L2 2
T(r)=1- j;l(df)? : (3.9)
L2 2L2Q? L?
Y0) = = e * =T _Q2)r2<d” (1 HHEE 2 Dot a2)>
sL'Q*

"~ (3d — 4)(d — 1)ri@-1) - (3.10)

This is simply a quadratic polynomial in X and thus we can solve it straightforwardly
obtaining

Fr) =k + 2AL2 { ) /T2(r) — AL + Y (r ))] (3.11)

We have two roots, that correspond to two solutions connected to different AdS vacua at
r — 00. We should choose the one that reduces to the Einstein gravity result in the limit
A =0, and this is the one with the “—” sign. It is worth noting that, when A = 0 (which is
always the case for d < 3), this solution simply becomes

r?(1+Y(r))

Fr)=k+ L20(r)

(3.12)

Let us then identify the physical properties of this solution. For r — oo, f(r) behaves as

2 1
F0) = foorz + k= FEVE —m2)\foo)rd*2 +0 <r2(d_2)> b, (3.13)

where fo is given by (3.4). Therefore, it asymptotes to the AdS vacuum that we have
determined above. On the other hand, the mass M is identified by looking at the following
term in the asymptotic expansion of f [88-92],

167 Gog M 1
(d — l)Nka,d,l Td_2

€ f(r), (3.14)

where Geg is the effective Newton’s constant and the factor N, takes into account the
normalization of the time coordinate at infinity, which is equivalent to a change of units.
Also note that, in the cases in which the volume of the transverse sections Vj, 4—; is infinite,
one would instead define an energy density p = M/Vj 4—1.

Using the value of Geg given by (3.5), we get that the physical mass of the black hole is

NiVia—1 m
167G ’

which is proportional to m, as mentioned before. On the other hand, we define the magnetic
charge of the (d — 2)-form B by

M = (3.15)

1

= H 3.16
A7G Js, , ( )
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where the integral is performed over any spacelike co-dimension two hypersurface Sg_1 that
encloses = 0. Note that, as we discussed around (2.10), this quantity is also the electric
charge of the dual theory. It is straightforward to see that

~ Va1

Q, (3.17)

and again in the cases k = 0, —1 one could define instead a charge density ¢/Vj q—1.

It will also be important for later purposes to determine the electrostatic potential of
the dual theory. The field strength of the dual vector field A, is obtained according to (2.8).
Evaluating that expression on the metric (2.18) and on the H-field (2.20), we find that it
corresponds to a pure electric field,

1 L2
F = dtNdrNyQ l— T Td—ff (3d(d— 1)k —3d(d—1)f(r) +2(d—1)rf'(r) + 2 1"(r)
L2 L2028
T pdrl (dk—df (r)+rf'(r)) T | (3.18)
Surprisingly, this can be written explicitly as a total derivative, F}. = —®'(r), where
1 L’aq
) = =NeQ| r—yams T —ya (B(d =Dk =3(d = 1F(r) = rf'(r))
(3.19)

LQOQ LQ Q2,B

+7(k—f(r))—m + Poo

is the electrostatic potential. We are adding an integration constant ®., that represents
the value of the potential at infinity.

The solution given by (3.11) represents a black hole as long as the function f(r) has
a zero f(ry) = 0 (which would correspond to a horizon) which is smoothly connected to
infinity (this is, there should be no singularities between r = r and r — 00). It is easier
to look at the position of the horizon directly from (3.8). In fact, at the horizon we have
X(ry) = —kL?/r?, and hence we get

k2L kL?

7"+ T+

We cannot obtain the value of r4 explicitly from this equation, but it is useful to express
instead the mass as a function of 1 and the charge,

NiVi,d—1 d—2 Ti 272 d—4

(3.21)

2 2
T <1+k(d2)L

L2 4
m E(B(d —1ag + az)) __PLQ ] .

d—
(3d — 4)r3d
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The Hawking temperature of the black hole is given by T'= Ny f'(r)/4m. This can be
easily evaluated by differentiating the equation (3.8) with respect to r and evaluating at
r4, which yields

T— N l((d—2)k:+dri+(d—4)k2>\L2>
dmry (172L2Q20417"_7_2(d71)+2kL2)\T;2) L? ri (3.22)
2Q* 2 2 BLQ"
_m (7“+—|—dk'L (3(d—1)0¢1+0&2)) +W .

On the other hand, we must impose the electrostatic potential (3.19) to vanish at the
horizon.” In this way, the asymptotic value of the potential reads

1 L2a1( 47TT> LPagk  L*Q°B

Boo =N, + 3(d—1)k—r
kQ[(d—2)ri_2 pr (B DRreTg rd (3d—4)3t

] . (3.23)

Finally, let us compute the entropy of the black hole. This is given by the Iyer-Wald’s
formula [93, 94]

S = —271'/ -1/ 2k (3.24)
)

€€
pv€po s
6lg/wpa

where h is the determinant of the induced metric at the horizon, and ¢, is the binormal,
normalized as €,,e"” = —2. Evaluating this expression, one finds the value of the entropy

S =

r Wi g (1 202Q%  2L%k(d — 1))\> (3.25)

4G rid_z (d — 3)7“%r

We will further discuss the thermodynamic properties of these black holes in section 6.

4 Holographic dictionary

The family of Electromagnetic Quasitopological gravities introduced in section 2.2 is most
naturally written in terms of a (d — 2)-form field. However, as we saw in section 2.1,
this (d — 2)-form can be dualized into a vector field, and hence these theories are actually
equivalent to higher-derivative extensions of Einstein-Maxwell theory. While we will perform
many computations in the frame of the (d — 2)-form, their holographic aspects are better
understood in terms of the vector field in the “Maxwell frame”.

Vector fields in the bulk of AdS couple to currents in the boundary theory. In our case,
we are working with a dimensionless gauge field A,,, but the holographic dictionary actually
requires that the vector has dimensions of energy. Thus, the field that couples to the dual
current, J%, is not A, but rather

A= 614,, (4.1)

"The reason for this is clearer if one works in Euclidean signature, t = i7: the vector A = A.dr would be
singular at » = r4 unless A-(r4+) = 0.
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where ¢, is a length scale that should be fixed by the particular duality in each case. Here
we do not know what the dual theory is, so we keep ¢, general. This implies that, for
instance, the chemical potential in the dual theory is identified as

w= TILIEO A = 7”hﬂrrolo ;1A (4.2)

In this section we compute other entries of the holographic dictionary of these theories:
the two-point function (JJ) and the energy flux after an insertion of J?, which is equivalent
to the 3-point function (T'J.J). We also review the (T'T") and (T'T'T) correlators.

Our goal is to study the electromagnetic dual of the four-derivative Electromagnetic
Quasitopological theory given by (2.30). Observe however that the term H* will not play
any role in this section, since in order to compute (J.J) and (T'JJ) we only need the
quadratic terms. Thus, we can ignore the H* term for all practical purposes. In addition,
in this section we do not really need to stick to the EQG family, so out of generality we can
consider the action

1
I'=t6nG /ddﬂx 9

where Q* po contains the three possible couplings at linear order in the curvature,

dd—1) , A 2y, 2

A N e CEE) @1

(H2>,uup0 Qlwpa ’

(4.3)

QMVpO_ — 5[#[p511}a] (1 _ OélL2R) _ OQLQR[# p611]0] _ 0(3L2RMVPO. ] (44)

[
Then, the tensor Q defined in (2.14) reads

Auwr _ sle sVl 72 a2 2a3 )}
Q P 0 [pé U]{l LR(al+d—1+(d—1)(d—2)

2 [ X2 4ag [ 5] 2a3 2 puv (4:3)
20 (25 ) e e
and we can write the dual theory using the inverse of this tensor as
I= ﬁ/ddﬂx lg] {R—k d(dL;l) + (d;(d?)) L2X4—(C~21)“””"FWFM] . (4.6)
The EQG case (2.30) is then recovered by setting
ag=—2d—-1)(d-1)a; — (d—1)ay. (4.7)

4.1 Stress tensor 2- and 3-point functions

It is a well-known fact that holographic higher-order gravities give rise to a different
correlator structure of the dual stress-energy tensor. For the Gauss-Bonnet correction
n (4.6) this effect is well-known [14, 15, 95], and thus we only need to quote the results
from the literature.

The 2-point function of the stress-energy tensor in any CF'T has the form

<Tab(x)Tcd(0)> = |§1|121dz-ab,cd($) ) (48)
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where Z,, cq(x) is a fixed tensorial structure and Cr is the central charge. Holographically,

this correlator is determined by studying linearized gravitational fluctuations around the

AdS vacuum and evaluating the action on this solution. Now, since the linearized equations

of GB gravity are identical to those of Einstein gravity upon a renormalization of Newton’s

constant, the value of Cr is essentially obtained from the one in GR by replacing G by Geg

in eq. (3.5), this is

(1 —2Afoo)T(d+2) L1

8(d — 1)I'(d/2)r(d+2)/2 G

We recall that L = L/\/f~ is the AdS radius, where fo, is given by (3.4).
On the other hand, the 3-point function (T'T'T) in theories that preserve parity is

Cr =

(4.9)

only characterized by three constants [96]. The Ward identity of the stress tensor provides
a relation between these constants and the central charge Cr, so only two additional
parameters are necessary to determine the 3-point function. These parameters can be
chosen to be the coefficients t5 and t4 that measure the energy fluxes at infinity after an
insertion of the stress tensor [12]. In fact, the explicit relation between the coefficients A,
B, C of the 3-point function and the parameters t3 and ¢4 was found in ref. [15].

In holographic Einstein gravity one finds to = t4 = 0, and thus higher-order gravities
allow one to explore more general universality classes of dual CFTs. In particular, in
Gauss-Bonnet gravity the coefficient 5 is non-vanishing for d > 3 and it reads [15]

Nfoo  dd—1)

=T o A= =3)

(4.10)

On the other hand, t4 = 0 for the theory (4.6). A non-vanishing ¢4 can be achieved by
introducing other higher-derivative terms such as Quasitopological [16] and Generalized
Quasitopological gravity [22, 97], or more general theories with an Einstein-like spectrum [98].
However, since our focus in this paper is the presence of non-minimally coupled gauge fields,
it will be enough to stick to the case of the Gauss-Bonnet correction.

4.2 Current 2-point function

In a CFT, the two-point function of any pair of operators is constrained by conformal
symmetry up to a proportionality constant. In the case of a current J%, we have

Cy

<Ja(x)‘]b(y)> = |x_y|2(d—1)Iab(x_y)’ (411)
where the quantity I,;(z) is defined as
a..b
" " %z
I19%(x) = g% — 2—, (4.12)

and the constant C is the central charge of the current J. As a first example, let us

compute this constant for a CFT dual to the following theory,

1 dd—1
Iexample = 167G /derll' |g|{R + (LZ) — F2 + 61L2RF2 + 62L2RMVF”QFVQ
(4.13)

+ engRm,poF“”F”"} .
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Notice that, in terms of flu =/, 1AM, the Maxwell term in the action can be written as
—ﬁlw, from where we identify the gauge coupling constant g,

L
4G’

Now, in order to compute C;, we have to consider a small perturbation of A, around

g (4.14)

pure AdS space and to evaluate the action in the corresponding solution with appropriate
boundary conditions. Since in this example we do not have a GB term in the action, the
AdS curvature is simply

— _35[#

R;WPU 2 |

V]
07 (4.15)

] ’
and we have the following

F?— e, L’RF? — 6oL Ry F** F, — e3L* Ryyyypo F*PFY |, 1o = (14 d(d+1)e1 +dea + 2e3) F?.
(4.16)

Thus, around pure AdS spacetime, the only effect of the non-minimal couplings is to rescale
the gauge coupling constant, so that we get an effective constant that reads

92 = g 2 (1 +d(d+ 1)er + deg + 2€3) . (4.17)

Therefore, it is already clear that the central charge C in the theory (4.13) is the same
one as in Einstein-Maxwell theory, but replacing g by geg. This yields

COPMIC — (1 4 d(d + 1)e; + dey + 2e3) CF (4.18)
where the Einstein-Maxwell central charge C* reads®

L(d) (2043

CEM —
7T T(d)2 - 1) Axd/2 G

(4.19)

and in this case L = L. Note that unitarity requires that C; > 0, which sets a bound on
the couplings ;.

Let us now turn to the case of interest for this paper, corresponding to the theory for
the (d — 2)-form (4.3), which we expressed in the Maxwell frame in (4.6). The most difficult
aspect of this theory is that it involves computing the inverse of a tensor, Q¥ po- HoOwever,
this can be trivially inverted on an AdS background. On account of the GB term, the AdS
radius is in this case is L = L/v/foo, and when evaluated on the curvature tensor (3.2),
both tensors (4.4) and (4.5) take the following value

Q" py = aend 07 (4.20)

where
Qleff = 1+ fooOéld(d + 1) + fooagd + 2f000é3 . (4.21)

Thus, the inverse of this tensor is simply

(Qfl)m/paz 1 5[M 5’/]

aeff [p

(4.22)

o] -

8This charge is four times that of [45] to account for the different normalization of the vector field.
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Therefore, around an AdS vacuum, the quadratic term of the field Au =/, 1Au in the
action (4.6) is given by

F2 = F=, Geff = 72 Qeff - (423)

492
Following the same logic as in the previous example, we conclude that the central
charge C is the same as for Einstein-Maxwell theory, but rescaled by the constant a.g,

EM

Qleff

Cy

(4.24)

Interestingly, since the duality transformation has the effect of inverting the effective gauge
coupling, the combination aef appears in the denominator rather than in the numerator of
C'y. Thus, the 2-point function can now diverge for finite values of the couplings «; while it
vanishes if we take any of these couplings to infinity. In any case, due to unitarity we have
to impose the constraint

aer > 0, (4.25)

which sets a bound on the «; parameters. For the Electromagnetic Quasitopological
gravity (2.30), this reduces to the result

i ? = 1= faoon(3d® — 7d +2) — foo0(d — 2). (4.26)
4.3 Energy fluxes

We wish now to perform a conformal collider thought experiment as introduced in ref. [12].
Consider a CFTy in flat space ds® = —dt? + 5@-jd:£id:nj in its vacuum state, that we denote
by |0). For future reference, we note that the bulk geometry dual to this CFT in this state
is pure AdS in the Poincaré patch, expressed as
L2 o

ds* = =5 |—(d2®)? + byyda’da? + dz?] | (4.27)
with 2 = t. We then want to perform an insertion of a current operator of the form ¢;J?,
where ¢; is a constant polarization tensor, and we wish to obtain the energy flux measured
at infinity. More precisely, we consider an operator of the form

O = /ddazeiJie_iE”O@b(x/a), (4.28)

where ¥ (z/0) is a distribution function that localizes the insertion at z* = 0 for o — 0,
and F is the energy. In terms of the cartesian coordinates x%, the operator for the energy
flux in the direction 7 is given by
£ (A) = lim 472 /OO dx® TY, (:1:0,7'7_1’> n', (4.29)
r—00 —00

where 72 = §;;2'27. We are interested in the expectation value for the energy flux after the
insertion of the operator O,

(010k€ () Op|0)

£ (7)) =
(€ (7)) 01OL.05/0)

(4.30)
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By making use of the O(d — 1) symmetry of the problem, one can then see that the
expectation value of this energy flux takes the form [12]

e - n|? 1
1+ ag ( |€|2 — ﬁ s (431)

where €2(4_9) is the volume of the (d — 2)-sphere of unit radius and as is a theory-dependent

E
Qa-2)

(€)=

—

constant. By the construction of (€ (7)), it is clear that it involves an integrated (T'.J.J)
correlator over an integrated two-point function (JJ). As it turns out, the three-point
function (T'.JJ) is constrained by conformal symmetry up to two constants. The parameter
ag is clearly a function of these constants, and the Ward symmetry of the stress-energy
tensor provides an additional relation between these and C;. Therefore, the 3-point function
(T'JJ) is fully determined by the central charge C; together with the parameter as. We
show the explicit relation in the next section.

