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Revisiting the thermodynamic relations in AdS/CMT models
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Motivated by the recent unified approach to the Smarr-like relation of anti-de Sitter (AdS) planar
black holes in conjunction with the quasilocal formalism on conserved charges, we revisit the
quantum statistical and thermodynamic relations of hairy AdS planar black holes. By extending the
previous results, we identify the hairy contribution in the bulk and show that the holographic computation
can be improved so that it is consistent with the bulk computation. We argue that the first law can be
retained in its universal form and that the relation between the on-shell renormalized Euclidean action and

its free energy interpretation in gravity may also be undeformed even with the hairy contribution in hairy

AdS black holes.
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I. INTRODUCTION

It has been known that black holes behave just like
thermal objects after Bekenstein and Hawking’s pioneering
works on their physical properties [1,2]. This thermody-
namic behavior of black holes is regarded as a universal
nature of black holes reflecting the hidden physics of
black holes.

One of the universal formulas in black hole physics is the
expression of the first law of black hole thermodynamics.
For Kerr-Newman black holes of the mass M, the angular
momentum J, the U(1) charge Q and the Bekenstein-
Hawking entropy S, the first law takes the following form,

dM = TydS + QdJ + udQ,

where Ty, Q and p denote the Hawking temperature given
by the surface gravity, the angular velocity at the horizon
and the U(1) chemical potential. It would be amusing to
recall that the no-hair theorem of black holes in the
asymptotically flat spacetime is consistent with the above
form of the first law. Based on the black hole uniqueness
theorem, the first law is established in Einstein gravity [3],
and then it is shown to hold in the generic covariant theory
of gravity [4,5]. Now, it is regarded that the first law in the
above form is the universal property of black holes. This
form of the first law has been checked in various black
holes even for the asymptotically nonflat spacetime, for
instance, for anti-de Sitter (AdS) or Lifshitz black holes.
Another interesting aspect of the thermodynamic relation
in black hole physics is the interpretation of the (renor-
malized) Euclideanized on-shell action value as the free
energy or thermodynamic potential in the (grand) canonical
ensemble. This relation, which is usually called the
quantum statistical relation, could be written as [6]
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where [, denotes the on-shell action value and f is the
periodicity of the Euclideanized time coordinate and is
related to the Hawking temperature as Ty = 1/f. Though
this relation may be very plausible from the analogy
with the path integral formulation of finite temperature
quantum field theories in the flat spacetime, the validity
of the relation is not warranted partially because the
quantum formulation of gravity is not yet accomplished.
Nevertheless, one can establish the validity of the relation
for Kerr-Newman black holes in the asymptotically flat
spacetime. Moreover, the quantum statistical relation as
well as the first law are established rigorously even for the
asymptotically AdS rotating charged black holes [7,8].
Contrary to the asymptotically flat spacetime, it has been
known that hairy black holes exist in the asymptotically
AdS spacetime, and in fact these black holes are essential
ingredients to various AAS/CMT models. Especially, the
holographic superconductors utilize hairy black holes to
realize the Cooper pair condensate as the dual to the scalar
hair in the AdS black holes. These hairy configurations lead
us to pose the following question: Where are hairy
contributions in the above forms of the first law and/or
the quantum statistical relation?

In this paper, we would like to address this question and
show that various results on the thermodynamic relations in
the AdS/CMT models can be interpreted in such a way that
the hairy contribution appears as the deformation in the
expression of conserved charges, but not in the first law nor
in the quantum statistical relation. This interpretation turns
out to be consistent with the Smarr-like relation, which is
shown as a kind of other universal relation among charges
on the AdS planar black holes. We will present explicit
examples to show that various results on the planar black
holes in the AAS/CMT models can be understood in our
framework.
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II. REVIEW

As is well known [6], the path integral approach to
quantum mechanics tells us that the Euclidean action for
gravity corresponds to the thermodynamic potential in
the system under consideration by identifying the perio-
dicity f of the Euclidean time 7 with the temperature 7 = %
In the setup of the grand canonical ensemble, one may also
introduce various chemical potentials p; associated with
charges C;, which are conserved in the sense that
[H, C;] = 0. The charge, ¢, of the field ¥ may be specified
as [C;, W] = ig?V¥ in the operator language. The field ¥
should satisfy the appropriate twisted boundary condition

Y(r+p) = ezi”"qfw‘l‘(r) along the Euclidean time
direction.

Then, the (grand canonical) partition function Z(f, u;) is
represented by the path integral as

Z(ﬂu“i) = Trg_ﬁ(H_Zi”"Ci) :/ DY~ !¥] — o—1,[¥] + ..,

where 7,[¥] denotes the on-shell renormalized action.
By writing the thermodynamic potential, W = — %ln Z, in
terms of thermodynamic quantities as W =M —TS—
> i1iC;, one may say that the leading contribution to the
thermodynamic potential W is related to the on-shell
renormalized action value as

W_M—TS—ZMC,.:%I,[\P]. (1)
1

The above argument for the on-shell action value seems to
be very plausible but is not self-evident, especially in the
theory of gravity. That is to say, the quantum statistical
relation should be taken with some caution, due to the fact
that the renormalization process has some intrinsic ambi-
guity unless we impose some renormalization condition.
Furthermore, in the context of gravity, the characteristics of
conserved charges are slightly different from those in field
theory partially because charges in gravity are defined by
the integration over the surface, not the integration over the
bulk. Even with these difficulties, the validity of the
quantum statistical relation has been shown in some
specific cases [7,8]. In Ref. [8], it was shown that

1]
ﬂ r
where Q(&) denotes the charge for the Killing vector
§=0,+Q0,. See Lemma 5.1 in Ref. [8]. For the sta-

tionary black holes in the asymptotic AdS space, the above
equation becomes

1
Furthermore, it was shown that the first law from the
holographic computation can be completely matched with
Wald’s bulk approach in the form of

V] = 0 (&) — Q5(9). (2)
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dM = TydS + QdJ + udQ. (4)

In this derivation of the quantum statistical relation, the
(relaxed) Dirichlet boundary condition is chosen, and when
the conformal anomaly function vanishes, the charge
Qo (&) is shown to be composed only of the metric and
gauge fields parts (see Eq. (4.31) in Ref. [8]):

0 (&) = 04 (&) + 05(9).