Holographically, the energy fluxes can be obtained by evaluating the gravitational
action on the background of a shock wave, given by the metric

EQ
ds® = (4.32)

u2

[5(y+)W (yi, u) (dy+>2 —dyTdy + dif (dyi)2 + du?
i=1

It is important that the coordinates (y®,u) are not the same as the original cartesian
coordinates (z¢, z) of (4.27), but related to them according to

de2,
+_ 1 - _ P

2
LUT ’ CC+ )
fori=1,2,...,d—2, and where z = 20 £ 2971, We refer to the refs. [12, 16] for additional
details on this construction. This metric is a solution of the gravitational field equations if
W satisfies the equation
d—1 d—2
OPW — —— 0V + S oaw=o, (4.34)
i=1
which holds for Einstein gravity and for general higher-derivative extensions of it [99]. We
are interested in the following solution of the previous equation,
; Wo u?
W, u) = S T (4.35)
(“2 +2 (Y - ?J(Z))Q)

where W is a normalization constant and y = n’/(1+ n9=1), where n’ are the components
of the vector 7 in the frame described by the coordinates 2%, related to y*, y* and y~ as
given in (4.33).

Now, since we want to measure energy fluxes of an excited state, we must consider a
perturbation of the vector field A, on top of this background. In particular, an insertion
with the operator (4.29) is dual to a non-normalizable perturbation of the vector field.
Choosing for instance a constant polarization in the ! direction, this means that we must
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0e=iE2° when 2 — 0. When extended to

the bulk and expressed in the (y?®, u) coordinate system, it is known [12] that this kind of

consider a vector with boundary condition A, < z”e~

perturbation behaves near y* = 0 as

Ap(yT =0,y u) ~ PV 250yt L sy e (u - 1). (4.36)
This will be important later, as the shock wave is localized at y™ = 0 and hence we will
eventually have to evaluate A4, at y™ =
Working directly in terms of the (y*,u) coordinates, we may simply consider a pertur-
bation of the form
A=dy'Ap +dyT Ay . (4.37)

The non-vanishing components of its field strength tensor F),, = d,A, — 0, A, are simply

Fuy = 20, A8y + 201, Ay+ 0 (4.38)
In principle, the dynamics of the field A is determined by the action with higher-order
corrections, in the background (4.32). However, if we ignore contact terms (this is, terms of
the form AW) in its equations of motion, they reduce simply to Maxwell’s equations,

V" =0, (4.39)

in the same way that the dual Lagrangian on vacuum AdS is equal to the Maxwell Lagrangian
with a modified coupling constant. By imposing the following condition,

1
0-Ayr = 50 A, (4.40)

which ensures that the perturbation is transverse, V,A* = 0, the Maxwell equations are
reduced to the following equation for A,

d—3 2

2 2
—4040-Ap + 0 Ay — Té?uAyl + ; ;A =0. (4.41)

The solution to this equation with the boundary conditions discussed above (note that they
are expressed in terms of the x coordinates) then develops the behavior in (4.36).

In order to compute the energy flux we have to evaluate the on-shell action and extract
the piece proportional to WA? (since this is the piece in the action that couples to T.J.J).

For our theory (4.6), this requires us to evaluate first the tensor QM . and then compute

. po .
the components of its inverse (Q~1)* oo using the relation (2.15). The tensor Q" is given

by (4.5), and taking into account that the shockwave (4.32) is an Einstein space satisfying

df
R;w = _?guu’ (4'42)

we find that 5
Ay _ o] a3 2717 v
Q po Qe [p5 o] (d—1)(d= 2)L w oo (4.43)
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Here the constant aeg is given by (4.21) and WH

o 1s the Weyl tensor, whose non-vanishing

components read

W =8y )fZ‘;“ ud0W — 5j0.W] |
W, = W', =6y )J;‘;O w2 ;0 W, (4.44)
W, = o(y )f“’“[ Bi0W — (d — 2)0. W] ,

12
plus those obtained interchanging indices. These expressions have been simplified by using
the equation of motion (4.34), since we will use them to evaluate the on-shell action. We
note that, as corresponding to a wave, the Weyl tensor satisfies

WL W =0, (4.45)

and therefore, the inverse of @ simply reads

~ 1
—pr b sVl
(Q )IJ po Oéieff(s [p6 o] +

2&3
oZe(d—1)(d—2)

2 v
Lwe . (4.46)

We are then ready to evaluate the on-shell action (4.6). Since we are only interested in the
piece of the form WA?, we only need to compute the following term,

fWA2: 167 G/ d'*la V WPOFMVFPU

203 L2
=—— [ d% ',/ [ F? WHP R L Fool .
167TG / ol o o2 (d—1)(d—2) o p

Since the only component of the inverse metric that depends on W is g~ ~, we have

(4.47)

2 —— 11 - 8f§ou45(y+)W

F? =2(F_1)%g g™ +. 1 (O0-Ap)* +..., (4.48)

where the ellipsis denote terms that do not depend on W and therefore are irrelevant for
this computation. On the other hand, we have

f3 6
L6

1
WHPTE,, Fpp = AW " HF_1)2 = =5(y™T) [alw - uauw] (0-A,n)*.  (4.49)

Then, putting these two contributions together and integrating by parts, we find

= _ 1 g L3 2 2fso0r3
Ty a2 = _47TGO[eff /dud yud_3 o(y )WAyla,Ayl {1 + aur(d—1)(d—2) T2:| ,  (4.50)
where we defined
Ty = “(ualalyy\;_ 9IW). (4.51)

Since the shock wave localizes the integral to y™ = 0, and since A1 behaves as in (4.36), we
have to evaluate the integrand at u = 1 and 3* = 0, which can be done in a straightforward
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manner by plugging in the solution for W (4.35). Taking into account that the perturbation
in (4.37) has a polarization € = (¢1,0,...,0), we have the following value of T%,

6'712
=d(d-1) <n§ di1> =d(d—1) <| |€|2| dil> : (4.52)

Therefore, comparing the expressions of the energy flux (4.31) and the on-shell action (4.50),

T

u=1,y*=0

we immediately read off the coefficient as,

v — 2dazfoo 2das foo (4.53)
YT (d=2awr  ([d=2)(1+ fornd(d+1) + fooazd +2f03) ‘
where we have made use of (4.21). In the case of EQG, given by the action (2.30), this
result reduces to

QG _ 2d(d — 1) ((2d — 1)a;1 + a2) fwo
= (d—2)(1— (3d2 = Td+2) foorr — (d — 2) foottz) (4.54)

4.4 Three-point function (T'JJ)

The three point correlator (T'J.J) in position space in a CFT is constrained by conformal
symmetry to have the form [96, 100]

tabef(X23)g%9 g M g (w21) Ian(w31)

T, J, J = 4.55
(Tap(z1)Je(22) Ja(w3)) 210|215 23] 2 : (4.55)
where I,(z) is the structure introduced in eq. (4.12) and
tapea(X?) = ah'Y) (X9 gog + bR (X)B D (X) 4+ 6nlD (X9) + en®) |
N PN 1
hig (X%) = XaXs = —gab.
@ oa A A 44 4 (4.56)
opea(X®) = 4X(a9b)(ch) - gXangcd - chXanb + ﬁgabgcdv
2
W) o = GacOba + Gadgoe — 7 Jabded
where we also have
x§ g - X4
2 :ma_l,a’ Xa — 13 23 ’ Xa — 12 ’ 4.57
12 1 2 23 ’21313’2 ’.’,E23’2 12 ’XIQ‘ ( )

and so on with their corresponding permutations. This expression depends on four theory-
dependent constants @, b, ¢, and é. However, only two of them are free parameters because
of the following constraints coming from current conservation:

N

da—2b+2(d—2)é=0, b—d(d—2)é=0. (4.58)
Following ref. [45], we will work in terms of ¢ and é. In addition, there is one Ward identity
that relates the central charge C; to these coefficients, namely,

27rd/2

(é+e). (4.59)
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This reduces the number of independent parameters to just one, and this one can be related
to the coefficient ag entering into the expectation value of the energy flux (4.31). As is
clear from eq. (4.30), this flux involves an integrated (7'.JJ) correlator, and therefore it is
a somewhat straightforward (but tedious) field theory computation to obtain the desired
relationship. This was performed in general dimensions by ref. [101], finding the result®

(d — 1)((d — 2)dé — &)
d-2)(+e)

a9 = (460)

In this way, we can fully determine the 3-point function (7'JJ) from C; and as. Inverting
the two equations above we can indeed write

Cy(d—2)r (d#)
2md/2(d —1)3
cor (4)

2714/2(d — 1)3

(d(d—1) —ap) , (4.61)

¢ =

(d—1+(d—2)as) . (4.62)

>

Finally, using the values of as and C; found for our EQGs, given by eqs. (4.54) and (4.24)
respectively, we have

Jpaa _ d(d=2)d LA [d—2— (d—1)(3d* ~10d+2) fooor — (d ~4d+2) focr2]
25(d—1)27d+1 fl8 2 G~ (d—2) foo ((3d— 1)1 +a2)]?
SEQG _ d(d—2)(d—2)!LI7302 [1— (d—1)(7d—2) foor1 — (3d—2) fooi2]
25(d+ 1) a1 D2 1 (d—2) foo (3d—Dar+a2)]®

Y

(4.63)

This result will be important for us in section 8.

5 Causality, unitarity and weak-gravity-conjecture constraints

The theory (2.30), which is going to be the focus of our holographic explorations for the rest
of the paper, depends on four free parameters. As we have seen in the previous section, these
parameters modify several entries of the holographic dictionary allowing us to probe more
general universality classes of holographic CFTs than those covered by Einstein-Maxwell
theory. However, they are not completely free, as one must demand that the hypothetical
dual theory satisfies reasonable physical properties, such as unitarity. Thus, we must
determine the allowed values of these parameters if we want to obtain any sensible answers
from holography.

5.1 Unitarity in the boundary

In the boundary theory, several constraints are found by demanding that the different
correlators and energy fluxes defined in the previous section respect unitarity.

9The final result offered by ref. [101] (their formula (6.14)) has minus sign with respect to the value we
show here. However, we have reviewed their computations and we believe that this sign is a typo. Also, our
formula here coincides with the value of as for the d = 4 case provided by ref. [12].
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There is an even more fundamental condition that our theory must satisfy: the existence
of an AdS vacuum. From eq. (3.4), which determines the AdS scale L = L/\/f~ we see
that this happens if

A<=, (d>3) (5.1)

e~ =

which we take into account from the start.

Constraints from (T'T) and (TTT). One first condition comes from demanding that
the central charge of the stress-tensor two-point function be positive, C7 > 0. This is also
directly interpreted as a unitarity condition in the bulk, as it is equivalent to imposing
Geg > 0, hence preventing the graviton from having a negative energy. In the presence of
the Gauss-Bonnet term, the central charge is given by (4.9), and therefore we must impose

1—2\fso > 0. (5.2)

One can see this is always satisfied for all the allowed values of A\, A < 1/4, and therefore
this condition does not provide additional constraints.

On the other hand, a stronger bound is achieved by demanding positivity of the energy
1-point function. Analogously to what we saw in section 4.3, the expectation value of
the energy flux produced after an insertion of the stress-energy tensor €;;7% in general

reads [12]
ek eqnint 1 leiimin | 2
1+t (2 — ty | 2 - : 5.3
+ 2( €5€ij d—1>+ 4( €5€ij d? -1 (5.3)

For holographic CFTs dual to (2.30), we have ¢4 = 0 while ¢ is given by (4.10). The energy
flux must be positive in any direction n’ and for any choice of polarization €;j. These

E

(d-2)

conditions were analyzed by ref. [15] in general dimensions, finding that A is bound to the
following interval,
(3d+2)(d—2)

B -

(d—2)(d—3)(d* — d + 6)
A(d +2)? ‘

4(d? — 3d + 6)?

(5.4)

We note that A = 1/4 is not allowed by the upper bound in any dimension, while the lower
bound prevents A to become too negative.

Constraints from (JJ) and (T'"JJ). The unitarity constraints on the Gauss-Bonnet
coupling were known since refs. [14, 15, 95]. Let us now discuss the novel constraints on the
parameters o1 and ag of the non-minimally coupled terms. These work very similarly to the
gravitational case and follow from the unitarity of (J.J) and the energy one-point function.

The central charge of the current two-point function is given by eq. (4.24), and, as we
already discussed there, its positivity implies that

aBQC — 1~ 01 (3d% — Td+2) — facaa(d—2) > 0. (5.5)

Again, since this quantity is, up to a constant, the coupling constant of the Maxwell field,
its positivity is equivalent to demanding that photons carry positive energy in the bulk.
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We can obtain more interesting bounds from the energy flux created after an insertion
of the current operator, given by (4.31). Demanding that the energy flux is positive in any
direction, we find that the parameter as must satisfy

d—1
———<a<d-—1, 5.6
TR (5-6)
where the upper bound comes from 72 | € and the lower bound from 7 €. Using the value
of ag for our Electromagnetic Quasitopological gravities, given by (4.54), this translates into

2d ((2d — 1)a1 + a2) foo

—1< - <d-2. 5.7
- 1- (3d2 —7d+ 2)fooa1 — (d — 2)fooa2 - ( )
Now, since the denominator of this expression is precisely agf?G, which is assumed to be
positive, by multiplying the whole inequality by aEfS‘G we can express the two constraints
as follows
1 — (7d? = 9d + 2) foorrs — (3d — 2) footra > 0, (5.8)
(d—1)(3d* — 14d + 4) d? — 6d + 4
1- e — >0. 5.9
(d—2) fooal (d—2) fooa2_ ( )

One should not forget to impose (5.5) together with these constraints. We note that the
last inequality has a different character depending on the dimension: the coefficient of oy is
positive for d = 3,4 and negative for d > 5, while that of as is positive for d = 3,4,5 and
changes sign for d > 6. For instance, if as = 0 we find that a; must lie within the interval

(d—1)(=3d* + 14d — 4) 1

< fon € o, d=3.4, a3 =0, 5.10
(d—2) S et S T TG0 54 e2=0 (5.10)

but the lower bound disappears for d > 5.

We note that the bounds are imposed directly on the renormalized couplings fooor12
rather than on the original couplings. However, observe that the value of f, is always close
to one for the allowed values of X in (5.4) (and it is one in d = 3). In figure 1 we show the
different constraints and the allowed region in the (fooa1, foor2) plane. We see that the
permitted region grows bigger with the dimension. A very interesting property is that, in
d = 3,4,5, there is an absolute upper bound for «q, regardless of the value of ay. This
value is found at the intersection of the three constraints and it reads

faot1 < (d=3,4,5). (5.11)

1
d(d—2)’
Likewise, there is an absolute lower bound for oy in d = 3, 4:

2d —1
> - d=3,4). 5.12
f00a2— d(d_2)7 ( I ) ( )
For higher dimensions, these parameters can take values in the full real line, but interestingly
they cannot both be too positive. In fact, only very small values are allowed in that case,

as follows from the graph (d) in figure 1.
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Figure 1. Bounds in the constants &1 = foo; and Gy = fooao obtained from unitarity and
positivity of energy fluxes, given by (5.5), (5.8) and (5.9), in different dimensions. The allowed region
in each case is shaded in blue, and is infinite. For any d > 6 the allowing region looks qualitatively
similar to that obtained for d = 6.

5.2 Causality in the bulk

On general grounds, it is to be expected that physically consistent bulk theories give rise to
consistent dual CF'Ts, and vice-versa. Hence, the unitarity constraints we have discussed
must also have a meaning in the bulk. In the case of the constraints coming from the
two-point functions (T'T") and (JJ), the interpretation is direct, as the positivity of the
central charges is related to that of the energy of gravitational and electromagnetic waves
in the bulk. However, the bulk interpretation of the constraints coming from the positivity
of the energy one-point function is more subtle. At least in the case of Lovelock gravity,
it is known that demanding (£ (7)) > 0 is equivalent to enforcing the bulk theory to
respect causality [95, 102-104], in the sense that one avoids superluminal propagation of
gravitational waves [28, 30, 102, 105].19 Here we investigate the analogous connection
between causality of electromagnetic waves and positivity of (€ (7)) s, given by (4.31).

9This connection is less clear in other theories outside the Lovelock family [13, 16].
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Our starting point is a neutral planar black hole solution of the theory (2.30), with a
metric

d 2 2
ds® = —ff(r) dt? + f(rr) + %dx%d_l) , (5.13)
where the function f(r) is given by
r2 ANL2m

Note that this is the metric (2.18) in which we have set N = 1/fs, so that the speed
of light at the boundary is one. In order to study the speed of electromagnetic waves in
the theory (2.30), we can either use its formulation in terms of the (d — 2)-form B or in
terms of the dual vector A — the result will be independent of the frame employed. Let us
consider then a perturbation of the (d — 2)-form in this black hole background. At linear
order, the equation for B can be written as

Voo (QU, HOr001T) =0, (5.15)

where Q’“’po is the tensor introduced in (4.5). Particularized to the EQG case, this tensor

reads

S sl s 3daq das > 9 }
Q" )y =0",6 G]{1+<d_2+(d_1)(d_2) L*R

4(2d -1 —2 g2
_2< 2d— Doy , _(3d—2)a; >L2R[“ 0+ ((2d—)oan +a2) LR, .

d—?2 (d—1)(d—2) o d—2
(5.16)
When evaluated on the metric (5.13), it takes the form
@’ =m0, 0,7 + 2900, 0,7 + 30, Yo, 7 (5.17)
where
d—1 .
paﬁ = 5at5t/3 + 506,,‘57,6 5 O'OCB = Z (Sai(slﬂ y (518)
i=1

are the projectors in the (¢, ) and transverse directions, and 71 2 3 are the following functions,

Oéle a2L2

n=1-=—7 [3d(d—1)f —2(d — 1)rf —r*f"] - - ldf =i, (5.19)
vo=1-— 04152 [(3d2 —11d +4)f + 2drf'(r) — r2f"]
TQQLQ 2 / 2 g (5.20)
s ey [2(d? = 4d +2)f + (d+ 1)rf = f"]
y3=1-— % |(d = 5)(3d* — 10d + 4) f + 2(3d — 11d + 4)r f' + 3dr?f"|
(d—2)r (5.21)
OégL2 ’

[(d = 3)(d? = 6 +4)f +2(d* — 4d + 2)rf' + dr?f"] .

C(d—=1)(d—2)r?
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Now, let us consider the following fluctuation of B, with a polarization orthogonal to z?,
B = @D(r)efMﬂLikxlde Ao Adrth (5.22)
Its field strength H = dB is given by

H = eiwttika! <¢’(r)dr Adz? A - Adx@™t —dwdt Adz? A - A dzdT
(5.23)
+ikdzt Ada® A - A d:cd—1> ,

and one can see that, with this ansatz, the equations of motion (5.15) are reduced to a
single component (corresponding to the indices s ...aq_; = x2...2%71), so that we do
not need to activate other components of B. Since we want to study the small wavelength
limit w, k — oo we only need to keep the derivatives with respect to ¢ and z'. Under this

approximation, we get

- _ LZ(d*Q) ~ L2
Vo (Q["“"WHWQ"‘““d ”)(x < Joo (;

) ‘f<r>““’)272+r2<““)2“> B (524)

and hence we get the following dispersion relation

w?  nLAf(r)

— =" 5.25
B afer? >:25)
If we expand this near infinity, we obtain
2 L?m [1— (7d* — 9d + 2) foott1 — (3d — 2) fo 1
Y —1- ml=( 2/ (“EQG( Mests] | (2d> (5.26)
k (d=1)(2 = foo)reg 1 T

Now, this is the phase velocity (squared) of the wave front, and consistency with causality
requires that it be smaller than the speed of light, w/k < 1. Since fo < 2 and we take

agc?G > 0, the condition w/k < 1 implies

1 — (7d* — 9d + 2) foorr1 — (3d — 2) footra > 0, (5.27)

which matches precisely the constraint (5.8) computed from the lower bound in the allowed
range of values of as. Now, playing with several values of the parameters that respect this
bound, it appears that no other constraints are necessary: once (5.27) is satisfied, then
w?/k? < 1 everywhere inside the bulk. A more thorough of these causality constraints
deeper in the bulk interior would be convenient, though.

We can obtain different constraints by choosing inequivalent polarizations for the B
field. This means that we have to consider a B field which is polarized along the r direction.
However, since the physical constraints on the Maxwell frame are the same, it is simpler to
just study a perturbation of the dual vector field A, of the form

A = ¢(r)e itike® go (5.28)
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One can see that the H form obtained by dualizing this vector is not of the form (5.23),
and in particular it has a term ~ kdt A dr A dz® A ... A dz®1, indicating polarization of B
along the r direction. The (linearized) modified Maxwell equations for this vector read

Vo [(@ Y™, F] =0, (5.29)
where (Q1)* oo 18 the inverse of the tensor in eq. (5.17). One can see the inverse is simply
given by 0

~ 1 1
-1 po __ [p ] = [p o] . lp o]
(Q ),uzz = " p[u p,/] + 72p[u UV] + ’}/30-[“ O'V} . (530)

Now, the Maxwell equations for the ansatz in eq. (5.28) are reduced to the single component
v = 2!, which reads

272 274 2 2
(wrifim - Z;) ¢+ qu’ + d% (frf—;vf ) =0. (5.31)
Thus, in the short-wavelength limit we get
2 2
-
and expanding this near infinity we have
w? o L*m[d—2—(d—1)(3d*> — 14d + 4) foco1 — (d* — 6d + 4) fooi2] Lo (1)
2 (d=1)(d = 2)(2 ~ foo)argr 1 )
(5.33)

where we plugged in the values of 72 and 73 given in (5.20) and (5.21). In order for this
perturbation to not violate causality, it is necessary that w?/k? < 1 as we move away from
the boundary, and therefore, we obtain the constraint

d—2—(d—1)(3d? — 14d + 4) focoy — (d?> — 6d +4) foorz > 0, (5.34)

which is precisely the condition obtained by looking at the upper bound in the value of
az, given in eq. (5.9). By looking at the behavior of (5.32) in the bulk for several choices
of the parameters, we seem to find that, whenever eq. (5.34) is satisfied, then w?/k? < 1
everywhere. However, it would again be interesting to perform a more thorough analysis in
this regard.

One can be convinced that there are no other inequivalent polarizations by counting the
number of them captured by (5.22) and (5.28). If we fix the direction of propagation, (5.22)
is the only possible B field orthogonal to the direction of propagation and with no t and
r components, while there are d — 2 polarizations of the type (5.28) for A obtained by
exchanging dz! with dz’, i # 2. In total we have d — 1 = D — 2 different polarizations,
which is the number of degrees of freedom of a massless vector field (and of a (D — 3)-form)
in D dimensions. Therefore, we conclude that there are no additional constraints from
causality in the background of a neutral black brane.

It would be interesting to study as well the case of charged black branes, which would
indeed be relevant if one wishes to perform holography in such backgrounds. In that case,
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gravitational and electromagnetic perturbations are linearly coupled, making the analysis
of the speed of propagation a bit more involved. However, this could perhaps lead to even
stronger constraints than the ones we have derived.

Finally, let us note that there are other types of causality violations, like the ones
found in ref. [106] involving the graviton three-point vertex. One of the implications of that
paper in the holographic context is that the Gauss-Bonnet coupling (in units of the AdS
scale) must be very small: |A\| < 1. These bounds would be applicable in principle to any
higher-order gravity that modifies the three-point function structure of Einstein gravity,
but let us note that there are non-trivial higher-curvature terms that do not modify this
three-point function, and one could not apply these results to them. In any case, we do not
know of similar constraints for the RH? and H* terms in our theory (2.30). As a matter
of fact, there are theories, as QCD, that have a large value of as, and in order to capture
these holographically one needs bulk theories with non-minimal higher-derivative terms
with ~ O(1) couplings, as noted in [12].

5.3 WGC and positivity of entropy corrections

So far, we have been able to constrain three of the four parameters of our theory (2.30)
by imposing unitarity of the boundary theory, which is equivalent to causality in the bulk
theory. However, the parameter 3 is still unconstrained as it does not affect any 2- or 3-point
function. Also, the existing constraints basically prevent the couplings from becoming
too large, but they do not say anything about the sign of these parameters. Interestingly
enough, additional constraints can be found by applying the mild form of the weak gravity
conjecture (WGC) [73, 74], which has recently received a lot of attention in the context
of higher-derivative theories [107-117]. In the case of AdS spacetime, the implications of
the WGC were recently studied in ref. [75] — see also [118-120]. One of the heuristic ideas
behind the WGC is that extremal black holes should be able to decay. This will happen
if there exists a particle whose charge-to-mass ratio is larger than the one of an extremal
black hole, which is the standard form of the WGC [121, 122]. However, the mild form
involves only black holes and essentially it claims that the decay of an extremal black hole
into a set of smaller black holes should be possible, at least from the point of view of energy
and charge conservation. Since extremal black holes have a fixed mass for a given value of
the charge, M (@), such decay process is only possible if

Mext(Ql + QQ) > Mext(Ql) + Mext(QQ) . (535)

For asymptotically flat black holes in Einstein-Maxwell theory we have M (Q) x |Q],
so the inequality above is saturated. On the other hand, higher-derivative corrections
will modify the charge-mass relation, and by demanding that the deviations respect the
property (5.35) one obtains a constraint on the coefficients of the higher-derivative operators.
In all cases, one can see that, in order to preserve (5.35), the corrections to the extremal
mass must be negative, 0 Meyxy < 0 [123].

In Anti-de Sitter space, however, things work differently. As noted in [75], the
bound (5.35) is no longer saturated for extremal AdS black holes, and hence pertur-
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bative (arbitrarily small) higher-derivative corrections cannot violate it.!! Instead, that
reference makes use of the proposal of ref. [73] that the corrections to the entropy of black
holes of arbitrary charge and mass should be positive as long as those black holes are ther-
modynamically stable. It is known [124] that, when applied to near-extremal black holes,
the positivity of corrections to the entropy is connected to the negativity of the corrections
to the extremal mass (see also [125]). Therefore, one can still use the condition § Mgyt < 0
to bound the higher-order coefficients, just like in the asymptotically flat case. However,
the conditions studied in [75] are more ambitious, as they demand 45 > 0 for arbitrary
charge and mass (as long as the specific heats are positive), not only for near-extremal
black holes. Let us work out these conditions for our theory (2.30).

The Wald entropy of static black holes was computed in (3.25), which we reproduce
here for convenience,

S =

r Wi g (1 2L2Q%  2kL%(d — 1))\> (5.36)

4G r?,rd_z (d — 3)7“3

This expression together with the relation (3.21) give us the exact value of the entropy
S(M, Q). However, here we only need the perturbative correction to the entropy at fixed
charge and mass. It is useful to introduce the variable

r

=1 (5.37)
where rf) is the zeroth-order value of the radius, which is obtained implicitly from (3.21)
by setting to zero the higher-order terms. We also note that the extremal value of the
charge in the two-derivative theory reads

d—1
Qun = (La)* | == \Jda? + k(d - 2), (5.38)
and thus let us introduce the variable
Q
£= @y (5.39)
Qext

that ranges from 0 to 1. Since we are working at fixed M and @, the equation (3.21) allows
us to obtain the correction to the horizon radius,

ry = T‘SE]) + rs_l) +..., (5.40)

where the first-order correction reads

1 k2\L 300 (d—1)kLE?  aokLe?  B(d—1)LE* ((d—2)k+da?)
@D a([d—2k+de?) | (@—Dz | (@-Dx  4(3d—4) <§2—1>a:( |
5.41

"Note however, that in the limit of small size, AdS black holes behave as asymptotically flat ones, and in
that limit (5.35) could still be applied to constrain the higher-derivative corrections.
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Inserting this into our expression for the entropy, we get the following shift at linear order,

_ (d=1)L 243V g k 2
dS(M,Q) = 4G lk:A <(§2—1) ((d—2)k+dx?) + d—3)

e <k (€2(d—2)+2d—1) +d$2) N agkg?  B(d—1)¢t ((d—2)k+dm2)] ‘
-1 e-1_  ABd-4)@-1)

(5.42)
According to [75], we should then demand this correction to be positive for any black hole
that is thermodynamically stable at zeroth order. Let us focus on spherically symmetric
black holes k = 1. The k = 0 case is obtained as the limit of large size of spherical black
holes, while the & = —1 case is somewhat different and we will comment on it below. We can
consider first neutral black holes, £ = 0, in whose case only the Gauss-Bonnet term is relevant,

(d— 1)L 1203V, 44 ( 1 2 )
TN - . 5.43
1G d—2)+d? " d-3 (5:43)

The variable x can range between 0 and infinity, and for any of these values the quantity be-

6S(M,Q)|,_y =

tween parenthesis is positive for d > 3.'2 Now, neutral large black holes are known to be sta-
ble in AdS, and therefore, the WGC would imply that the GB coupling must be non-negative,

A>0. (5.44)

This actually makes sense, as the Gauss-Bonnet density arises explicitly from string theory
effective actions and in many instances'? this indeed has a positive coupling [126-129] —
see also [130] and the discussion in the appendix B of [11]. Next, we can look at the case
of (near-) extremal black holes, which are also stable in the two-derivative theory. This
corresponds to the limit £ — 1, and hence we get

d— 1)L 073V 4 A
OS(M Q) = ( z)LG(l —-&?) |- (d—2)+dz? 3(d—1)ar —a
5.45
B(d —1) ((d — 2) + dz?) (>4)
4(3d — 4)

This correction has a non-trivial dependence on the radius of the black hole, and therefore
imposing that it be positive implies several constraints on the coupling constants. For large
black holes, the 8 correction dominates and 4.5 > 0 implies

B>0. (5.46)

On the other hand, in the limit of small black holes x — 0 we have

_di2_3(d_1)a1_a2+/8(d_1)<d_2)

601 >0. (5.47)

2For d = 3 one should redefine A = A/(d — 3) and take the limit d — 3 with fixed X. The correction to
the entropy is topological and identical for any spherical black hole.

3However, ref. [78] showed that a negative A can also be achieved, indicating that A can actually have
different signs depending on the setup.
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This is arguably the most reliable constraint we can produce from the WGC, as small
black holes behave as asymptotically flat ones, and one recovers the argument of eq. (5.35).
The condition above implies that the shift in the extremal mass is negative hence ensuring
that (5.35) is satisfied for black holes much smaller than the AdS scale.

Finally, another interesting condition comes from large black holes x — oo (or equiva-
lently, black branes, k = 0), of arbitrary charge. In that case we have

d(d — 1)Ld71.’,1:‘d71‘/1,d_1 2
z—00 4G g+ 4

pld—1)¢!
(3d—4)(1-¢%)]

65(M, Q)

(5.48)

and in order for this quantity to remain positive for any value of £ € [0, 1), we must impose
not only 8 > 0, but also
a1 > 0. (5.49)

This is a very powerful constraint, since, when combined with the unitarity bounds
shown in figure 1, it implies that a; and «s can only lie in a small compact set of
the plane for d = 3,4,5. The Gauss-Bonnet coupling is also bound to a small interval

0<A< (d724)((dc12:33)§f6;2d +6), so only S can take arbitrarily high values with the current con-

straints. It would be interesting to investigate whether different constraints could impose
an upper bound on 8. The results from our next section suggest indeed that S should not
be too large.

Before closing this section, let us discuss what happens if one attempts to enforce the
WGC bounds on hyperbolic black holes as well. For simplicity, we can consider neutral
black holes, £ = 0. One can check that all of these solutions are thermally stable in the
two-derivative theory, and therefore one should impose §5 > 0. From (5.42) we obtain

@A=LV g, ( 1 2 )
OS(M, Q)’k:—m:o N 4G (=) dz? — (d — 2) Tz 3)° (5:50)

and since hyperbolic black holes have dxz? — (d — 2) > 0, the positivity of 45 implies in

this case that A < 0, which is the opposite that what we found for spherical and planar
black holes.'* In principle, these constraints should hold at the same time for any choice
of boundary geometry, since the dual CF'T is always the same. However, this would lead
to the conclusion that A = 0, which seems an unreasonably strong constraint. Likewise
we find similar stringent bounds on the other couplings if we combine the cases k = 1
and kK = —1. We do not know how to resolve this issue, but we feel more inclined to
trust the constraints for spherical black holes, and ignore those for k = —1. On the one
hand, spherical black holes make direct connection with the original motivation of the
WGC regarding black hole evaporation, while the evaporation of a hyperbolic black hole is
probably a meaningless problem (they are always stable). On the other, as we mentioned
above, a positive GB coupling A > 0 is actually realized in many explicit string models (in
particular, this is the case in the heterotic string effective action [126, 127]). This suggests

1In d = 3, ref. [131] already noticed that the correction to the entropy associated to the GB term cannot
have a definite sign, since one can have black holes of different topologies.
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that the positivity-of-entropy bounds might not be applicable to hyperbolic black holes,
but it would be interesting to understand why. For the rest of the paper, we will only make
use of the constraints found for k£ = 1.