Interestingly, this bulk result is also shown to be consistent
with the boundary stress tensor method in Ref. [8], when
the anomaly for the conformal symmetry is taken to vanish
under the (relaxed) Dirichlet boundary condition.

In contrast, it has been observed that the scalar hairy
contribution could enter the charge Q. (&) in some AdS/
Condensed Matter Theory(CMT) models [9-12] and the
corresponding hairy black holes [13—15]. Then, one may
presume that all the hairy contributions could be incorpo-
rated into the mass or the angular momentum of hairy
(planar) black holes and may retain the above quantum
statistical relation, Eq. (3), and the first law, Eq. (4).
However, there are various examples, which show the
explicit hairy contribution to the thermodynamic relations.
For instance, in Refs. [9,10], the hairy contribution enters in
the first law, and this modified first law is used to explain
the numerical results. These results invoke the questions as
to how we should improve the generic derivation of the
quantum statistical relation and the first law. In the
following section, we show that all these results can be
understood from the bulk side by using the appropriate
mass expression and modifying the general derivation
through the one-parameter path integration. Furthermore,
we confirm this result is consistent with the AdS/CFT
correspondence from the boundary computation by using
the improved boundary current.

Before going ahead, it would be better to clarify the
meaning of the scalar hairs and the boundary conditions of
scalar fields. In our setup, especially in the context of the
AdS/CMT correspondence, the scalar hairs correspond to
free parameters of black holes just like the mass or angular
momentum. Accordingly, we use the terminology of the
hairy contributions from scalar fields to stand for those
from normalizable modes, not from non-normalizable
modes which correspond to the fixed boundary values or
the sources on the boundary. In planar black holes, both
modes of the scalar fields in the asymptotic expansion of
the radial coordinate could be normalizable ones.
Therefore, our question about the scalar hairy contribution
corresponds to the role of these two modes in various
thermodynamic relations under the Dirichlet boundary
conditions."

'Note that the hairy contribution corresponding to the multi-
trace deformation could also be analyzed by the mixed boundary
conditions [16].
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III. REVISIT TO THE ON-SHELL
RENORMALIZED ACTION

Though there is a rigorous derivation of the quantum
statistical relation of AdS black holes under the (relaxed)
Diriclet boundary conditions [8] (see Ref. [16] for the
approach in the case of the mixed boundary conditions), it
does not cover the class of hairy black hole models in the
AdS/CMT correspondence. In this section, we revisit
thermodynamic relations of those black holes in a generic
setup to clarify our claims and show that these cases could
be interpreted nicely with our construction. In the follow-
ing, we focus on the Dirichlet boudnary conditions, for
definiteness.

A. Case without the anomaly

The generic variation of the D-dimensional bulk action /
could be written as

SI¥] = - 6 & [ dPxd(y=gL)

1
162G

/ dPx[\/~GEwSY + 0,00 (59)).

One may write the boundary action in terms of the surface
integral at n =7, as

1 _
Iy + 1= m/n% dPVx,n*\/=y(Leu + Let).

where n* denotes the outward normal vector to the
boundary surface at # = 7. The on-shell Noether current
for the diffeomorphism parameter { of the bulk action 7
could be introduced in the form of

JH(E) = §'/=gL — O (£¥) =

where K" denotes the Noether potential and ®" is the
surface term in the above action variation for the Lie
derivative variation as 6% = £,¥. The contribution of the
Gibbons-Hawking and counterterms near infinity may be
incorporated by modifying the ®-term and the Noether
potential as

a, K™, (5)

O (8Y)],—y, = O (8¥)],—,
= 0"(8¥)|,—,, + n"5[\/=r(Leu + L)), (6)

Kﬂv|r]:r]0 - kﬂy‘n:no = Kﬂy’q:no + ZCl[gny] V _y(LGH + Lct),
(7)

where we have assumed that the generic variations do not
change n#, ¢* and ¢%. One may note that the Noether
potential K* typically diverges in the asymptotic AdS
space, and the counterterms are introduced, by definition,
to render it finite. More precisely, the counterterms should
be considered as the essential ingredients to pose the
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well-defined variational problem [8,16]. In the explicit
examples given in the following section, we adopt this
property to determine the counterterms explicitly.

Now, let us recall that the Abbott-Deser-Tekin (ADT)
potential [17-20] for the bulk action / is given by the
combination of the Noether potential and the ®-term in the
form of

2y/=9Qpr(é) = 6K*(¢)

which gives us an infinitesimal conserved charge for the
Killing vector &,

- 28reH(5%),  (8)

1 D2
G [ I 9)

Remarkably, this charge expression can also be obtained by
the covariant phase space method as the covariant
Hamiltonian [4,5]. The existence of the improvement
surface term of the form @Y is now rather well under-
stood and is important to establish the first law of black
holes through Stokes’s theorem.

As was emphasized in Refs. [21,22], the ADT approach
depends only on the bulk equations of motion. Henceforth,
the conserved charge expression should be independent of
the surface terms like the above Gibbons-Hawking, coun-
terterms or additional boundary terms required for boun-
dary conditions other than the Dirichlet ones. Indeed, by
using Eqgs. (6) and (7), one can check explicitly that the
modified Noether potential K**- and ©-terms lead to the
same ADT potential,

60(8) =

2/=g0n (&) = K™ () — 2616 (59)
= 5K™(&) - 2&rev (59)
_2\/_QADT() (10)

We would like to emphasize that the boundary conditions
are taken into account because the field variation in the
above expressions means the variation along the one-
parameter path in the solution space, which respects the
boundary conditions by construction.

Let us recapitulate the results in Ref. [8], which are
relevant in our contexts [23]. In Einstein gravity, it was
explicitly shown in Ref. [8] [see Eq. (3.46)] that the ®-term
at n = 5, becomes

O (89|, = '/ ~7[T4y;; + 1,0, (11)

By taking the conformal boundary condition such that the
variation at the boundary should be given by a Weyl
transformation 6 — &, [see Eq. (A3) in the Appendix], one

can see that ©(5,%) ~ n*Adc, where A denotes the

unintegrated anomaly [8,24], and thus ©" vanishes when
the unintegrated anomaly A vanishes.