6 Thermodynamic phase space

The charged black hole solutions of the theory (2.30), that we studied in section 3, describe,
in the context of the AdS/CFT correspondence, CFT plasmas at finite temperature and
chemical potential. These have different properties and interpretations depending on the
geometry of the horizon. For the sake of clarity, let us repeat here the form of the black
hole solutions we are considering. They are given by the following metric and (d — 1)-form

field strength

dr?
ds® = —N2f(r)dt? + — +r2d%? ,
kf( ) f(T‘) k,(d—1) (61)
H=Quwy @41,
where N}, is a constant, f(r) is the function given by (3.11) and wy, (4—1) is the volume form

of the metric dZi (d—1) corresponding to

dQ?d—l) for k =1 (spherical),
1
2
E%d_l) for k = —1 (hyperbolic).

A%} 41y = dxly ) for k=0 (flat), (6.2)

On the other hand, in the electromagnetic dual frame, we have a Maxwell field strength
given by (2.8), which leads to the following vector potential

A= d(r)dt, (6.3)

where ®(r) is given by eq. (3.19).

We already discussed some thermodynamic properties of these black hole solutions
in section 3, but in order to make explicit contact with the dual CFT, it is convenient to
obtain the free energy from the on-shell Euclidean action.

6.1 Euclidean action and free energy

Let us work in the frame of the (d — 2)-form B. We first perform a Wick rotation of our
black hole solutions by writing t = ¢7. The Euclidean time 7 has a periodicity 7 ~ 8 + T,
with f = 1/T, where the temperature is given by (3.22). Our goal is to evaluate the
Euclidean action, whose bulk part reads

1 d(d—1) 2 A
Ibulk — _ / dd+1 R _ H2 LQX
v 167G & VIR T oo Y as et
2a1L2 2 2 po
H?R —(d—1)(2d — )R*, (H 6.4
+(d_1)!( R—(d—1)(2d—1)R",, (H?) W>+ (6.4)

asL? v P 2
b ol (e, (1)~ @0, (1)) (HZ)Q] |
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On top of this, we need to include generalized York-Gibbons-Hawking boundary terms to
make the variational problem well posed [132, 133], as well as counterterms, to make the
action finite [134]. The generalized YGH term for the Gauss-Bonnet density is known [135,
136], as well as the appropriate conterterms [137]. However, for the sake of simplicity, we
can use instead the effective boundary terms proposed in ref. [97] (see also [138]),

d—1 Le[d-3]
bdry _ d - N
R =20 aMd:c\/E<K 7 Q(d_Q)RJr...). (6.5)

Here, K is the trace of the extrinsic curvature of the boundary, R is the Ricci scalar of the
boundary metric, and ©[d — 3] = 1 for d > 3 and 0 otherwise. Additional O(R") terms
appear for d > 5. These are simply the same boundary terms as in Einstein gravity, but
with a different proportionality constant, which reads

EQ

C=-=r
2d " laas’

(6.6)
where L|aqs is the Lagrangian evaluated on the AdS vacuum to which the solutions
asymptote. This prescription is valid for asymptotically AdS solutions (as in our case) and
at least for theories that do not propagate additional degrees of freedom over AdS vacua
(as in the case of Generalized Quasitopological theories), although we suspect this method
actually works for general theories. For our Lagrangian, we have

1 (1_2(d1)
167G d—3

AQJ, (6.7)

where we recall that L? = L2/ f.,. On the other hand, the variation of the terms RH? with
respect to the metric decays very fast at infinity, so one does not need to include boundary
terms. Also, they behave at infinity as the H? term, so no counterterms are needed either.

In order to compute the Euclidean action, we note that the Lagrangian becomes an
explicit total derivative when evaluated on (6.1) (this is actually the defining property of
the Electromagnetic Quasitopological theories). We find

1 dZ(r)
on—shell — pd—1 gy °

167GL| (6.8)

where

B 1. _ (d—1)rd  2Q*2
T(r) = ) = (= 02 ) - b+ T EE

— 201 L2Q% 1 (3(d — 1)(F(r) — k) +rf/(r) — 202L°Q% (f(r) — k) (6.9)

(d—=1)\ 44 ) BL2QYA—3d
() — B (A= 30— k) + 2 ) + P
Therefore, the bulk part of the Euclidean action is given by
BNpVi@a-1) [ 4 BNEVi (a-1)
bulk _ : d—1p _ , _
R A+T L= D (7~ T - o)) (6.10)
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The evaluation at infinity Z(r — oo) is divergent, but one can check all these divergencies
are exactly cancelled by the boundary contributions (6.5). Furthermore, the boundary
terms do not introduce any meaningful finite terms to the on-shell action.'® Hence, we get

. BNV o
Ig = I 4 pBay — %zm) . (6.11)

Now, let us note that the fact that we are computing the Euclidean action in the frame
of the B-form has a non-trivial effect. As we observed in section 2.1, when we dualize the
B-form into a vector field, we generate a boundary term in the Maxwell frame, that in the
thermodynamic context corresponds to working in the canonical ensemble. This implies
that the Euclidean action we have computed corresponds to the Helmholtz free energy
F =TIy, which is a function of the temperature and of the charge. From the result above,

we have
NiVi,d-1) NV [(d=Drd 4 4T gz | 2027
onG L) = oG 7 S AR C L i s

20 L2Qr (3k(d 1)+ ) T 2hasL2Qh

- 8r1'r BL2QA A3
d—l)\d4k<k_ + ) 4 b
—i—( )7“+ (d—B)Nk + ey ’ (6 )
and we recall that the temperature is given by
N, 9 12
T = 4 (1 2L2()2 —kQ(d—l) 2k L2\ 2) [ <(d_2)k+d;;+(d_4)k2)\r2>

mr — QT i+ — ;

+ ) ' (6.13)

2
o (ri+dkL2(3(d—1)oc1 +az)) +

BLAQ* ]
(d—1)r2 '

2(2d—-3
(d—1)r224%)

We also introduce the chemical potential p = lim, o /7' A, and from (3.23) we read

NiQ 1 L?a ( 47TT> L?ask L?Q?%pB
= + 3(d—1Dk—r + — . (6.14
S [(d—2)ri—2 rd SRS 7 re (3d—4)ri 619

We then check that this free energy satisfies the usual first law,
dF = —SdT + pdN , (6.15)

where S is Wald’s entropy given by (3.25), and where ' = ¢/, where ¢ is the physical
charge introduced in (3.16), i.e.,

- Via-1bh@
N = 4rG ’

and it represents the number of charged particles under the current J in the boundary theory.

(6.16)

15Tn odd d some counterterms can introduce contributions of the form Ix — Ig + ¢f, for a constant ¢, but
this simply represents a global shift in the free energy. We will simply assume that these finite counterterms
have been chosen so that pure AdS has zero free energy.
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We wish to work in the grand canonical ensemble (i.e., at fixed chemical potential), so
instead of F' we are interested in the grand potential (or grand free energy), defined as

Q=F—uN. (6.17)

This can also be obtained directly from the Euclidean action by adding or removing
appropriate boundary terms (depending of whether we are in the Maxwell or B-form
frames). By construction, this satisfies

dQ = —SdT — Ndypu, (6.18)
and it is to be understood as a function of T" and u. Explicitly, it reads

~ NiVian l(d —rd 2Q*

0 B 47rTr+> 38L2Q4 3
167G L2 d—2

Ny, 3d — 4

ArTry )
Ni

+ 2 ((d — 1Dk

8mlry
Ni(d —3)

+ (d — DAL 4 (k - ) + 201 L2Q%r (—3(d — 1k +

- 2ka2L2Q2r+d] . (6.19)

We study next the properties of these thermal states in the case of a flat boundary. The
hyperbolic case will be considered in section 8 in the context of Rényi entropies.

6.2 Flat boundary: black branes

Let us consider the case of planar black holes, & = 0. The boundary geometry is Minkowski
space, and therefore these black hole solutions probe the properties of thermal CFTs in flat
space. More precisely, the boundary metric is conformal to

dspary = —NG foodt® + daly_y (6.20)

and therefore, we set
1
No=——, (6.21)
Vs

which is equivalent to working in units in which the speed of light is one. Also note that,
on account of our definition of transverse space in eq. (6.2), the volume reads,
VRd—l

Vo= = L1 (6.22)
where now Va1 is the volume of the constant-¢ spatial slices of the boundary metric (6.20).
We can then define the grand potential, entropy, mass, and number densities as
Q S M N

N

w = S = p _= _= .
VRdfl ’ VRdfl ’ VRdfl ’ VRdfl

(6.23)

It also proves useful to replace the charge parameter ) in terms of a new dimensionless
parameter p, defined by

Q=pt_. (6.24)
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In this way, we get the following expressions for the grand potential density, entropy density,
temperature and chemical potential,

_ rd ((d2—3d+2+2p2) By ) | (6.25)
167G LA/ foo(d—1) d—2 3d—4

5= 45{16} (1+2%1) , (6.26)

T T D (627

M= b E T 2ar?) [(d‘ ) <di2 ‘d‘“) B (dzflz i <§6;_1115> 4 625)

_ (d=2)au pp*
3d—4 ’

and interestingly, the thermodynamic quantities are independent of A and a.!% Note that
all of these quantities have a certain scaling with r1, and observe in particular that ry o T
In the neutral limit (p = 0) this gives rise to the well-known relation

8, = CsT 1, (6.29)

where the Cg is the thermal entropy charge, that in our case reads

g = WLV (6.30)

4Gdd—1
It is known that for holographic Gauss-Bonnet gravity (and Lovelock gravity in general),
this charge does not receive corrections besides the appearance of the f. factor, but there
are other theories, such as Einsteinian cubic gravity [97] and Generalized Quasitopological
gravities [67, 139, 140] that do introduce non-trivial corrections to Cg. Using this constant,

and replacing r4 in terms of T and p, we can write

d
Cs,a( 1-—2a1p? 2p? Bp?
— _ZSpd [ 2T EMP )y — 31
YT (1+ﬂ5(411—21132 Taona-y @-vei-n) 63
9 d—1
1-2

s = CgT41 (ffl%) (1+ 201p?). (6.32)

1+ Bp*—2p

dd-1)

Now, the variable p is a function of the dimensionless ratio between the chemical potential
and the temperature. The precise relation reads

b p PN (20 (d—1)BY o
. 47TLT_(d(d1)2p2+ﬁp4)[(d 1)<d2 dal) (d2+ 3d4>p

9 By
_d 33) ZL’p ] , (6.33)

18Tn the case of X there is an implicit dependence through foo, but the effect is a trivial rescaling of some

thermodynamic potentials.
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Note the appearance of the ratio ¢./L whose value is an input of the holographic duality.
This expression defines implicitly p as a function of [i, and therefore it means that

w
T

w (6.34)
is only a function of this variable. Studying the dependence of @ on [ is the same as
studying how the grand free energy varies as we change the chemical potential and keep
fixed the temperature — or, equivalently, studying the free energy as a function of the
temperature at fixed chemical potential. Thanks to the scaling properties of the problem,
only the ratio between chemical potential and temperature ji is relevant. We can wonder
in particular about the monotonicity of the grand canonical potential or the existence of
phase transitions.

Before performing a more in-depth analysis, let us remark a few points. First, since in
most cases we are not able to invert (6.33) in a simple way, it is useful to use p in order to
obtain the curves (fi,») parametrically. Second, we note that, in order to have black hole
solutions, the temperature 7" in (6.27) must be non-negative. It follows that the extremal
limit 7" = 0 is reached for

dd—1)—2p* + pp* =0, (6.35)

which has real solutions only for § < 1/(d(d —1)). It is also important to notice that black
hole solutions only exist if 1 — 2a1p? > 0. Even though, looking at (6.27), one could have
T > 0 when this quantity is negative, it turns out that 1 — 2a;p? < 0 implies the existence
of a naked singularity for r > r, as can be seen in (3.11), so this case must be ruled out.

In the case of Einstein-Maxwell theory it is possible to invert (6.33) explicitly to obtain

_ _ 2
e | () - o] (63)

One can check that this is a one-to-one relation, with p(u — £o00) = £/d(d — 1)/2, and
that the relation &(fi) is monotonic as well. Therefore, there are no phase transitions for

charged plasmas in holographic Einstein-Maxwell theory.
To simplify the study of the relation @(fi), we consider first the cases f = 0 and ay =0
separately.

6.2.1 Phase space with a7 #0 and 8 =0

Let us start by setting § = 0, to isolate the contribution of a; to the phase space of
the system. We will consider a; > 0, as a negative «; is discarded by the weak gravity
conjecture as we discussed in section 5.3. As was shown above, in order to have meaningful
solutions we must have 7' > 0, but also 1 — 2ap? > 0. Hence, the range of allowed values of
p is actually

1 < i {psts 5= b e = [ T2 (6.37)
The transition between the two possible maximum values of p happens for oy = 1/(d(d—1)).
It turns out that we have to distinguish four different cases.
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1. For a; < 1/(d(d — 1)), the relation fi(p) (shown in figure 2) is one-to-one and [ takes
values in all of the real line, diverging to 00 for p = £pext, which corresponds to the
extremal limit. The curves for @(j1) — shown in the plot (a) of figure 3 — behave
qualitatively as in Einstein-Maxwell theory.

2. The case oy = 1/(d(d —1)) is somewhat special: here the relation fi(p) becomes linear,
and the temperature is independent of p:

. D o ryd
SRRV CEE N S (0

Thus, there are solutions for arbitrary values of fi, but there is no extremal limit. We
also have in this case a simple expression for the grand potential density,

C Copt 2
w:cfﬂ<1+w%dnmm<yég)>. (6.39)

3. A new behaviour takes place for a; > 1/(d(d — 1)). Since the extremal value pex is
not allowed in this case, we see from eq. (6.33) that only a finite range of values of /i is
allowed. In particular, it is not difficult to see that |fi| < /a1/2. There are no black
hole solutions for larger values of [i. In addition, we see that, if a; is within the interval

| 1
ale(ﬂd—n’ﬂd—m)’ (6.40)

then the relation fi(p) becomes non-invertible. In this range, the function fi(p) has

a maximum and a minimum (see figure 2), and some values of fi are reached by three
distinct values of p, meaning that we have three different phases, with either small,
intermediate or large values of p. To explore the existence of phase transitions we must
look at the phase diagram @ vs fi for all the branches of solutions. We show this in
figure 3(b) in the case of d = 4 for a value of «; inside this interval. As we can see, for
small ji there are three phases, and the one with the smallest p has the lowest free energy
(and hence dominates) and it has the usual quadratic behavior, with 9%w/du? < 0.
However, this phase and the one with intermediate values of p merge at certain ji., and
cease to exist for larger 1. At that point, a zeroth-order phase transition takes place
towards the solution with large p, as illustrated in figure 3. The new phase is quite
exotic, as it has N = —0w/0u < 0 for fi > 0, so a positive chemical potential generates
a negative number density, and viceversa. It nevertheless still satisfies ON/Ou > 0.
This phase ceases to exist at |fimax| = v/@1/2, and no solutions exist for larger /.

4. If we set ay = 1/(d(d — 2)) the maximum and the minimum of fi(p) collapse at p = 0.

Therefore, for oy > there exists a single phase, and it always has N < 0 for

1
a(d—2)
i >0, but ON/Ou > 0. Also, this phase only exist for a limited range for values of fi.
An interesting question is whether these phase transitions, and all the special features
that happen for ay > 1/d(d — 1), are allowed by the physical constraints we derived in
section 5. If only o is active, i.e., ag = A = 0, then according to eq. (5.10) we have

1

NS TR it (6-41)
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Figure 2. Dimensionless chemical potential /i as a function of the parameter p for different values
of the coupling a; and 8 =0, in d = 4 dimensions. Notice that in this case the range (6.40) where
fi(p) is non-invertible becomes a; € (1/12, 1/8).

which is smaller than 1/(d(d — 1)) for d > 3, and therefore these phase transitions are not
allowed. It is most interesting to ask what happens if we consider non-vanishing as and A,
which although do not affect directly the thermodynamic relations, do change the allowed
range of values of ;. We have seen that in d = 3,4, 5 the unitarity constraints impose an
upper bound on «; given by eq. (5.11). This constraint still allows for phase transitions to
take place, however, we find a stronger bound if we take into account the constraint (5.47)
from the WGC. In d = 3 (in which A = 0), combining (5.47) with (5.8) and (5.9), one can
see that oy is bound from above by

1

a1y 50 < 3 (6.42)

while the limit to have phase transitions is af" = 1/(d(d — 1)) = 1/6. The d = 4 case is
more involved, as now the Gauss-Bonnet term also has an effect. The upper bound on «a; is
obtained from the intersection of (5.47) and (5.9) at saturation and it yields

1— foo

gm0 < o7 (6.43)

Now, since A > 0 by virtue of the WGC, this value is always smaller (or equal, when A = 0)
than 1/12, which is precisely the threshold value to produce phase transitions. Thus, the
different physical constraints conspire quite impressively to avoid the existence of phase
transitions, at least in the cases d = 3,4, which are the most relevant ones. This also avoids
the nonphysical situation of absence of solutions for large fi.

In d = 5 the same constraints lead to an absolute maximum 041‘ d=5.5=0 < 1/16, which
is not enough to rule out the phase transition, whose threshold value is of' = 1/20. For
d > 6 the value of oy can be arbitrarily large (as long as ae < 0 is also large), so these
exotic phase transitions cannot be avoided for large dimensions on the basis of our current
constraints.
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Figure 3. We show the rescaled grand potential & with respect to & with 8 = 0 in d = 4 dimensions.
Left plot: we take a; < 1/12, so that there is a single phase for every value of fi. Right plot: we
take o within the interval (6.40), and we see that there appear three phases with different values of
p. The dominant configuration is denoted with a black dashed line. We observe a zeroth-order phase
transition. Also note that there are no solutions beyond a maximum value of ji (corresponding to
ﬂmax = 0&1/2).

6.2.2 Phase space with oy = 0 and 8 #0

Let us now study the effect of the H* term by setting a1 = 0. We also take 3 > 0, as this is
implied by the WGC constraints studied in section 5.3. We distinguish two main scenarios
depending on the roots of

d(d—1) —2p* + pp* =0, (6.44)

which determine extremality. The solutions to these equation are p = j:pgj(t (the two signs
are independent), where

peixt:\/; (11\/1—d(d—1)5). (6.45)

o If 3 <1/(d(d—1)), then these roots are real and we have three families of solutions.
The first family has [p| < p,,; and it is connected to the solutions of Einstein-Maxwell
theory. It exists for arbitrary values of i and reaches the extremal limit for p = p_;.
A second branch happens for

3d — 4
(d—2)p

(the upper limit corresponding to fi = 0). This one also exists for arbitrary i and has a

P < Ip| < (6.46)

extremal limit for p = p,. However, it can be seen that it is not possible to find a value
of p such that 2’(p) = 0 in this range, and hence there is only one thermodynamic phase.
Finally, there is a third type of solutions, with |p| > (gd_ig;"ﬁ, which only exist for
very small values of ji. However, there are no phase transitions either, as the solution

in the Einstein-Maxwell branch always has the smallest grand-canonical free energy.

o If >1/(d(d—1)), the roots pgf(t become complex, implying that the extremal limit
does not exist. In this case, the relation fi(p) has a shape as shown in figure 4, with
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Figure 4. Dimensionless potential fi with respect to the parameter p for different values of the
coupling f and a3 = 0, in d = 4 dimensions. In this case, the condition for [i(p) to become
non-invertible is 8 > 1/12.

a maximum and a minimum for p > 0 (and viceversa for p < 0). This means that for
small /i there are up to four different phases. It is also clear that there exists a maximum
value of i for which any phase exists. If we keep increasing 3, we find that there is one
point where the maximum value of ji for p > 0 becomes smaller than its maximum
for p < 0 (and respectively with the minima at p < 0 and p > 0). This happens for

(3d — 4)?

P = Ga—Dya—22 "

(6.47)

When 8 < SBinr there are no phase transitions, and the dominant phase exists up to a
certain [imax, beyond which simply there are no solutions. When 3 > Bipr, on the other
hand, there is another solution that extends beyond the dominant phase, and hence,
when this one finds its endpoint there is a zeroth-order phase transition. However, the
new phase once again only extends up to a maximum value of fi. This is illustrated in
figure 5 in the case of d = 4. Notice that the phase with large |p| is always subdominant.

In general, the scenario with 5 > 1/(d(d — 1)) looks rather unphysical, as the theory
should allow for solutions of arbitrary . However, unlike the case of a1, we have no
additional constrains on § that could rule out this case from basic principles. The coupling
5 is the less constrained one in our theory, as it does not affect, e.g., the linearized equations
on neutral backgrounds or the correlators (JJ), (T'JJ). At the level of correlators, it would
make its first appearance at (JJJJ), and it will also be non-trivial when studying the
propagation of electromagnetic waves on charged backgrounds. It would be interesting to
study those cases and investigate possible unitarity or causality constraints on 8. Perhaps
such constraints could remove the unwanted values g > 1/(d(d — 1)).

6.2.3 Phase space with ¢y 0 and 8 #0

We have seen that, separately, both couplings a1 and 8 have qualitatively similar effects:
they produce simultaneous phases that can lead to zeroth-order phase transitions when the
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Figure 5. We show @ with respect to i for 8 = 4.333 > B and a3 = 0, in d = 4 dimensions.
There is a region where four phases with different p coexist, and the dominant one is drawn with a
black dashed line. At some point there is a zeroth-order phase transition, but there is a maximum
value of |fi| above which no solutions exist.

couplings are large enough. More worrying is the fact that, whenever this happens, there
exist no phases beyond a maximum value of ||, which seems rather unphysical. When
B = 0 this situation is forbidden in d = 3,4 by the physical constraints, and if one further
assumes a = 0 (which does not affect the thermodynamics) then this behavior is ruled out
in every dimension. When 5 # 0 we cannot avoid this strange behavior because § can be
arbitrarily large, but we have argued that it is likely that there are other constraints that
will bound the possible values of 3 to a finite interval.

Of course, if both § and «; are non-vanishing and large enough, we find again these
exotic situations, and even more involved ones. However, in view of our previous discussion,
we are interested in the cases in which 4 can take arbitrary values, since the opposite seems
pathological. Let us determine which values of a; and ( satisfy this property. For that,
note that, whenever a; > 0, p has a maximum value, since we must fulfill 1 — 2p?a; > 0,
as we saw earlier. Then, from (6.33) it follows that, in order for i to take arbitrarily high
values, the extremal limit must exist. This means that the roots (6.45) must be real and

therefore .
< - 6.48
fs d(d—1) ( )
In addition we must demand )
o < ——, (6.49)
2(pext)2

so that 1 — 2p?a; > 0 holds. Whenever these two conditions are satisfied, it is guaranteed
that there are solutions for any value of fi. The question we want to answer then is whether
there are any special features in the phase space within this reasonable set of couplings.
We note that the solutions with |p| < p. always exist and that for these i take values
in the whole real line. Could there be multiple phases within these values of p? For that,
it should happen that i/(p*) = 0 for some p = p* in this interval. However, we have
observed that this never happens as long as 5 and «; are constrained by (6.48) and (6.49),
respectively. Therefore, |p| < p.,; generates a unique phase for which g ranges from —oo
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to +oo. Furthermore, this phase has the same qualitative behavior as the one found for
Einstein-Maxwell theory, that we showed in figure 3(a).

Interestingly, there can be other phases if a7 is small enough. This happens if o <
1/(2(pt4)?), in which case there are additional solutions for

1
2,/&1 '

In general these have a quite similar profile to those in the interval |p| < pg., but however

Phe < lpl < (6.50)

they never dominate. The conclusion seems to be that, whenever we have the reasonable
situation in which i is unbounded, then no phase transitions take place, and everything
works more or less as in Einstein-Maxwell theory.

7 Holographic hydrodynamics: shear viscosity

Charged black branes, whose thermodynamic properties we have explored in section 6.2
above, describe holographic CFTs at finite temperature and chemical potential. In this
state, the theory behaves as a plasma, and in the hydrodynamic limit we can study it as a
fluid [141-145]. Thus, we can ask about the propagation of sound waves or about different
transport coefficients, which determine the response of the plasma under perturbations. In
this respect, one of the quantities that attracted more attention from the early times of
holographic hydrodynamics was the shear viscosity 7. As it turns out, the ratio between this
quantity and the entropy density takes the following value for Einstein gravity [143, 146, 147],

1

n
i - 7.1
S’EG 47’ (7.1)

which holds also in the presence of a chemical potential [42—44, 148]. This led to the
conjecture that such result was universal in holographic CFTs and to the Kovtun-Son-
Starinets (KSS) bound [147], which claims that n/s > 1/(4x) for any fluid in nature.
However, if one considers higher-curvature corrections in the bulk theory, the holographic
prediction for n/s is indeed modified, showing it is not a truly universal result [7, 8, 11, 27,
28, 149]. This ratio has even been computed in a non-perturbative fashion in theories such
as Gauss-Bonnet [14, 28, 105], Lovelock gravity [52, 150, 151], cubic [16] and quartic [152]
Quasitopological gravity and Generalized Quasitopological gravities [97, 139, 140], among
other models. Those examples showed that, even when the theories were constrained by
physical requirements, such as unitarity, positivity of energy and causality, the KSS bound
could be lowered, although without reaching zero.!'” The status of the question about how
much the KSS bound can be consitently lowered is not clear, as there are arguments, as
those of ref. [106], that constrain the higher-order couplings to be perturbatively small.
However, once again the arguments of ref. [106] cannot be directly applied to all types of
higher-derivative interactions. So, the common belief is that a bound for n/s, lower than
the KSS one, does exist [153].

"Nevertheless, it can be made arbitrarily small for Lovelock gravity by taking d — oo [151].

47 —



On the other hand, the effect of the chemical potential on the shear viscosity to entropy
density ratio has been less explored. As we mentioned, 7/s remains independent of u in
holographic Einstein-Maxwell theory, but this is no longer the case when one introduces
higher-derivative corrections. Refs. [48, 49] computed the effect of perturbative corrections
on the viscosity in the case of N = 2 supergravity and in a general d = 4 EFT — see
also [51]. Regarding non-perturbative calculations, we may highlight refs. [29, 30, 52], that
considered the case of Lovelock gravity minimally coupled to a vector field.

However, a more general analysis is still missing, and in particular, the effect of non-
minimally coupled operators has not yet been studied at a non-perturbative level. Thus,
here we will perform the first exact and analytic computation of n/s with a chemical
potential in a higher-derivative theory with all kinds of interactions. This will give us a
more complete perspective on the effect of the higher-derivative terms on this ratio, and
will allow us to investigate how much the KSS bound can be lowered while satisfying the
physical constraints of section 5.

In order to set out the computation of the shear viscosity, let us write down our charged
planar black hole solutions, which are given by

o f(r) o dr? o,
dS = — foo dt + f(T) + ﬁd‘r(d—l) s (72)
f{::LgildxlA...A(mﬁfl, (7.3)

where we fixed the value of the constant function Ny = 1/4/fo so that the speed of light at
the conformal boundary is equal to one, and where f(r) is given by (3.11) with £ = 0. Let
us replace the radial coordinate by

z:1—%a (7.4)

defined in such a way that the horizon is located at z = 0 and the boundary at z = 1. Also,
let us introduce the function f as

r? ~
f=5F Jm ) = e (7.5)

With these definitions, the metric (7.2) reads

B 2 f(z) L? dz?
ds? — L2(1+— ) <_ T dt? + dx%d_1)> + mm (7.6)

Since the horizon is located at z = 0 in these coordinates, we can expand the function f (2)
around it as 1 1
fz) = ozt Sf2 4 S0 4 (7.7)
The shear viscosity can be computed from the retarded Green function of the stress-
energy tensor by means of Kubo’s formula,

1 .
n=—lim —Im Gﬁﬂ(w, k=0), (7.8)

w—0 w
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where G¥% 15(w, k = 0) is a component of said Green function at zero momentum,

GlcaliorF = 0) = =i [ dtd = 50(0)([Ton(#), Tea ) (79)

This correlator can then be computed holographically by considering a metric perturbation
Guv = Guv+ Iy, with hig # 0 [141, 154]. A rigorous computation of this quantity for higher-
derivative theories (at perturbative order) can be found, for instance, in [49]. However, the
method can be summarized in the much simpler recipe found in ref. [155], later applied to
several cases [16, 97, 139, 140, 152]. Nonetheless, as a check we will compare our results in
the perturbative limit with those of [49].
According to the recipe provided by [155], it is enough to consider a metric perturbation
obtained by performing
da?® — dz® + ce ™' dx! (7.10)

in the background (7.6), where ¢ is a small parameter. By evaluating the Lagrangian +/|g|L
in this perturbed metric and expanding it to second order in €, one finds that this produces
a pole at z = 0. Then, the shear viscosity can be read off from the residue of this pole,

Res[/g]£, 2 = 0] (7.11)

2¢2

n = —8nT lim

w,e—0 w

This computation is straightforward with the help of a computer algebra system, and
it yields the following value for the viscosity in our theory (2.30),

1
= 1,.d+1
167G(d — 2) L4 1rh

7 [P2(d =2 = 47 0) + 2L2Q%% ((5d — Dan + 202)| . (7.12)

On the other hand, the entropy density in the boundary theory was obtained in section 6.2
and it reads

L\ 9 2 —2(d—1)
s=1a (L> (1+202Q* " Vay) . (7.13)

Therefore the ratio of the shear viscosity to the entropy density is given by

n 1 r2d—2—4f ) + 2023 Q% ((5d — 4)on + 2a2) (7.14)
s Ar (d—2) [r2 + 202Q2%2 o ' '
The coefficient of the expansion f; is related to the temperature in eq. (3.22) and it reads

02 Tol?d(d— 1)t — 202Q2 Y 4 AN
i+ = = V24,24 _97202,2
Ty 2(d — 1)r3 [r3d — 202Q%r% oy |

(7.15)

Finally, we can write everything in terms of the parameter p introduced in eq. (6.24). After
some massaging, we can write 17/s in an appealing way as follows,

T (d—2) (1 +2p%aq) _)\(d—l)(d—Q)(l—4p4oz%) ’ (7.16)

n 1 4p? ((2d — 1) + az) 2 (d(d —1) — 2p% + p*p)
S
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which is a function of the ratio between the chemical potential and the temperature
f = ply /(4w LT), whose relation to p we repeat here for convenience,

o p 1 200 (d—1)p
=@ =1 —2p2 + 6p%) [(d_l) <d—2_d°‘1)_<d—2+ 3d — 4 >p2

—2a 4
_(d 35>_fp ] ' (7.17)

Let us first of all compare our result with that of ref. [49]. Working at linear order in
the couplings, it is enough to invert (7.17) at zeroth order, and thus we get, in d = 4,

AN = i-aa+
sld=4 T <1+ 1—1—%(8,&)2)

1 8(811)? A
L (82) <7a1+a2+3>+... . (7.18)

Now, we have to take into account that our fi is related to their g by g = 87 (one factor
of 4 comes from our definition as i = pl, /(4w LT), and an additional factor of 2 is due to
the different normalization of the vector fields). In addition, it is clear that X is related
to the coupling ¢; of [49] by A/2 = ¢, as these are the coefficients of the Riemann square
term. We also see, by using the Maxwell-frame action of our theory given by (2.31), that
the coefficient of the R, o F" FP? term, called cy in [49], is precisely 4co = Tay + aa (the
factor of 4 accounts for the different normalization of the vector field). Thus, we reproduce
eq. (3.25) of [49], which serves as a consistency check of the pole method (7.11) we employed.
Let us now study the properties of 1/s in a fully non-perturbative level.