Notice that the integrability condition to obtain finite
conserved charges is given in the form of [25]
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0= /d P, 0,6 (0,) - 500 W). (12)

which is satisfied automatically under the unintegrated
anomaly vanishing condition A = 0. Therefore, under the
condition A = 0, the finite integrated conserved charge

could be determined just by K as

1
87G
1
~ 812G

+2§Bn

(&) = /dD zdx K’w(fs)

42, K ()

U]\/:?(LGH + Lct)]‘

Moreover, it is straightforward to infer from Egs. (A2)
and (AS5) that this expression gives us the same charge

expression from the boundary stress tensor T7,

0s) = gog [ T (1)

In this case, hence, our construction is completely con-
sistent with the results in Ref. [8]. In the Appendix, we
show that the improved boundary current gives us the same
results with the above bulk expressions.

Now, let us consider the relation between conserved
charges and the renormalized on-shell action value. First,
let us recapitulate the derivation of the quantum statistical
relation given in Ref. [8]. Recalling the relation given in
Eq. (5) between the on-shell Noether potential and the
Lagrangian value and using Eq. (6) with 6 = £, it is
straightforward to obtain for the stationary Killing vector &y

/dD‘lx\/—gL +/dD_2xini\/ ~7(Lou + Let)

_ ( L - /B )dD_zx,wi(W(sz)' (14)

The left-hand side of this equality is nothing but the on-shell
renormalized Lagrangian integrated over the relevant
domain except the Euclidean time integration, and the
right-hand side corresponds to the conserved charges at
infinity and on the horizon, when the unintegrated trace
anomaly vanishes. If the gauge is chosen appropriately, the
conserved charge at infinity and on the horizon may be
identified, respectively, as

1

Ouer) =1 | "7

1 ~
D-2 K* =T
1671'G/Bd xﬂl/ (é:H) HS’

WK (&) = M = QJ — 0,

QB(‘:H) =

where the conserved charge on the horizon is identified with
the black hole entropy a la Wald [4,5]. For the stationary
system in the adapted coordinates in such a way that &}, = 1,
the Euclidean time integration can be performed simply by
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multiplying its interval, and thus the above equality for the
Killing vector &y leads to

1

BI,zM—QJ—yQ—THS, (15)
which is nothing but the statement of Lemma 5.1 i) in
Ref. [8]. In the following section, we would like to explore
the case where the unintegrated anomaly does not vanish.

B. Case with the anomaly

In this section, we would like to consider cases in which
the unintegrated anomaly .4 does not vanish under the
Drichlet boundary conditions. In fact, there is an approach
allowing the nonvanishing anomaly function which incor-
porates it into the conserved current [23]. Furthermore, the
equivalence of the bulk and boundary conserved charges is
established through Egs. (54) and (55) in Ref. [23]. The
essential point in this construction is that the ambiguity in
the counterterms does not affect the holographic charges,
since the improved boundary currents are matched with the
bulk ADT potentials. Our suggestion in the case of a
nonvanishing anomaly is to use the improved boundary
current for the boundary conserved charge and to use the
conventional bulk expression or the ADT potential for the
bulk conserved charge. The equivalence of these two
computations is shown in Ref. [23], and thus it is
completely consistent with the AdS/CFT correspondence.
Concretely, one can define the infinitesimal conserved
charge as

1

30(n) = o [ Ao )

= oo [ PTG (16)
and then integrate this along the one-parameter path in the
solution space. In the next section, we apply this suggestion
to the specific models and confirm that the thermodynamic
relation may be explained consistently, and still the
renowned first law of black holes is retained without
any modification. Furthermore, the quantum statistical
relation could be retained in its form by taking the
counterterms appropriately.

Now, let us extend the derivation of the quantum
statistical relation when the unintegrated trace anomaly
does not vanish. The on-shell variation of the relation (14)

leads to
- / - / dP=2x,, 6K" (&)
162G 0 B H "

1
s(=1,
(ﬁ )
1 v
w0
1 _ D-2 %Y
(L) ndieron
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where we have used Eq. (10) to rewrite SK* in terms of

i+ and @, By using the infinitesimal form of conserved

charges given by Eq. (9) and using the property £ — 0 on
the bifurcation horizon, we obtain the following result:

5(% 1,) — 50w (&) - 605(En)

1
4+ —

— [}4~1/
e oodD 26,6400 (5%).  (17)

As aresult, one can see that additional terms may exist at
infinity such as the last term in the above equality. Since we
should take the specific one-parameter path in the solution
space for this on-shell variation and should define con-
served charges consistently, we need to impose the inte-
grability condition on the allowed configurations. Under
this assumption, one can integrate the last term and obtain
the following finite form of the quantum statistical relation,

1
1
+_

— [ v
87G oodD z-x,ungB ](5\1})7 (18)

where we have assumed that £; does not change along the
one-parameter path and B" denotes the integrated expres-
sion of @ along the one-parameter path in the solution
space: B' = i ds®"(5,%). Since we are considering the
Dirichlet boundary conditions, the on-shell solutions or the
one-parameter path in the solution space should respect
these boundary conditions [8,16,26], which means that

rl})i_rgoés\PlDirichlet = 0’ (19)

where 7, denotes the position of the boundary surface
which is sent to infinity at the end. By recalling the generic

expression of @ (8,¥) given in Eq. (11), which shows that

it depends linearly on &,¥, its integrated form B" should
vanish as far as the integrability condition holds. As a
result, under the Dirichlet boundary conditions, we obtain

;I,:M—QJ—yQ—THS, (20)
which is our final result on the quantum statistical relation.

In the next section, we revisit the models in Refs. [9,10]
to illustrate the power of our formulation. In this class of
models, one can clearly see that the unintegrated anomaly
function does not vanish in general. Therefore, the generic
proofs for the quantum statistical relation and the first law in
Ref. [8], in which the vanishing of the anomaly function is
assumed, would be insufficient to cover this class of models.
Though there is an improved approach covering these hairy
models through the mixed boundary conditions [16], it
would be interesting to analyze these models by using the
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Dirichlet boundary conditions just as in Refs. [9—11], where
the first law of black holes is modified appropriately, while
the quantum statistical relation is retained in its form. In
these references, the modification of the first law is given by
hand, rather than being based on a definite formalism, and
the relevant thermodynamic quantities are evaluated only
from the boundary side and are not matched with expres-
sions from the bulk computation.