It is clear from eq. (7.16) that there are two contributions to 7/s: one proportional to A
and another one proportional to the combination (2d — 1)a; + ag. Interestingly, this is the
quantity that appears in the numerator of ag in eq. (4.54). The GB coupling also controls
the energy flux parameter t2, and therefore, in these holographic CFTs it follows that

as =ty =0= = —. (719)

n 1
B
It is tantalizing to speculate about a possible relation between having “trivial” three-point
functions (I'T'T), (T'JJ) and the absence of corrections to /s for more general CFTs.
However, this is probably just an accident because our theory has only a few parameters.
Note that in fact, the combination (2d — 1)1 + ag corresponds to the coupling of the term
(H Q)WPU Rr?,, in the action, so it is no surprise that it controls both az and the corrections
to n/s. Additional higher-derivative terms will probably spoil this connection, but it is
nevertheless quite remarkable that (7.19) holds non-perturbatively for our theories. We
also observe that in the extremal limit, which happens when d(d — 1) — 2p? + p*8 = 0, the
GB contribution to 1/s vanishes, and one is left with the contribution coming from the
non-minimal couplings. This feature was already observed by refs. [29, 49].

Let us study the dependence of the shear viscosity to entropy density ratio on the
chemical potential. We focus on the values of the a; and 8 parameters that give rise to

— 50 —



a single phase with an extremal limit, as studied in section 6.2.3. All the parameters are
additionally constrained by the bounds found in section 5. Let us rewrite (7.16) as follows

D= L4 (2d - Don + a2) fi(p) — M) (7.20)

s 47
with

B 4p? _2(d(d—1) —2p* +p'B)
filp) = fap) = (d—1)(d—2) (1 —4pa?)’

@201 1 %)) (7.21)

Since a > 0, it is straightforward to see that fi(p) is a monotonically growing function,
ranging from f1(0) = 0 to its maximum value at extremality p = pext. On the other hand,
f2(p) has just the opposite behavior: it takes its maximum value at p = 0 and then it
decreases to zero at extremality.'®

Since A > 0 by virtue of the WGC, the GB contribution is always negative, but
monotonically increasing as we increase the chemical potential. Then, the global behavior
of n/s depends strongly on the sign of ag, so we have to distinguish both cases.

Case 1: az < 0. It follows that, whenever as < 0 (so that (2d — 1)ag + a > 0), the
shear viscosity to entropy density ratio is a growing function of fi. It therefore reaches its
minimum value for i = 0,

g (7.22)

1 2d(d — 1)
ﬂo_éhr[l_ (d—l)(d—Q)] ‘

In addition, the largest value of A is given by the upper bound in (5.4), and therefore we
find that the absolute minimum value of 1/s whenever as < 0 is

min m ! [1 _dd=3)(d—d+6) (7.23)

T i 2(d2 — 3d + 6)2

This is the lower bound found for GB gravity [14, 15, 28, 105]. One can see that 7/s never
reaches zero, and its minimum is reached for d = 8, which gives 47n/s > % ~ 0.41399.
Likewise, for az < 0 the maximum value of n/s as a function of the chemical potential is

reached at extremality, i.e, for

poa = (1= 1= aa=1)3). (7.2

1

=1 [T+ ((2d — 1) + a2) fi(pext)] - (7.25)

This gives

S

ext

Furthermore, since fi(p) is a growing function, this value will be larger if p is larger. Now,
the maximum value of peyt is reached for § = 1/(d(d — 1)), which is the largest value of

18We recall that we take o to satisfy 1 — 200p2 > 0.
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compatible with the existence of an extremal limit, and for this we obtain p2, = d(d — 1).
Therefore, we can already put the following upper bound on 7/s,

n 1 4d(d — 1) ((2d — 1)aq + a)
sSSP (d—2)(1+2d(d—1)ay)

Now we can further explore what are the values of the parameters a1 and a9, compatible

(7.26)

with the constraints in section 5, that maximize this value. First of all, we have a1 > 0
on account of the WGC. Then, we have the unitarity constraints (5.8) and (5.9) that
only involve the rescaled couplings foocv1 2. Since (7.26) has no local maximum inside the
region delimited by (5.8) and (5.9), the maximum must occur at the boundary (where the
constraints are saturated). By studying what happens for a few values of d, it is not hard
to see that the maximum is reached at the intersection of oy = 0 and the boundary given
by (5.8). We obtain

((2d — 1)ag + aw) < 1

14 2d(d—1)ay 55) ~ (Bd—2)fx

(7.27)

and the maximum happens for as = m. Since foo > 1, this value is larger when A =0
(foo = 1). On the other hand, we can consider the WGC constraint given by eq. (5.47).
The looser bound on the aj 2 couplings is precisely achieved for A = 0 and the maximum
allowable value of 3, this is, 5 = 1/(d(d — 1)). This yields

(d—2)
-1 < — 7 2
3(d— oy + a2 < s (7.28)
Now, when we combine this together with a7 > 0, we find
((2(1— 1)0&1—{—0&2) d—2
_— 2
1+2d(d— 1)y ~ 4d(3d—4)’ (7.29)

(7.28)

and the maximum is reached for a; = 0, ag = %. We can see that, in every dimension
d > 3, the bound (7.29) is stronger than (7.27), and therefore (7.29) is the relevant one.
Therefore, we conclude that the maximum possible value for 7/s is

n 1 d—l]
- =— |1+ . .
max[s] 1 [ 3 1 (7.30)

Among these, the larger value happens for d = 3, which gives (7/5)/(4m).

In conclusion, in the case as < 0, the shear viscosity to entropy density ratio is a
growing function of the dimensionless chemical potential, and it has absolute lower and

upper bounds, given by
219

§§§Mggg. (7.31)
Remarkably, these hold in arbitrary dimension, for arbitrary chemical potential and for
any value of the higher-order couplings that satisfy the physical conditions that we have
discussed. Thus, whenever ay < 0, the ratio n/s cannot depart a lot from the Einstein-
Maxwell prediction 1/(4m). We illustrate this in figure 6, where we show the profile of 7/s
as a function of [i for several values of the parameters compatible with all the physical

constraints.
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Figure 6. Shear viscosity over entropy density as a function of the chemical potential in the case in
which ag < 0. We take A = 0.02, and from blue to red, the different curves correspond to {a1, as, §} =
{0.0024, —0.016, 0.082}, {0.0019, —0.012,0.080}, {0.0006, —0.0023,0.077}, {0,0.0038,0.083}, which
satisfy all the physical constraints. As a general rule, n/s is a growing function of ji and its value
does not depart much from 1/(4mx).

Case 2: az > 0. The situation is very different when we consider as > 0, this is,
(2d — 1)aq + a2 < 0. In this case, both corrections to 7/s are negative, so this quantity
is always smaller than 1/(4m). On the other hand, the ay contribution to 7/s is now a
decreasing function of i, but the GB contribution is still growing, so the overall character
of /s depends on the case. By expanding eq. (7.20) near p = 0, one can see that this
becomes a decreasing function of the chemical potential (at least for small ) if

A (2 —4a2(d —1)d)
(d—1)

Since the GB correction on its own is already able to lower the KSS bound, whenever the

2(2(d — 1)0[1 —+ 0[2) +

<0. (7.32)

inequality above is satisfied, we may obtain an even lower bound by turning on the chemical
potential. In order to answer how much the value of 1/s can be diminished we need to
take into account all physical constraints on the higher-order couplings. However, a general
analysis is more complicated than before, since we do not know anymore for which value of
fi the ratio /s reaches its minimum.

In spite of this, it will be enough to consider a simple example to show that we can
lower the value of /s (and therefore that of ) all the way down to zero. Let us consider
a; = A = f = 0, so that the only active coupling is ao, which furthermore has to be
negative, ay < 0, on account of the WGC bound (5.47). In that case, the shear viscosity to
entropy density ratio reads

47

n 1
= o
s d—2 2

42
14+ 2 ] (7.33)

and we show it as a function of i in figure 7. The parameter p ranges from 0 to \/d(d — 1)/2
when /i goes from 0 to infinity, and therefore, the minimum value of ? (for negative ) is
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Figure 7. Shear viscosity over entropy density ratio as a function of the chemical potential in
the case in which as > 0. We show the representative case A\=a; = =0and as < 0in d = 4.
Even when «y satisfies all the physical constraints we have studied, it is possible to achieve /s =0
providing that the chemical potential is sufficiently large.

reached at extremality

1 {1+ 2d(d — 1)
Ar d—2
Then we have to look at the bounds on aq, which are given by egs. (5.8), (5.9) besides (5.47),

which we are already taking into account. One can see that eq. (5.8) does not impose any

1 as| . (7.34)
S

ext

additional constraint since it is always satisfied for ay < 0, while (5.9) only sets a lower
bound on as for d = 3,4, 5, namely

d—2
> .
~ 6d—d?—4

In higher dimensions there is no limit to how negative o can be, and 1/s can certainly be

as (d=3,4,5) (7.35)

taken to zero. Focusing on the lower dimensions, which are also the most relevant ones, we
see that the minimum value of 1/s in this example is

. [n 1 2d(d —1)
min [S] = {1 — 6d—d2—4] . (7.36)
This is in fact negative for the three values d = 3,4,5. A negative n is of course meaningless
and it indicates that the plasma is unstable. There is a critical value of i at which the
viscosity vanishes and above this value it makes no sense to talk about hydrodynamics.
From (7.17) we see that this value is
_ (d=2)

Iacr = 2 ; 7.37
2d(d — 1) + (L2 (7:37)

and its minimum value is precisely reached for the smallest asg in (7.35),

o V6d—d®—4
fmin _
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This can probably be lowered by considering other couplings besides ai. This result means
min

o for any choice of parameters satisfying

that the viscosity cannot vanish as long as i < fi
the physical constraints. For d > 6 we have 4" = 0 as a is in principle allowed to be arbi-
trarily negative, so a vanishing 7 can be achieved with an arbitrarily small chemical potential.

It would be interesting to investigate if other types of constraints, such as those coming
from plasma instabilities [30, 52, 156] or causality deep into the bulk [151], can be used to

rule out values of 1/s very close to zero.

8 Charged Rényi entropies and generalized twist operators

Entanglement entropy (EE) [157] and Rényi entropies (RE) [158, 159] — as well as their
holographic counterparts [35, 160, 161] — constitute a very useful way to probe the amount
of entanglement in quantum field theories [162, 163]. Given a biparition of the Hilbert space
into two subspaces A and B, Rényi entropies are defined as

Sn(A) = —— log Tr o1, (8.1)
1—n
where ps = Trp p is the reduced density matrix of the subsystem A, obtained by taking the
partial trace over the subsystem B of the total density matrix. Here, we are interested in the
case in which A and B correspond to the subsystems associated to two spatial regions (at a
fixed time) separated by an entangling surface ¥. The Rényi index n is usually considered
an integer, which allows one to compute these entropies by using the replica trick [157].
However, if one is able to continue n to an arbitrary real number, then one can recover the
entanglement entropy as the limit n — 1,

Spe(A) = —Tr[palog(pa)] = %;ml Sn(A). (8.2)

Now, these entropies can be generalized to the case in which the QFT is charged under
a global symmetry. The appropriate generalization, proposed in ref. [45], reads

Sulp) = 1 Toa Tr [pa()]" (8.3)
where 0
palp) = W (84)

is a new density matrix that depends on the chemical potential i, conjugate to the charge
Q4 enclosed in the region A.

Let us focus on the case in which the quantum theory is defined in flat space and the
entanglement surface ¥ is a sphere of radius R, namely ¥ = S%2(R). For a CFT, one
can then prove, by using the Casini-Huerta-Myers map [164], that these charged Rényi
entropies are related to the thermal entropy of the same theory placed on the hyperbolic
cylinder S' x HY(R). The precise relation reads [35, 45]

n 1 [To

n_lf() To/n

Sn(,u) = Sthermal(Ta M)dT 3 (85)
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where
1

To= ——.
"~ 9rR

(8.6)
We remark that this is a formula that applies to a CFT, but from here it is evident how to
compute these quantities holographically. In fact, the thermal entropy of a holographic CF'T
on S! x HY~1(R) is nothing but the Wald’s entropy of a black hole with a hyperbolic horizon.
In this section we explore the properties of the holographic RE for the theory (2.30), and
afterwards we also analyze a couple of related quantities: the scaling dimension and the
magnetic response of generalized twist operators [45].

8.1 Rényi entropies

In order to compute charged Rényi entropies for the holographic CFTs dual to (2.30),
we have to consider charged black hole solutions with hyperbolic horizons, which for our
theories take the form

dr?

ds® = —N2 | f(r)dt* + o

+ r2dz2, (8.7)

where N_1 is a constant, d=2 is the hyperbolic space of unit radius and f(r) is given by
eq. (3.11) with k = —1. Since f(r) behaves asymptotically as f(r) ~ 72 fs/L?, we set the
constant N_; to

L
N =——. 8.8
R (8.8)

In this way, the boundary metric is conformal to
dspqry = —dt* + R*d=? (8.9)

so that the spatial slices are hyperbolic spaces of radius R. The Rényi entropies across a
spherical region are then computed through the integral (8.5), where Sipermal is the black
hole entropy, given by (3.25). Notice that it is important that Sipermal i considered as
a function of T and u, so that the integration is carried out at constant u. Although at
first sight the integration may look tricky, it is nonetheless straightforward, since the first
law (6.18) implies

_ 0T p)
S —_— 871—7 . (8.10)
We then obtain
n 1
S = g (To/np) = QTh. ) (8.11)

Back in eq. (6.19) we already obtained the expression for the grand canonical potential
) in terms of the horizon radius and the charge for spherical, planar or hyperbolic hori-
zon topologies. Setting k = —1, defining x = r, /L and Q = pxz?~'L%2 and writing
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T =Ty/n = (2rRn) ™!, the expression for ) reduces to

L=y . 2..d 4 d
_wnl(d_md_% w4 <(d_1)+2x¢foo>+35p z

167GV R d—2 n 3d—4
—(d—1)Az—4+ <1+ jf dV _f ;3) + 20 p? 2 (3(d— 1)+ 20y ool ”T'f“’R) +2a2p2xd21 .

(8.12)

However, on account of (8.11), we need to write € in terms of n and u, so that we have
to find the relations x = z(n, 1) and p = p(n, u). For that, it is convenient to present the

expressions of n and p in terms of z and p, which follow after setting k = —1 in egs. (6.13)
and (6.14):
1o ! (~(d—2) +de? 4 (d — )ra™?)
n 22y foo (1 — 2p%2aq — 2Xx72)
92 ) Balpd
— —d3(d—1 1
d—1) (95 (3( Jar + 02)) + -1l (8.13)
L 27/ foo 2
p=—" TN gy Ve 02w | (8.14)
VIR | (d—2) =z n x  (3d—4)

The equations (8.12), (8.13) and (8.14) allow us to study the Rényi entropies (8.11) exactly.
A useful intermediate expression for Q,(u) = Q(Ty/n, 1), is the following one,

Lty (d—1) Bptat
W) = Tomavier |- @ =+ N+

(8.15)

. fOO d—l( 2)‘(d_1)> E*R\/foo d—1
2 n " ! (d — 3)x? 2 L M '

which is a bit simpler, but it still depends on = = z(n, u) and p = p(n, ). In practice, it
seems extremely challenging (if not impossible) to analytically invert the equations (8.13)
and (8.14) to encounter z = z(n,u) and p = p(n,un) explicitly. To circumvent this
impediment, we focus next in two limiting regimes, namely, small p and p — oco.