One may guess that our bulk formulation and its
implementation to thermodynamic relations presented in
the above may be in conflict with Refs. [9,10]. However, as
will be shown explicitly in the next section, this does not
mean the conflict with the numerical results. The essential
modification resides in the on-shell renormalized action
value, which depends on the choice of counterterms. It just
gives the consistent reinterpretation of those results based
on a definite formalism without any ad hoc modification.
Moreover, we would like to emphasize that our formulation
is completely consistent with the modification of the
boundary stress tensor taken in the model for the boundary
vortices in Ref. [12] (see also Refs. [27-30]). In that work,
in order to overcome the nonconservation of the covariant
derivative of the boundary stress tensor, it was suggested to
use the boundary stress tensor modified by adding the
appropriate expression of the condensate, and then the
consistency was checked with the first law in the standard
form as given in Eq. (4). Our formulation gives the same
conclusion with this modification, as can be verified
straightforwardly.

IV. HOLOGRAPHIC MODELS

In this section, we focus on a specific model and present
detailed expressions to illustrate the general arguments
given in the previous section. We will see that all the
seemingly conflicting results in the literature are resolved
naturally in our formulation. We consider the model for the
holographic superconductor embedded in M-theory [9]. It
contains the nonminimally coupled complex scalar and the
U(1) gauge fields of which the action is given by

1 1
I[g,A,(ﬂ]:% d4x\/—g|:R—ZflwfﬂD

et (1)
(21)

where D, = 0,9 — 2iA,¢. The metric, the complex scalar
and the U(1) gauge fields ansatz are taken as

ds* = =X f(r)dr® + dar +r2dx?, (22
f(r)
¢ =o0(r) R, A =A,(r)dt. (23)
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The asymptotic expansions of those fields are given by

Pa 01~ 2010,
A — x5 9
=5 3
4
f(r) =4r* + 26,2 " r0162 ,
(2 O _ q
=2+ %r A= (u-2)+

(24)

By using the symmetry of solutions, one can take f, =0
without loss of generality. (See Egs. (5.6) and (5.7) in
Ref. [10].) In the following, we take 3, = O for the standard
normalization of the metric. In order to preserve the
asymptotic AdS structure, we need to take the relation
between two asymptotic scalar values as

6y = Vo7, (25)

where v denotes a dimensionless constant [13]. Though this
relation may be regarded as the relation between the
boundary value and its momentum value in the context
of the mixed boundary approach to the hairy contribution,
we would like to take this just as the relation between two
free parameters since both of ¢, /r and &, /r? correspond to
the normalizable modes.

As alluded to in the previous section, the appropriate
choice of counterterms is essential to obtain the well-
defined variational problem under the Dirichlet boundary
condition. Explicitly, we impose the following condition
for the variation of the on-shell action in order to obtain a
well-posed variational problem under the Dirichlet boun-
dary conditions,

O[] |pisichter = 0 I, =1+ Igq+1., (26)

where /gy denotes the Gibbons-Hawking term and /., does
the counterterm. Note that the conventional choice of
counterterm for the scalar field, 1,,[] ~ 67, in Refs. [9,10]
is not compatible with the above condition. Our choice of the
counterterm for the scalar field ¢ which satisfies the above
condition is’

1

Ict [G] Th

4v
_ 3. —al_ns2 7Y 3
=T6:G dx/ g{ 20 30’]. (27)

A. Revisit to thermodynamic relations: Bulk side

Now, let us compute the mass of these black holes by
using the quasilocal formalism [21,22,31-33], which is

*Note that either the conventional choice, I.,[o] ~ 6* or our
choice of counterterms gives us the finite renormalized action up
to the finite difference. Therefore, the finiteness of the renor-
malized action is not sufficient to choose the counterterms
completely in this case (see also Ref. [26]).
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completely equivalent to the covariant phase space
method [4,5]. By using the formula for conserved charges
given in Eq. (9), the infinitesimal expression of the black
hole mass, corresponding to the Killing vector £ = 0,, can
be obtained as

V, errtfo
M|, =—= |—errsf ——1= &
|r—>oo 8ﬂG e r f (1 —%62)2 o .
V2 [6m + 40,60 (28)
=— 6,00,
872G 2771

where V, denotes the two-dimensional volume element.
By integrating over the parameters m and o; along with
the relation (25), the finite bulk expression of the mass is
given by

4 v, 4
M:%{m‘l‘gl/d?] :%[m‘i‘gUle] (29)

The temperature, the black hole entropy and the U(1)
charge are given by the surface gravity «, by the area law or
by the Wald formula and by a conventional form, respec-
tively, as

K 1, Vo§ 3V
_ K _ L g g VoS Vs
n=50= g rn), 87 4G
qV,
_3r2 30
0=¢= (30)

By using the above mass expression, one can see that the
first law takes the form

dM = TydS + udQ, (31)

which is irrespective of the explicit form of counterterms,
while the quantum statistical relation is given by

1
Elr:M_THS_MQv

(32)
for the above chosen counterterms in Eq. (27). By using the
mass expression given in Eq. (29), one can see that

1 V, 4 .
- m+ 610y —Tys —puq|,

B 8aG 3 (33)

which is different from Refs. [9,10] just by the finite
piece. That is to say, the difference in counterterms gives us
just the finite difference between our expression and
Refs. [9,10].

One can generalize the relation between two modes of
the scalar field as in Refs. [13,34,35]. In order to assure that
the integrability condition in Eq. (12) holds, let us take

0, = H(oy)

and assume that the log mode does not appear in this
expansion. We should be careful in choosing the counter-
terms in order to respect the Dirichlet boundary conditions.
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A simple computation reveals that the appropriate counter-
term for the scalar field is given by L (c) = —20°—
- H(o )0 For this choice of counterterms, one can easily
1

verify our claim that

0"(ss), .., =0. (34)

1y— 0

Then, one obtains immediately the following expression:

2, gl _
e ood X, 6B (6¥) = 0. (35)

In Refs. [13,15], it was shown that the asymptotic AdS
algebra structure is preserved only when the two modes are
related by the dimensionless parameter v as H(o,) = vo,>.
Interestingly, the quantum statistical relation and the first
law could hold in the usual forms under the generalized
relation between o and o,.

Now, some comments are in order. In the above example,
one may think that the first law of black holes given in
Eq. (31) is the simple rewriting of the corresponding
expressions in Refs. [9,10] just by redefining the mass
expression. To avoid such an impression, we would like to
emphasize our main points as follows. The mass expression
given in the above is not an ad hoc redefinition but is the
consequence of the quasilocal ADT formalism or the
covariant phase space approach for conserved charges,
which are well established in the bulk gravity side.
Furthermore, in the following section, we will show that
the same mass expression can be obtained from the
improved boundary current in the framework of the holo-
graphic renormalization. At the level of a generic model,
our construction and the resultant expression reveal how to
generalize the derivation of the quantum statistical relation
and the first law given in Ref. [8], even with the non-
vanishing unintegrated trace anomaly in the boundary by
using the Dirichlet boundary conditions. Our results would
be consistent with the analysis by using the mixed
boundary conditions [16]. Moreover, for planar AdS black
holes, we will show that the Smarr-like relation could be
obtained consistently with our claimed quantum statistical
relation and the first law.

B. Revisit to thermodynamic relations: Boundary side

We would like to summarize the interesting properties of
our improved boundary current given in the Appendix.
First, one can see that the first and the second terms in
Eq. (A2) are conserved separately, and so this current could
be used to define conserved charges for the boundary
Killing vector £z. One may recall that the first term or its
integrated version is adopted in the conventional holo-
graphic computation, while the second term for the Weyl
transformation corresponds to the anomaly function on the
boundary that should be taken to vanish to preserve the
conformal symmetry. Even for the nonvanishing conformal
anomaly function under the Dirichlet boundary conditions,
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the second term in Eq. (A2) could vanish. Then, it should
be dropped from the expression. However, we need to
choose the counterterms given in Eq. (27) in order to
achieve this goal. The power of the improved current
construction resides in the fact that it is equivalent to the
bulk ADT potentials, which allows us to use these currents
even for the conventional counterterm L., = —26°. In the
following, we present some explicit computations to verify
these claims.

By using the improved boundary current given in the
Appendix, one can compute the infinitesimal mass expres-
sion as

1 .
SM = 5Q(£8) = e / d*xni\/=9T
1 i £
= %/ d’xn; [—5(\/—}’1‘%;52)
1 .
+tV =7Es(THdru + Hw&/’)] : (36)

Here, we need adopt the Fefferman-Graham expansion for
the complete consistency with the bulk results:

ds* = dn* + y;dx'dx/, (37)

m+ 4010y 6

o 2
Yu = 4 |:—1 + 716_47’ + 6 :| . (38)

2
o=t = e[ =T e A e,
(39)

The explicit computation with the proper counterterms for
the model in Eq. (27) shows us that each term for the
boundary current is

1 0 i i V2
372G d>xni[=6(/=rTy;&)] = Py [6m + 40,501],
(40)
! d? 1,/_ka15 I,0p)| =0. (41
312G |5 —y&Ep(Ty oy +1,6w)| =0. (41)

By using the relation (25), one can integrate the above
expression to obtain

which is the same as the bulk expression.
Now, let us choose counterterms as L., = —2¢2, which
gives us

! Loy Ve
GG | LIS = g o, (42)
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1 4 1%
dPxn; | = /=7E (T oy +T,6w) | = —=
xn; [2 & (T Sy + 11,6p) e

872G 40'2561 .

(43)

Indeed, one can see that the mass expression becomes
identical with the one above.

C. Smarr-like relation

In the case of the Kerr-AdS black holes, it was known [7]
that the Smarr(-Gibbs-Duhem) relation does not hold in
general, while the first law of black holes holds in its
universal form. However, it has been shown [36] that the
Smarr-like relation can be obtained in the asymptotic AdS
planar black holes model independently.

Our starting point is to use the ansatz (22) to obtain the
reduced action

L] ST dtdx / drLeq(r,W),  (44)

where ¥ denotes collectively all the functions of the radial
coordinate r = e appearing in the ansatz of all the fields.
The corresponding reduced Lagrangian for our model is
given by

1
Lred = —eA(er)’ + 5 rQe_AA;2

r’—er fo” + de A f16%A% + 244 (1 — %02)}
(1 —%62)2 ’

(45)

+

where ’ denotes the derivative with respect to the coordinate
r. As has been shown in Refs. [36-38], the reduced action
has the off-shell scaling symmetry under the rescaling of the
radial coordinate r, if we assign the reduced fields ¥ to
transform appropriately, with the definite weight, under the
transformation. One can apply the standard Noether method
to obtain the associated charge as [36-38]

V
c(r)= 167§G 2err(rf! = 2f) — 2e7412A,A,
24P f6”? + 8e A f16%A,%

46
(1- %62)2 (46)
Note that the charge c is invariant along radial direction. It
seems natural to expect that its expression at the asymptotic
infinity would be related to those of physical quantities
defined at the asymptotic infinity. Indeed, it is given by

V2
87G

c=c(r-> o) = [3m + 4610, — uq) = 3M — 2u0.
(47)

On the other hand, the expression of the charge can be
computed on the horizon as
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2
\%
c=c(r=ry) = ﬂeA(’H)f’(rH) =2TyS. (48)
8rG
Thus, we obtain the Smarr-like relation:
¢ =2TyS =3M —2uQ. (49)

Note that there is no hairy contribution in this relation,
and this is completely consistent with the first law and the
quantum statistical relation. Since we are considering
the homogeneous system in the dual field theory side, the
pressure of the dual system is simply given by the thermo-
dynamic potential in the grand canonical ensemble.
Combining the quantum statistical relation given in (29)
with the above Smarr-like relation, one can see that the
pressure of the dual system is given by

1

Then, this pressure could also be rewritten in the form of

872G |2 3
V, 4 N
:__871'G m—l—galoz—,uq—THs s

which is consistent with the first law and the quantum
statistical relation.

V. CONCLUSION

In asymptotic AdS space, black holes could have non-
trivial hairs which have an interesting interpretation in the
context of the AdS/CMT correspondence. Specifically,
the existence of nontrivial scalar hairs is deeply related
to the holographic realization of the superconductors or
superfluids. More concretely, double trace deformations in
the dual field theory are related to the turning on of two
kinds of normalizable modes in the bulk. In the context of
the AdS/CMT models, the simultaneous turning on of those
two modes implies the condensate in the dual field theory.
In this situation, the unintegrated trace anomaly cannot
vanish. Hence, the thermodynamic relations may be modi-
fied from the standard form. Indeed, various AdS/CMT
models have been constructed to reveal such a modifica-
tion, but the interpretation of the modification does not
seem to have a consensus.