8.1.1 Small p

In order to reduce the clutter, let us introduce the notation

E*R\/foo,u

7 (8.16)

o=
as this combination appears everywhere. We consider here the case in which p < 1, so that
carrying out the inversion procedure of egs. (8.13) and (8.14) in a perturbative expansion in
i suffices. Furthermore, as an attempt to make explicit computations and capture the effects
produced by the non-minimal couplings, we are going to set A = 0 all along this section (so
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foo = 1). After all, the effect of the GB coupling on (uncharged) Rényi entropies is known [35]
— see also [37, 40, 97, 165] for other studies of holographic RE in higher-order gravities.
Consequently, we can expand z(n, ) and p(n, u) as

x(n, p) = & + 02, @2 + O<ﬂ4> , p(n, u) = dpppn + O (/]3> . (8.17)

By solving egs. (8.13) and (8.14), the coefficients &, 6%, and dp,, can be found to be

o n 4 y/n2+dd-2)
5h - 2(d—2)?23 (2(d* — 1)ay + 22 (d(d— 1)y — 1)+ da) (8.19)
" (d—1)(d(22 +1)—2)(22(d(d—2)a1 — 1)+ (d—2)((2d — 1)y +a2))?’ '
(d—2)in
(8.20)

We recall that aeEéQG, given in eq. (4.26), is the combination that appears in the denominator
of the central charge C; in eq. (4.24). Taking into account these perturbative expansions,
), can be written in the following explicit form:

Ly 2(d — 2)3d
Qu(p) = — ——— 27D 13d=2(52 | 4y 4 AT ( )& s
16mrGR g — (22 = 1)(d(d — 2)a; — 1) (8.21)
+ (’)(;7,4) .

Now, noting that ; = 1, we have

N (p) =

Ldflv_ _ d—2
B 8 Gll’éd 2 [1+ EQGﬂ2
m KXo

+0(i') . (8.22)

Form here, we can infer the following form for the n-th Rényi entropy:

_ LT Vo 28204 (@-2) [ i 2
I CE 2 o 1 - S (d(d - 201 — 1)
aeff
+0(a"). (8.23)

Let us remark at this point that the volume V_; 4_1) is a (diverging) function of the ratio
between the radius of the entangling surface R and a cut-off §. In fact, the leading term
gives an area law,

Vi RT2 _ 2pld-D/2
V_1,(d—1) = o5 iz + ..., where Vgi2= m

(8.24)

It is interesting to keep only the universal part in this expansion, which will provide
us with the regularized RE. In even d, the series expansion of the volume contains a term
log(R/0), and it is clear that the coefficient of this term is universal as it is invariant under
rescalings of the cut-off. On the other hand, for odd d the series contains a constant term.
The universality of this term is less clear, as it could be shifted by performing a rescaling of
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R of the form R — R(1 + ¢d), but we will not worry about this issue here.!? Taking this
into account, one can see that the universal part of the volume reads [164]

a—2

) —) 2 4log(R/§) deven,
a1 = Engq ,  where vz = =) ot (B/0) (8.25)

Am (—) % 2n d odd .
We will use this regularized volume from now on. It is also useful to introduce the following

quantity,
A1 (d~2)/2

e 8.26
“ 778G T(d)2) (8.26)

which represents the universal contribution to the regularized EE in holographic Einstein
gravity. This parameter can also be easily computed for higher-curvature gravities [17, 18]
and in general it coincides with the a-type trace-anomaly charge in the case of even d,
while in odd dimensions it is proportional to the free energy of the corresponding theory
evaluated on S? [164]. Using this parameter, we can finally write our holographic REs as

Sn:na*ud,l 2—24-2(324+1) (d—2G) B _ 24 g
(n—1) 2 et 1- i (d(d—2)ar —1) (8.27)

—1—(’)(;24) .

Let us then explore the properties of these entropies, starting with the relevant case of
the entanglement entropy n — 1. This limit yields

(d—2)%(1 —3d(d —1)aq — da2)ﬂ2
(@ 1) (o505’

It is interesting to wonder about the sign of the coefficient of 42 in (8.28), or more precisely,

1 % —4
SER = 7111_>InlSn =a*vg_1 |1+ + (’)(,u ) . (8.28)

of the quantity
GgSEE _ 2(d — 2)2(1 — 3d(d — 1)0(1 — dOéQ)

p=0 (d—-1) (aeEf?G)Q

In Einstein-Maxwell theory we can see it is positive, so that the holographic entanglement

8.29
S (8.29)

entropy grows when we turn on a chemical potential. Could this be different in other
theories? If the parameters oy and g were arbitrary, this coefficient could have either sign,
but we must take into account the constraints in section 5. In fact, it suffices to consider
the unitarity constraints in 5.1. Let us first note that the unitarity constraint (5.8) can be
expressed as

-2 EqaG

2 3d
S k- >0. .
5+ da1+d<d_2)aeﬁ >0 (8.30)

19 A natural regulator in that case is provided by the mutual information [166], which is a UV finite
quantity.
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Then, we have

d QG 3d -2 gqa

1-3d(d—1)a1 —d ——+42d ———+2d >0
(d=Dar —das = —5— 2+ Mt o 2+ O‘ﬁd(d—z)o‘eff =%
(8.31)
where we simply used that aEQG > 0 and that 3(’d 3y < d%dz for d > 3. Note that the result
we obtain is a strict inequality, since « f?G = 0 is not allowed. Thus, this result implies that

028
SEPEEL S (8.32)
SEE | ,—0

for all the (unitary) holographic CFTs dual to our bulk theories. Given the robustness of
this result, it is very tempting to conjecture that the entanglement entropy should always
grow with the chemical potential for any unitary CFT at zero temperature.?’
Remarkably, it is possible to extend this result to prove that the coefficient of u? for
all Rényi entropies (in eq. (8.27)) with n > 1 is strictly positive. For that, let us note that

for n > 1 we have \/(d — 2)/d < x, < 1. On noting the inequality

(3d —2)
2d
we observe that, defining £ = d(d — 2)a; — 1, for n > 1 we have

1-— (1-22)<2d, d>3,n>1 (8.33)

no

N 342 " EQG .

I I b 7 it s o Gk VLY UL

N @1, a:—l) - EQG >0. (834)
1- aEQG§ - EQGf +(1—-22)¢

eff

The inequalities here follow from the fact that both the numerator and the denominator in
the last term are positive:

3d—2 .2y EQG 2 (1-22)(d—2) <(3d—2) EQG 2 >
- — — -2 \>
54 (1=27)agg +(1-27)€ 5 d(d—2) Qo +2dan 72 0, ©35)

A~ EQG N
(1-22)al?  +(1-22)¢ >0,

3d—2

G A
g H(1-d)6 >

where have used (8.30) and taken into account that 1 > 1—22 > 0 and that (3d 2) (1-22) <1
for every d > 3. By applying (8.34) in (8.27) and taking mto account (8.32), 1t follows that

025,

>0, n>1. (8.36)
Sn,

©n=0

Therefore, we have proven that, as long as unitarity is respected, the Rényi entropies (with

n > 1) always grow when a chemical potential is turned on. Again, it is interesting to

speculate about the possible validity of this result beyond our current holographic setup.
Regarding the case n < 1, we can consider the limit n — 0, which yields

2d-1 (d — 1)n%d? (d — 2)n%d?

1 el —dd—2an"

a* Vdq—1
lim S,, =

n—0 d 1dd 1+

+0(p').  (8.37)

20This is in line with the results of ref. [167] for the holographic EE of an infinite rectangular strip in the
case of 4 # 0 and T = 0.
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For n — 0 the effect of the chemical potential becomes irrelevant, as it scales with n?
relative to the leading term, but we observe that the coefficient of i? is necessarily positive
in d = 3,4, 5, on account of the bound (5.11), coming again only from unitarity constraints.
However, this fails to be true in higher-dimensions, since a; can take arbitrarily large values
ind> 6.

We can finally study the dependence of the REs on the index n. It is known that
standard (i.e., at zero chemical potential) REs must satisfy the following inequalities [35]:

aansnso, ;)n(”;lsn)zo,
8.38
9 o2 (8.38)

(=18 20, S((n—1)Sy) < 0.

an?
It was shown in ref. [45] that these inequalities are also satisfied by the holographic charged
Rényi entropies in Einstein-Maxwell theory. It is therefore interesting to check whether
these inequalities still hold for our holographic higher-derivative theories, assuming that
the values of the couplings satisfy the unitarity and WGC constraints in section 5. Since
the uncharged Rényi entropies for holographic Einstein gravity (obtained by setting = 0
in eq. (8.27)) already satisfy such inequalities [35], it suffices to check that the coefficient of
i in eq. (8.27) fulfills them. This will guarantee that the charged RE also satisfy those
inequalities, at least in the regime where the O(u*) terms are subleading. To this aim, we
show in figure 8 the profile of O%Sn /S1 |u:0 for a few values of o1 and a9 which are allowed
by the physical constraints in d = 3,4. We check that all the previous inequalities indeed
hold for our EQG theories.

It is quite impressive that all of the properties one expects to find in Rényi entropies are
satisfied whenever the parameters of the bulk theory are taken to satisfy a minimal set of
physical constraints. We remark that for arbitrary values of a; and as one could obtain very
different results, and even divergencies in the RE. In fact, we have been able to observe that
choosing values of these couplings that do not satisfy all the constraints obtained from causal-
ity /unitarity and the WGC does lead to these problems. Instead, for the physically sensible
values of these parameters, the chemical potential always increases the amount of entan-
glement and the REs have the same qualitative features found for Einstein-Maxwell theory.

8.1.2 Large u

Let us now study the opposite limit, y — oco. First it is convenient to revise this limit in
the case of Einstein-Maxwell theory [45], since this will inspire us to properly generalize the
study for our EQG (2.30). For that, let us write the temperature T = (2rRn)~! and the
chemical potential i in this particular case:

1 1 2p2a? _ pT
—| == l|de*—(d-2) - = : .
From here, one can solve for x to find:
1 2d(d — 2)%n? _
=—|1 1+d(d—2n?+ ——F2—n2 4
Z| gy nd[+\/+ ( n? + (d—1) (8.40)
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— Einstein-Maxwell

— Einstein-Maxwell

n n

Figure 8. The coefficient of i in the Rényi entropies for d = 3,4. We have used different values for
the couplings a1 and as which are compatible with unitarity and the WGC. Remarkably enough,
we find that all inequalities (8.38) are satisfied.

In the limit g — oo, we infer that
2 1 1
=d-2)|————Fp+—+0(=
v = (4= 2)) [ Gy g+ (#)

fd@-1) -1 1
Plem = 2 _2n(d—2)ﬂ+o<ﬂ2)'

(8.41)

Given this structure for the perturbative expansions of z and p as ji — oo in the Einstein-
Maxwell limit, we expect the corresponding perturbative expansions for our EQG theories
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to keep the same form:

1 _ 1
i i fi

In fact, taking these ansétze into egs. (8.13) and (8.14), we find:

_i\/1— 1—pdd—1) o (d=2)(3d - )
o= 8 T T AR+ (A= 1)(d—2)
= (d - 1)\/f;(1 - QP%Oél)po (843)

2nzy(d(d—1) —pg)

((3d — 8)p3 — 3d(d — 1)(d — 2))p_121 + 2/n(3d — 4)(d — 2)\/FoopPir1
dpo(pg + d(d — 3) + 2) ’

Tro —

where the sign of py coincides with that of . Taking into account the previous relations
and egs. (8.11) and (8.15), the Rényi entropy in the limit 1 — oo turns out to be:

o (LR iald2) (d—2)(3d — Ypov/To \ "'
ﬁh—>nolo Sn = Va1 8GT(d/2) (1+2a1p7) (d(p% T (d—1)(d- 2))> . (8.44)

In analogous fashion to the Einstein-Maxwell case, we observe that Rényi entropies are
independent of n as 1t — oo and they scale with u4~!. Let us note that, since the dependence
with n becomes trivial for large p, it is very likely that the inequalities (8.38), that we
showed to hold for small i, are actually satisfied for every u. Regarding the sign of the
corrections, we note that this is not definite. Since a; > 0 on account of the WGC, this
coupling always has the effect of increasing the value of the RE. On the other hand, by
looking at the dependence of 1 on 8 (which again must be non-negative) we see that it
is a decreasing function for d = 3,4 and a non-monotonic function for d > 5. Hence, the
corrections can either increase or decrease the value of the RE depending on the relative
values of the couplings and on the dimension. In spite of this, we notice that this quantity is
always positive providing that the WGC is satisfied. If, contrarily, one were not to impose
the WGC bounds, then a7 could get arbitrarily negative, since this behavior is allowed
by the unitarity constraints as shown in figure 1. Therefore, in order to avoid the RE to
become negative at large chemical potential, unitarity is not enough, but we also need to
impose the WGC.

8.1.3 Exact result: an example in connection to the WGC

Let us finally take a look at the exact value of the Rényi entropy as a function of p and
n. Performing a thorough analysis would require a separate work due to the large number
of parameters and variables involved, so let us study a quite illustrative example. First,
we set d = 4, since this is the most interesting case. Then, for a given choice of couplings
{\, a1, e, B} we need to solve (8.13) and (8.14) in order to obtain S, (u) according to (8.11).
However, it can happen (and we have observed that this is the case for some values of the
couplings) that the equations (8.13) and (8.14) have several admissible solutions for the
same n and p. If this happens, it denotes the existence of multiple phases, and in that case
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one must choose the one with smallest value of 2, which is the dominant one. Then, we wish
to study the profile of S, (1) when we take into account the physical constraints in section 5
as well as those in section 6.2.3, that as we saw ensure the existence of a large p limit.

We perform the following experiment: we take a set of random values of the couplings
satisfying both WGC and unitarity constraints, and a second set of couplings that satisfy
unitarity but not the WGC. We then study the properties of the RE for each set. The details
of course depend on the particular values of the couplings, but we show a representative
example in figure 9. In the left column we have represented S,,/S1 (and also (n—1)/n(S,/S1)
and (n — 1)S,/51) as a function of n, for several values of i, for a set of couplings that do
not satisfy the WGC (but that do respect unitarity). In the right column, we show the
same quantities for a different choice of couplings that now respect both unitarity and the
WGC. The differences are stark. While in the right column, the RE is always positive
and respects the inequalities (8.38), the RE for the theory that breaks the WGC violates
the second and third of them when g becomes large enough. Furthermore, the RE even
becomes negative in that case.

Certainly, this is only an example, but looking at randomly generated couplings we have
not found any instance of a theory that satisfies the WGC and unitarity and behaves as in
the left column. In fact, in all those cases we obtain plots similar to those in the right column
of figure 9. Thus, it seems that the WGC bounds are key to produce a sensible dual CFT.

8.2 (Generalized twist operators

A very interesting notion in the context of Rényi entropies is that of twist operators, which
possess a great deal of information about the CFT. Let us remember that in the computation
of Rényi entropies for some region A via the replica trick one uses the following result

Trp’y = Zn , (8.45)
1
where Z, is the partition function of an n-fold cover of Euclidean space in which cuts have
been introduced in A. Along these cuts the k-th geometry must be glued to the (k + 1)-th
one by implementing appropriate boundary conditions [157].

However, an alternative route to compute this quantity involves the insertion of
dimension-(d — 2) operators o, (the twist operators) extending over the entangling surface
¥ = 0A [35, 38, 157, 168]. Then, the path integral over the replicated geometry can be
replaced by a path integral for the symmetric product of n copies of the CFT, with the
op, inserted, on a single copy of the geometry. One can then obtain the desired trace of
p'y as the expectation value of these twist operators, Tr p"y = (0,,), computed in the n-fold
symmetric product CFT.

It is possible to define a generalized notion of conformal dimension for the twist operators
by performing an insertion of the stress-energy tensor T,; at a small distance y from X. In
particular, the leading singularity of the correlator (T,;0,,) takes the form [35, 38],

@ bab

<Tab0'n> = _27[_W7 (846)
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Figure 9. Rényi entropies as function of n for two particular choices of couplings in d = 4. From
blue to red, the different curves correspond to ji/v/foo = 0,1,...10. Left: a theory that satisfies
unitarity constraints but not the WGC: {\, a1, as, 8} = {0.052,-0.100,0.875,0.0049}. Right: a
theory that satisfies both unitarity and WGC bounds: {\, a1, as, 8} = {0.077,0.057, —0.596, 0.023}.
The standard properties of Rényi entropies may be violated if the WGC is not satisfied.
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where b, is a fixed tensorial structure and h,, is the conformal dimension of o,,. In the
case of a spherical entangling surface, and with a finite chemical potential, the conformal
mapping from flat space to the hyperbolic cylinder allows one to show that [35, 45]

2mn
d—1

hn (1) = RY(E(To, = 0) = E(To/n, 1)) (8.47)

where (T, ;1) is the thermal energy density of the theory placed on S' x H"(R).

Likewise, when a chemical potential is present, we also have at hand its associated
current J?, and one can also study the correlator (J,op,(p)). In this case, the leading
singularity takes the form [45]

(acn(i)) = P2 T (8.48)

where 7, is again a fixed structure determined by the geometry of the setup. The coefficient

kn(p) is the magnetic response of the generalized twist operators, and for a spherical
entangling surface it can be computed as

kn(p) = 2mnR™ " p(n, ) , (8.49)

where p(n, 1) is the charge density of the theory on S' x HY'(R) at temperature T = Ty/n
and with chemical potential p.
It is then interesting to consider the expansion of h,(u) and ky(p) around n =1 and

p=0,

oo (0.) 1
ha(p) =Y mhlm(n - 1)'um,

oo o0 1 m
kn(p) = Z Z Wklm(” - 1)ZN )
I=0m=0 """

where

Bim = () (0,)™ (1) Ftm = (90) (D) ™o (1) : (8:51)

n=1,u=0

As shown by ref. [45] (and by refs. [25, 35, 38] in the case of h,, for u = 0), these coefficients
involve integrated correlators of the form (T'...TJ...J). In particular, the few first

n=1,u=0 ’

coefficients are related to two or three-point functions of 7" and J, and therefore have
a universal form for any CFT. These relations were derived in [35, 38, 45] from first
principles, but here we will see that they can be equivalently derived by using holography
with higher-derivative terms.

8.2.1 Conformal dimension of generalized twist operators

Let us start by studying the conformal dimension of the generalized twist operators, given
by eq. (8.47). Holographically, the energy density £ is nothing but the mass of a hyperbolic
black hole over the volume of the hyperbolic boundary, i.e.,

E(T, ) = M(T, p)

L RTT (8.52)
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This can be obtained from eq. (3.21) by setting &k = —1. Observing that M (Tp, u = 0) =0,
by virtue of (8.47) we have

I e DY SN RS d—4
hn (1) S(d— VTG (d 1)( T 42 + A )
(8.53)
2,.d _ 4,.d
+ (Zp_ ) (1 _ (dxﬂ 2) (3(d—1)aq + ag)) - (365_ 4)] ,

where as usual we have introduced z = r /L, p = QL/rﬁlfl, which depend on n and p
through the relations (8.13) and (8.14). For n =1 and p = 0, those equations are solved by
x =1/v/fsx and p = 0. We can then perform an expansion around those values to find

R S O VI (M*R>2 (d—2)2f32 (1 — 01 (3d+2)(d— 1) foo — ct2df0) .
Vo (d—l)\/f; L (d—1)2(2—foo) (aEéQG)Z Y
p= (“ gL*R> (d;%g“ (8.54)

(d=2)fo (14 a1 (d—2) (A= 1) oo+ an(d—2) )
(d-1) (aB26)’

where we only show the terms that we will need. From these expressions it is straightforward
to obtain the expansion of h, in (8.53) and to read off the values of the derivatives. In the

first place, we find
1—2\fs [ L \*!
hig = 8.55
" 4(d—1)G(\/fTo> | (529

and comparing with the value of the central charge Cp four our theory, given by eq. (4.9),

+(n—1)

we realize that this relation can be written as

a/241 L(d/2)

hio = 2
W= T2

Cr. (8.56)
This is precisely the relation found in ref. [35]. In a similar way, the second derivative of h,
at vanishing p, that is, hog, is completely determined in terms of C'r and the 3-point function
coefficients to and t4 [25, 38]. Those relations have been shown to be identically satisfied
for holographic higher-curvature gravities [22, 25, 97]. Thus, let us turn our attention to
the derivatives of h,, with respect to u, which, to the best of our knowledge, have not been
studied in detail for higher-derivative theories.
From (8.54) and (8.53) we find

ho2 = —

(d—2)2R? / L \%¥32d—3—(d—2)fo ((6d—1)(d— 1)y + (2d — 1)as)
w1y (77) (o1
(8.57)
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Now, looking at eqs. (4.24), (4.26) and (4.54), we see that this expression can be written in
terms of the central charge C; and the flux parameter as as

Cymtor (3)
(d—1P30(d+ 1)

hoz = —(27R)? ((d —1)d(2d — 3) + as(d — 2)2) . (8.58)

Finally, we can write it in terms of the (T'JJ) coefficients ¢ and é using the relations (4.59)
and (4.60), and we get?!

ded=t 2
h02 = —(27TR)ZW <dc + e) s (859)

which is precisely the result in eq. (2.45) of [45] and which applies to any CFT.??

8.2.2 Magnetic response of generalized twist operators

Let us now take a look at the magnetic response k&, (1), which we can compute using the
relation (8.49). The charge density in the boundary theory is simply

liq
= 8.60
p(n, 1) RV 0 (8.60)
where ¢ is given by eq. (3.17). Therefore we get
nt,Q 0L
kn(p) = 5G — ag T (8.61)

By using (8.54) we can easily expand this quantity near n = 1 and p = 0 and read off its
derivatives. For the first derivative with respect to p we obtain

d+2
(d—2)ZR ( L )d_s d/2+1 r ( 2 )

ko1 = = .62

01 8 Rr(d 1)CJ, (86 )

2GO&E§G Vv foo

where in the second equality we used (4.24). Again, up to a factor of (2rR) that arises
from different normalization conventions for p, this coincides with eq. (2.57) of [45]. We
can also compute the mixed partial derivative k11, which yields

C[d=2BR[+ (=D (A= Doy +az)] (L |
e A(d - )G (aeEf?G)Q (Vf?) ' (8.63)
This can be express in terms of Cy (4.24) and ay (4.54) as
ARCm2 1T (4)
kll = (d _ 1>2F(d 4 1) (d(d - 1) - G‘Q(d - 2)2> ) (864)

213We could of course derive this relation directly from the values of & and é for EQG, given by eq. (4.63),
but we find it interesting to show the intermediate expression in terms of C';y and as.

*2Note that we have an additional (27 R)? factor with respect to [45], which comes from the fact that they
normalize the chemical potential with a factor of 1/(27R), that we do not introduce.
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or in terms of the (T'JJ) coefficients (4.63) as

16791 R

k=
T Ard+ 1)

(2¢ —d(d—3)é) . (8.65)
Thus, we reproduce in this case eq. (2.56) of [45]. Let us remark that ref. [45] checked that
these relations held for holographic Einstein-Maxwell theory, but that case is somewhat
restricted as the dual theory has as = 0. To the best of our knowledge, this is the first
holographic derivation of these universal relationships in a theory with a general (T'J.J)
three-point function.

9 Conclusions

We have carried out a general analysis of the holographic aspects of the Electromagnetic
Quasitopological gravity theory given by (2.30). This is a theory containing a (d — 2)-form,
but as we have seen it can be dualized into a theory with a vector field, and we use this
formulation to make contact with holography. One of the most interesting aspects of this
theory is that it contains non-minimal couplings, which affect the central charge of the
two-point function (J.J), and more importantly, give rise to a non-vanishing parameter as
(see (4.54)) that controls the angular distribution of the energy one-point function (4.31).
This in turn means that the boundary theory has a general (T'J.J) correlator. Therefore,
we can probe holographic CFTs beyond the universality class defined by Einstein-Maxwell
theory. In addition, the special properties of the EQG theories allow us to carry out a fully
analytic and exact study of many of their holographic aspects, so we do not have to restrict
to the perturbative regime.

One of the main questions we tried to answer is that of how the physics of the CFT
can change while satisfying physically reasonable conditions. Thus, we have constrained the
couplings of our bulk theory by demanding that the boundary CFT respects unitarity. This
means that the central charges Cr and Cj, as well as the energy fluxes (€ (7)) and (€ (7)) 7
(see resp. (4.31) and (5.3)), have to remain positive. We also studied the constraints coming
from demanding causality in the bulk in the background of a planar neutral black hole. In
the case of gravitational fluctuations, it is known that these causality constraints imply the
positivity of the energy flux (£ (7)) [95, 102-104]. Here we have shown that demanding
that the electromagnetic waves do not propagate faster than light is equivalent to the
constraints obtained from the positivity of (£ (77))s. These causality bounds follow from
looking at the phase velocity of electromagnetic waves close to the boundary of AdS. We
have not observed additional causality constraints when extending these conditions deeper
into the bulk, but our analysis in this regard is limited due to the number of parameters
involved, so it would be interesting to do a more thorough search of causality constraints in
the bulk interior, as in ref. [151]. Likewise, it would be desirable to extend these bounds to
the case of charged black hole backgrounds.

One of the novelties in our analysis was the inclusion of constraints from the weak
gravity conjecture. As proposed by ref. [73] and recently explored by ref. [75] in the case of
AdS, the so-called mild form of the WGC demands that the corrections to the entropy of
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thermally stable black holes be positive in the microcanonical ensemble. This implies in
particular that the charge-to-mass ratio of extremal black holes is corrected positively [124],
which is the most familiar form of the WGC for asymptotically flat black holes [74, 123].
However, demanding the entropy corrections to be positive is a more general condition than
that and is amenable to the AdS case. When applied to spherical (and planar) black holes,
we obtain constraints on the signs of (certain combinations of) the couplings, and these
become very powerful when combined with unitarity/causality bounds. In fact, we obtain
that the couplings a1, az and A of (2.30) can only lie in a very small compact set of R3
in d = 3,4,5. The only parameter that can be unbounded is 8, which is simply required
to satisfy > 0 by the WGC. However, we suspect that additional causality /unitarity
conditions should provide an upper limit for 5.

Now, when the positivity-of-entropy bounds are implemented instead for hyperbolic
black holes we find something quite remarkable that was not noticed in ref. [75]: some of
the constraints become incompatible with those coming from spherical black holes. For
instance, demanding that the corrections to the entropy for large spherical black holes and
for hyperbolic black holes (both of which are stable) be non-negative can only be achieved if
the GB coupling is vanishing, A = 0. This looks like an unreasonably strong constraint, even
more taking into account that a positive GB coupling (which is the sign imposed by 65 > 0
in spherical black holes) is explicitly realized in string theory effective actions [126, 127],
which should be compatible with the WGC. This calls into question the validity of the
WGC bounds for hyperbolic black holes, and thus we decided to trust only the conditions
imposed by the spherical case. As we see later, this leads to quite reasonable physics even
when hyperbolic black holes are concerned, e.g., for Rényi entropies — we comment on this
below. However, it is also worth mentioning that ref. [78] recently provided examples of
string theory realizations in which A < 0. If the sign of A can be arbitrary within string
theory, this would indeed contradict the positive-entropy bounds of [73] as well as the results
of [130]. Hence, one would conclude that these bounds are too strong, and perhaps only a
weaker version of them holds true — for instance, one could think of applying these bounds
only to spherical near-extremal black holes. Clearly, all of this deserves further attention.

Next, we studied the thermodynamics of charged plasmas for these holographic models.
For Einstein-Maxwell theory, a single phase exists for any value of the temperature and
chemical potential, so we focused on the question of whether new phases could appear in
the higher-derivative theory. We have seen that several branches of solutions may indeed
appear, and for large enough couplings we even find zeroth-order phase transitions from the
usual Einstein-Maxwell-like branch to a new exotic phase. However, this situation always
comes accompanied of the quite unphysical phenomenon of not having a large u regime —
i.e., no black hole solutions exist if i is too large. An interesting question is whether this
scenario can be avoided when the physical constraints are implemented. As we have seen,
the coupling 8 has a somewhat different status in our action, as it is poorly constrained,
so we looked first at the case of 5 = 0. We have seen that the exotic absence-of-solutions
behavior (as well as the existence of phase transitions) is completely ruled out by the
constraints in d = 3,4 dimensions, for which the WGC bounds prove to be essential. In
fact, for d = 4 the constraint we get on «; is exactly the one that marks the existence of the
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phase transition. When S # 0 this kind of behavior in the thermodynamic phase space can
take place, but as we have argued, this coupling is not properly constrained. Overall, we
tend to think that these exotic phase transitions are unphysical and it would be interesting
to investigate if additional unitarity/causality conditions could rule all of them out.

We further studied the shear viscosity of these plasmas, focusing on the physical case
where a phase exists for arbitrary values of the chemical potential. Our result for the
shear viscosity to entropy density ratio 7/s provides a non-perturbative and d-dimensional
generalization of the computation of ref. [49]. In general, this ratio — see (7.20) — is a
function of the chemical potential, and the departure from the 1/47 value is controlled by
two terms, one of them proportional to the GB coupling A, and another one proportional
to the ao parameter. Taking into account unitarity and WGC bounds, we find that the
behavior is quite different depending on the sign of as. A negative value as < 0 leads to very
reasonable results: the shear viscosity to entropy density ratio is always a growing function
of 1 and it has absolute minimum and maximum values, given by eq. (7.31), so that it
never departs much from the 1/47 prediction. It is worth mentioning that QCD belongs to
this class, a?CD < 0, so it would be interesting to study if QCD quark-gluon plasma shares
any of the qualitative properties observed on our holographic models. On the other hand,
we have seen that as > 0 can lead to n = 0 without violating any of the physical conditions,
as long as the chemical potential is large enough. In fact this can be achieved in a theory as
simple as the one with only as active. It would be very interesting to understand, even in
that simple model, if other mechanisms could prevent the vanishing of the shear viscosity. A
typical argument to rule out large corrections to 7/s in holographic higher-order gravities is
that of ref. [106], which, in essence, implies that only perturbative couplings are consistent
in order to respect causality in theories with a non-Einsteinian three-point structure for the
graviton. However, this reasoning certainly cannot be applied to the terms with s in (2.30)
(since they do not affect the three-point function of the graviton), so we do not have a
concrete argument by which as should be perturbatively small. Still, it would be convenient
to investigate other constraints, e.g., causality in charged backgrounds in the bulk interior
or the existence of plasma instabilities [30, 52, 156], which could avoid reaching too small
values of 1. Otherwise, this example could indicate that in certain CFTs it would possible
to reach an arbitrarily low viscosity by turning on a chemical potential.

In the final part of the paper we studied holographic charged Rényi entropies and their
associated generalized twist operators, both of which are related to the thermodynamic
properties of black holes with hyperbolic horizons. We observed that, providing that the dual
CFT respects unitarity, the chemical potential always increases Rényi entropies with n > 1.
Furthermore, standard Rényi entropies are known to satisfy a number of inequalities as a
function of the index n — see (8.38) — so we wondered if these held in our higher-derivative
theories as well. As it turns out, these seem to be always satisfied if one assumes all of the
constraints we have studied. However, if one gives up the WGC bounds, it is found that
the RE can violate some of these inequalities, and they could even become negative — see
figure 9. It is quite remarkable that the WGC avoids this behavior, which points in the
direction that the WGC bounds in AdS are necessary in order to give rise to a sensible
theory in the boundary.
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We finally computed the scaling dimension h,(u¢) and magnetic response ky(u) of
generalized twist operators, as introduced by ref. [45]. By using the entries for the holographic
dictionary of the EQG (2.30), we have obtained a series of relationships between the
derivatives of hy,(u) and k,(p) at n =1, p =0 and Cp, C; and the coefficients of (T'J.J)
(see egs. (8.56), (8.59), (8.62) and (8.65)). These are actually universal relations that hold
for any CFT, and they were first derived from first principles in refs. [35, 45]. The fact that
one can independently derive these results by using holographic higher-derivative theories is
a proof of the power of this approach to learn about universality in CF'Ts. It is remarkable
how everything comes together taking into account the number of computations involved in
obtaining these formulas from two completely different approaches.

Let us close by commenting on additional future directions. On general grounds, it
is necessary to get a better understanding of the WGC in AdS space; in particular, to
understand what are the implications of this conjecture for the dual CFT. Also, the
issue about the positivity-of-entropy bounds in hyperbolic black holes, and in general, the
regime of validity of these bounds, should be clarified. Regarding the Electromagnetic
Quasitopological gravities we presented, there are some holographic aspects of these theories
that we did not address here, but that could be worth pursuing. This includes studying
the thermodynamic phase space of CFTs in a sphere or carrying out a more general
hydrodynamic analysis, including for instance the study of conductivities. These theories
could also be interesting in the context of holographic superconductors [31-33, 41]. The
higher-order Electromagnetic Quasitopological gravities introduced in section 2.4 will also
provide interesting holographic models for future endeavors.
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