In this paper, we have revisited the thermodynamic
relations in the hairy AdS planar black holes. Because
of nontrivial scalar hairs, one may guess that the standard
form of the quantum statistical relation and the first law
cannot hold simultaneously. Based on the consistent bulk/
boundary formalism, we have shown that one can retain the
first law as its universal form given in Eq. (4), and the
quantum statistical relation is not modified as given in
Eq. (18). In summary, the first law, the quantum statistical
relation and the Smarr-Gibbs-Duhem relation do not
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contain the explicit hairy contribution but have the implicit
contribution hidden in the conserved charges. It was
noticed by Wald [4,5,25] that the existence of the additional
term beyond the Komar integrand in the expression of
conserved charges is crucial for resolving the factor 2
difference between the mass and angular momentum
expression of black holes and to establish the first law
of black holes. As shown in this paper, the additional term
to the boundary current gives us the results independent of
counterterms, which is natural from its matching with the
bulk side expressions. We have shown that the seemingly
clashing expressions in the boundary computation could be
improved by using the improved boundary current in the
framework of the holographic renormalization.

By revisiting the explicit examples and taking the
Dirchlet boundary conditions, we have checked our for-
mulation and shown the consistency of our interpretation.
We have also commented on the integrability issues to
define conserved charges. Concretely, it has been well
known that the integrability issue exists in the covariant
phase space approach to define conserved charges in the
bulk perspective. It is natural to anticipate in the context of
the AdS/CFT correspondence that the same issue would
appear in the boundary computation if holographic charges
can be completely identified with those from the covariant
phase space approach. Interestingly, this issue could be
ignored when the unintegrated trace anomaly vanishes.
However, as is evident in the various AdS/CMT models,
there are consistent models with the nonvanishing unin-
tegrated anomaly. Hence, the integrability issue should
appear in the boundary computation if we try to identify
holographic charges with bulk charges in the covariant
phase space approach. Indeed, we have verified that this is
the case and the modified boundary current contains such
information. One may recall that Kerr-AdS black holes are
other examples [32] showing the similar phenomenon for
the complete identification between the bulk and the
boundary charges.

It would be interesting to investigate other examples to
check our claims and to see the meaning of the non-
vanishing unintegrated anomaly in other contexts.
Specifically, it would be interesting to consider rotating
hairy black holes to see their thermodynamic relations. It
would be very interesting to see whether the thermody-
namic (in)stability criterion would be changed or not by our
thermodynamic relations. Since some part of conformal
symmetry would be broken in the nonvanishing anomaly, it
would be interesting to see how much the AdS/CFT or
AdS/CMT correspondence tells us the matching between
the bulk and boundary quantities.
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APPENDIX: IMPROVED BOUNDARY CURRENTS
AND CONSERVED CHARGES

In this Appendix, we summarize the improved boundary
current and its relation to the bulk ADT potential. Though
we have shown in the main text through the bulk compu-
tation that the hairy contribution to black holes may be
incorporated into conserved charges, while the quantum
statistical relation, the first law of black holes and the Smarr-
like relations hold in the usual forms, it would be more
satisfactory that the same conclusion could be achieved
consistently in the framework of the holographic renorm-
alization. Since the relevant formulation for this improved
boundary current is already given in Refs. [23,32], we
present the summary of relevant stuffs in the following for
the completeness. As is alluded to in the main text, the
additional term in the improved boundary current could
vanish with the appropriate counterterms under the Dirichlet
boundary conditions, while the existence of the additional
term in the boundary currents allows us to use those even
with the usually adopted form of counterterms.

Before going into some details, it would be better to
mention our motivation to construct the improved boundary
current. At the superficial level, the bulk expression for
conserved charges in the quasilocal ADT formulation or the
covariant phase space approach could be defined com-
pletely independent of the boundary terms, while the
conventional holographic expressions for conserved
charges depend, at least weakly, on the chosen counter-
terms. In order to avoid such a mismatch and to warrant the
complete match between bulk and boundary expressions,
we have proposed in Ref. [23] improving the current
expression for boundary conserved charges, while keeping
the conventional bulk expression for bulk conserved
charges in the covariant phase space approach or equiv-
alently in the quasilocal ADT formalism.

From the bulk perspective, the vanishing unintegrated
anomaly is not an essential requirement in order to define
conserved charges for Killing vectors. Rather than the
anomaly issue, the integrability of infinitesimal conserved
charges along the on-shell parameter space is more relevant
issue in defining well-defined conserved charges (see, for
instance, Ref. [25]). In other words, the vanishing anomaly
condition is consistent but not mandatory in the bulk side,
as can be inferred from the fact that the vanishing
unintegrated anomaly implies the integrability of infini-
tesimal bulk charges but not vice versa. Therefore, one may
consider relaxing the condition that the unintegrated trace
anomaly vanishes at the boundary even under the Dirichlet
boundary conditions (see Ref. [16] for a different
approach). Furthermore, some models in the AdS/CMT
correspondence realize such cases. In fact, it was already
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noticed in Ref. [8] that conserved charges could be defined
for Killing vectors (but not conformal Killing ones), even
when the unintegrated anomaly does not vanish. In this
case, one may introduce the improved boundary current in
the context of the AdS/CFT correspondence, which is
suitable for relaxing the condition that the unintegrated
trace anomaly vanishes at the boundary. Then, one can
obtain the completely consistent bulk/boundary conserved
charges.

In the following, we adopt the definition of conserved
charges through the covariant phase space approach or
equivalently the quasilocal ADT method in the bulk. At the
boundary, we use the charge expression obtained by using
the improved boundary current, not just the conventional
holographic current expression which is constructed
through the boundary stress tensor by contracting it with
the boundary Killing vector. It turns out that various
thermodynamic relations can be interpreted consistently
for various models of the nonvanishing unintegrated trace
anomaly under the Dirichlet boundary conditions.

To introduce the modified boundary current, let us
consider the following Fefferman-Graham expansion for
the asymptotically AdS spacetime,

ds? = d* + y;;dx'dx/,

where the timelike boundary of the AdS space is taken at
n =ny — oo. In asymptotically AdS space, the renormal-
ized on-shell action can be written by introducing the
counterterm as

I, =1+ Igy+ 1.,

where /gy denotes the Gibbons-Hawking term. For the
renormalized on-shell action 7, [y, w], which is the function
of boundary fields y, y, one can introduce the boundary
stress tensor, T'B’, and the boundary momentum, IT,,, of the
field y as
61;«[}’, W] =T~ ddx\/:f(T’ééy” + Hy/&//)v (Al)
162G
where they are finite by construction. One may note the
identity on the boundary for the boundary diffeomorphism
parameter (;,

—2¢ViT + Ty = V(ZC)),

where Zg is a certain combination of the appropriate
product of I, and the field y.

Now, let us introduce the boundary current’ for the
boundary Killing vector &g as

This construction is analogous to the off-shell bulk
ADT current construction in the quasilocal formalism for
charges [32].
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V1T () = =8(\/=7T;E})

1 ,
+ SV —7EL(TY Sy + I,6y), (A2)
where the improved boundary stress tensor is defined by

1

Zzg.

Tg = Tg +
This improved boundary stress tensor is the same as the
one given in Ref. [8]. Here, the boundary Killing vector
is assumed to be unchanged under the variation as
65@ = 0. It would be interesting to note that the second
term in Eq. (A2) becomes the so-called unintegrated
trace anomaly A = 2T’,§1yk1 + oll,y, when the variation
is taken to be the Weyl scaling transformation at the
boundary as
(A3)

OsYij = 2vij00, S,y = wyéo,

where @ denotes the Weyl weight of the field . Using
the above current, one can define the infinitesimal
conserved charge as

50u(s) = g [ A TThED. (A4)

As in the bulk, the finite charge expression could be
obtained along the integrable one-parameter path in the
solution space.

It is useful to recall that the bulk conserved charge for the
Killing vector £ can be obtained by the codimension-2
surface integral through the ADT potential Qs as

1
50(6) = g [ 4”92 (9).

Now, the equivalence of conserved charge expressions
from the bulk and the boundary sides can be shown [23]
through the equivalence between the ADT potential and the
boundary current in the form of

V=981 () = V=TT 5(E8).

where the boundary Killing vector &5 is the boundary limit
of the bulk Killing vector & This result tells us that
conserved charges defined in this way should always give
us the same expressions from the bulk and the boundary. In
other words, our improved boundary current gives us the
expression consistent with the bulk one which is indepen-
dent of the scheme in the holographic renormalization
process. Furthermore, the integrability issue to obtain the
finite charge expression persists even in the boundary side.
To retain the AdS/CFT correspondence precisely in con-
served charges, this equivalence is the satisfactory feature
of our construction.

(AS)

066012-10



REVISITING THE THERMODYNAMIC RELATIONS IN ...

[1] J. D. Bekenstein, Black holes and entropy, Phys. Rev. D 7,
2333 (1973).

[2] S. W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975); Erratum, Commun. Math.
Phys. 46, 206(E) (1976).

[3] J. M. Bardeen, B. Carter, and S. W. Hawking, The four laws
of black hole mechanics, Commun. Math. Phys. 31, 161
(1973).

[4] R. M. Wald, Black hole entropy is the Noether charge, Phys.
Rev. D 48, R3427 (1993).

[5] V. Iyer and R. M. Wald, Some properties of Noether charge
and a proposal for dynamical black hole entropy, Phys. Rev.
D 50, 846 (1994).

[6] G. W. Gibbons and S.W. Hawking, Action integrals and
partition functions in quantum gravity, Phys. Rev. D 15,
2752 (1977).

[71 G. W. Gibbons, M. J. Perry, and C. N. Pope, The first law of
thermodynamics for Kerr-anti-de Sitter black holes,
Classical Quantum Gravity 22, 1503 (2005).

[8] I. Papadimitriou and K. Skenderis, Thermodynamics of
asymptotically locally AdS spacetimes, J. High Energy
Phys. 08 (2005) 004.

[9] J.P. Gauntlett, J. Sonner, and T. Wiseman, Holographic
Superconductivity in M-Theory, Phys. Rev. Lett. 103,
151601 (2009).

[10] J.P. Gauntlett, J. Sonner, and T. Wiseman, Quantum
criticality and holographic superconductors in M-theory,
J. High Energy Phys. 02 (2010) 060.

[11] J. Sonner and B. Withers, A gravity derivation of the Tisza-
Landau Model in AdS/CFT, Phys. Rev. D 82, 026001
(2010).

[12] O.1.C. Dias, G.T. Horowitz, N. Igbal, and J. E. Santos,
Vortices in holographic superfluids and superconductors as
conformal defects, J. High Energy Phys. 04 (2014) 096.

[13] T. Hertog and G. T. Horowitz, Designer Gravity and Field
Theory Effective Potentials, Phys. Rev. Lett. 94, 221301
(2005).

[14] M. Henneaux, C. Martinez, R. Troncoso, and J. Zanelli,
Asymptotic behavior and Hamiltonian analysis of anti-de
Sitter gravity coupled to scalar fields, Ann. Phys.
(Amsterdam) 322, 824 (2007).

[15] T. Faulkner, G.T. Horowitz, and M. M. Roberts, New
stability results for Einstein scalar gravity, Classical Quan-
tum Gravity 27, 205007 (2010).

[16] 1. Papadimitriou, Multi-trace deformations in AdS/CFT:
Exploring the vacuum structure of the deformed CFT, J.
High Energy Phys. 05 (2007) 075.

[17] L.F. Abbott and S. Deser, Stability of gravity with a
cosmological constant, Nucl. Phys. B195, 76 (1982).

[18] L. F. Abbott and S. Deser, Charge definition in nonabelian
gauge theories, Phys. Lett. 116B, 259 (1982).

[19] S. Deser and B. Tekin, Gravitational Energy in Quadratic
Curvature Gravities, Phys. Rev. Lett. 89, 101101 (2002).

PHYSICAL REVIEW D 95, 066012 (2017)

[20] S. Deser and B. Tekin, Energy in generic higher curvature
gravity theories, Phys. Rev. D 67, 084009 (2003).

[21] W. Kim, S. Kulkarni, and S.-H. Yi, Quasilocal Conserved
Charges in a Covariant Theory of Gravity, Phys. Rev. Lett.
111, 081101 (2013); Erratum, Phys. Rev. Lett. 112, 079902
(E) (2014).

[22] W. Kim, S. Kulkarni, and S.-H. Yi, Quasilocal conserved
charges in the presence of a gravitational Chern-Simons
term, Phys. Rev. D 88, 124004 (2013).

[23] S. Hyun, J. Jeong, S.-A. Park, and S.-H. Yi, Quasilocal
conserved charges and holography, Phys. Rev. D 90,
104016 (2014).

[24] M. Henningson and K. Skenderis, The holographic Weyl
anomaly, J. High Energy Phys. 07 (1998) 023.

[25] R.M. Wald and A. Zoupas, A general definition of
“conserved quantities” in general relativity and other
theories of gravity, Phys. Rev. D 61, 084027 (2000).

[26] A. Anabalon, D. Astefanesei, D. Choque, and C. Martinez,
Trace anomaly and counterterms in designer gravity, J. High
Energy Phys. 03 (2016) 117.

[27] O. Domenech, M. Montull, A. Pomarol, A. Salvio, and P. J.
Silva, Emergent gauge fields in holographic superconduc-
tors, J. High Energy Phys. 08 (2010) 033.

[28] M. Montull, O. Pujolas, A. Salvio, and P. J. Silva, Magnetic
response in the holographic insulator/superconductor tran-
sition, J. High Energy Phys. 04 (2012) 135.

[29] A. Salvio, Holographic superfluids and superconductors in
dilaton-gravity, J. High Energy Phys. 09 (2012) 134.

[30] A. Salvio, Transitions in dilaton holography with global or
local symmetries, J. High Energy Phys. 03 (2013) 136.

[31] S. Hyun, S.-A. Park, and S.-H. Yi, Quasi-local charges and
asymptotic symmetry generators, J. High Energy Phys. 06
(2014) 151.

[32] S. Hyun, J. Jeong, S.-A. Park, and S.-H. Yi, Frame-
independent holographic conserved charges, Phys. Rev. D
91, 064052 (2015).

[33] S. Hyun, S.-A. Park, and S.-H. Yi, Canonical energy and
hairy AdS black holes, Phys. Rev. D 94, 044014 (2016).

[34] T. Hertog and K. Maeda, Black holes with scalar hair and
asymptotics in N = 8 supergravity, J. High Energy Phys. 07
(2004) 051.

[35] T. Hertog and K. Maeda, Stability and thermodynamics of
AdS black holes with scalar hair, Phys. Rev. D 71, 024001
(2005).

[36] B. Ahn, S. Hyun, K. K. Kim, S.-A. Park, and S.-H. Yi,
Holography without counter terms, Phys. Rev. D 94,
024043 (2016).

[37] S. Hyun, J. Jeong, S.-A. Park, and S.-H. Yi, Scaling
symmetry and scalar hairy Lifshitz black holes, J. High
Energy Phys. 10 (2015) 105.

[38] B. Ahn, S. Hyun, S.-A. Park, and S.-H. Yi, Scaling
symmetry and scalar hairy rotating AdS; black holes, Phys.
Rev. D 93, 024041 (2016).

066012-11


https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF01608497
https://doi.org/10.1007/BF01608497
https://doi.org/10.1007/BF01645742
https://doi.org/10.1007/BF01645742
https://doi.org/10.1103/PhysRevD.48.R3427
https://doi.org/10.1103/PhysRevD.48.R3427
https://doi.org/10.1103/PhysRevD.50.846
https://doi.org/10.1103/PhysRevD.50.846
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1088/0264-9381/22/9/002
https://doi.org/10.1088/1126-6708/2005/08/004
https://doi.org/10.1088/1126-6708/2005/08/004
https://doi.org/10.1103/PhysRevLett.103.151601
https://doi.org/10.1103/PhysRevLett.103.151601
https://doi.org/10.1007/JHEP02(2010)060
https://doi.org/10.1103/PhysRevD.82.026001
https://doi.org/10.1103/PhysRevD.82.026001
https://doi.org/10.1007/JHEP04(2014)096
https://doi.org/10.1103/PhysRevLett.94.221301
https://doi.org/10.1103/PhysRevLett.94.221301
https://doi.org/10.1016/j.aop.2006.05.002
https://doi.org/10.1016/j.aop.2006.05.002
https://doi.org/10.1088/0264-9381/27/20/205007
https://doi.org/10.1088/0264-9381/27/20/205007
https://doi.org/10.1088/1126-6708/2007/05/075
https://doi.org/10.1088/1126-6708/2007/05/075
https://doi.org/10.1016/0550-3213(82)90049-9
https://doi.org/10.1016/0370-2693(82)90338-0
https://doi.org/10.1103/PhysRevLett.89.101101
https://doi.org/10.1103/PhysRevD.67.084009
https://doi.org/10.1103/PhysRevLett.111.081101
https://doi.org/10.1103/PhysRevLett.111.081101
https://doi.org/10.1103/PhysRevLett.112.079902
https://doi.org/10.1103/PhysRevLett.112.079902
https://doi.org/10.1103/PhysRevD.88.124004
https://doi.org/10.1103/PhysRevD.90.104016
https://doi.org/10.1103/PhysRevD.90.104016
https://doi.org/10.1088/1126-6708/1998/07/023
https://doi.org/10.1103/PhysRevD.61.084027
https://doi.org/10.1007/JHEP03(2016)117
https://doi.org/10.1007/JHEP03(2016)117
https://doi.org/10.1007/JHEP08(2010)033
https://doi.org/10.1007/JHEP04(2012)135
https://doi.org/10.1007/JHEP09(2012)134
https://doi.org/10.1007/JHEP03(2013)136
https://doi.org/10.1007/JHEP06(2014)151
https://doi.org/10.1007/JHEP06(2014)151
https://doi.org/10.1103/PhysRevD.91.064052
https://doi.org/10.1103/PhysRevD.91.064052
https://doi.org/10.1103/PhysRevD.94.044014
https://doi.org/10.1088/1126-6708/2004/07/051
https://doi.org/10.1088/1126-6708/2004/07/051
https://doi.org/10.1103/PhysRevD.71.024001
https://doi.org/10.1103/PhysRevD.71.024001
https://doi.org/10.1103/PhysRevD.94.024043
https://doi.org/10.1103/PhysRevD.94.024043
https://doi.org/10.1007/JHEP10(2015)105
https://doi.org/10.1007/JHEP10(2015)105
https://doi.org/10.1103/PhysRevD.93.024041
https://doi.org/10.1103/PhysRevD.93.024041

