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Resumen

Inspirados por los métodos de renormalizacién holografica con contratérminos
topoldgicos en gravedad pura AAdS4, extendemos el andlisis para el caso
con materia, especificamente, en presencia de campos escalares masivos con
dimensiones conformes A = 2y A = 3. Estudiamos los casos de acople
minimal en la teoria Einstein Klein Gordon y los casos no minimal en la teoria
Einstein-dilaton Gauss-Bonnet, finalizando el anélisis con un sector de la teoria
de Horndeski. A partir de lo anterior somos capaces de renormalizar estas
teorias ustilizando contratérminos intrinsecos del borde. Ademas, exigiendo
que las teorias preserven la invariancia conforme somos capaces de fijar los

acoples de los casos no minimales.
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Abstract

Inspired by the methods of holographic renormalization with topological
counterterms in pure AdS, gravity, we extend our analysis to the case involving
matter, particularly in the presence of massive scalar fields with conformal
dimensions A = 2 and A = 3. We examine both the minimal coupling of the
Einstein-Klein-Gordon theory and the non-minimal Einstein-Dilaton-Gauss-
Bonnet theory, concluding our analysis with a sector of the Horndeski theory.
Based on the foregoing, we are able to renormalize these theories using intrinsic
boundary counterterms. Furthermore, by demanding that the theories preserve
conformal invariance, we can determine the couplings in the non-minimal

cases..
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Chapter 1

Introduction

1.1 Introduction

The coupling of scalar fields with gravity, from the perspective of the
AdS/CFT correspondence, has been fundamental in understanding a wide
range of phenomena. Among the most significant is high-temperature
superconductivity, where the scalar field contains crucial information about
the superconducting phase Hartnoll et al. (2008). In addition to its importance
in the context of AdS/CMT, it has sparked great interest in the study of
entanglement entropy , the EP = EPR correspondence, and the phenomenon
of scalarization Caceres et al. (2017)Brown et al. (2016)Doneva and Yazadjiev
(2018) .

A crucial aspect of this correspondence is having, from the bulk side, a finite on
shell action that allows us to construct the associated generating functional to
obtain the correlation functions of the dual theory. In this context, holographic
renormalization of tensor-scalar theories plays a crucial role. This work focuses
on D = 3 41 space-time dimensions. This is why considering only gravity
coupled to a scalar field, the most general theory leading to second-order
equations, ghost-free, and invariant under diffeomorphisms is the Horndeski
theory. We will proceed to holographically renormalize this theory.

To do this, we will start with the simplest case of the minimally coupled scalar,
which will provide us with general lessons about renormalization in all cases
to be studied. Subsequently, we will examine the non-minimal coupling of the

scalar to the Gauss-Bonnet density, and finally, we will focus on studying the
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Horndeski theory. We will show that, depending on the conformal dimension
of the scalar, different counterterms will be needed. Additionally, if one fixes
the Gauss-Bonnet density with a particular constant, in all cases, the Einstein-
Hilbert lagrangian is automatically renormalized, and all that remains is to

address the renormalization of the kinetic and mass contributions of the scalar.

This Thesis is structured as follows: In 2, we provide an overview of the
AdS/CFT as well as the standard and topological holographic renormalization
procedures. In Chapter 3, we present the holographic renormalizations of the
Einstein-Klein-Gordon, Dilaton-Gauss-Bonnet, and Horndeski theories. In 4,

we present the conclusions and future work.
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Chapter 2

Review

2.1 AdS/CFT correspondence

Global anti-de Sitter space is a maximally symmetric space geometry with
negative constant curvature, whose conformal compactification results in a
manifold with a conformal boundary. The line element of AdS;,; spacetime

can be expressed in Poincaré coordinates as
) e/, o
ds® = gudxtdx" = 2 (dz + nijdxldx]) , (2.1.1)

where x' = (t,x1,...,x4_1) are boundary coordinates, 1ij represents the
Minkowski metric, z is the coordinate along the additional bulk dimension,

and ¢ stands for the AdS radius, which is related to the cosmological constant
by A = —d(d —1)/2¢2

In order to overcome the boundary singularity, one can employ a conformal
compactification of the spacetime through a Weyl rescaling denoted by ¢ = 22§,
where the conformal boundary is located at z = 0. As a result, the conformal
metric ¢ smoothly extends to the boundary and defines the boundary metric

as

g(0) = lim %3 . (2.1.2)

z—0

The same procedure can be extended to more general spaces Penrose and
Rindler (2011). In particular, asymptotically AdS (AAdS) spacetime are defined
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in this way, such that the bulk metric is written as

62

2
ds =

(dz + 8ij(z, x Ndx' dx]) . (2.1.3)
By construction, Sij has a smooth limit as z — 0, such that it admits the

Fefferman-Graham (FG) expansion Fefferman and Graham (1985)

8ij = 8(0)ij T 281)ij T Zzg(z)ij Tt (2.1.4)

The coefficients g(,);; with n # 0 can be obtained by solving Einstein’s
equations order by order. In doing so, the coefficients of the odd powers
of z are set to zero. Here, for later convenience, we will choose the radial
coordinate as p = z2. Then, the metric for AAdS spaces looks like

Pdp*> P

ds? = + dxidxl (2.1.5)
apr

where the asymptotic expansion of the boundary metric is given by

Sij = 8(0)ij + P8y + -+ 0 (g(d)ij + )i logp) T (2.1.6)

The coefficient /1 ;);; only appears in even boundary dimensions and the ellipsis

denotes higher powers of p which correspond to non-normalizable modes.

The near-boundary form of the metric realizes the asymptotically AdS

condition on the Riemann tensor

T, . I
R;w)\a = 72 (gy/\gva - gwgm) + 0O (p) . (2.1.7)

The FG expansion unveils the infrared divergences in the gravity action.! In
order to remove these divergences, one can introduce counterterms, which
are the result of solving the Einstein equations to determine the expansion

coefficients g(,);;, in terms of g . Finally, one inverts the relations to

ijr
obtain g(,;; as intrinsic covariant quantities from the point of view of the
boundary metric, such that divergences of the action are removed. This

procedure is referred to as holographic renormalization and it was proposed

In the AdS/CFT correspondence, the infrared behavior of the gravitational theory is mapped
to the physical properties of the gauge theory in the ultraviolet Susskind and Witten (1998).
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in Refs. Henningson and Skenderis (1998); de Haro et al. (2001). It is a
systematic method for extracting holographic quantities such as correlation
functions, Ward identities, and Weyl anomalies (see Skenderis (2002) for a

review).

In a similar way that the boundary of AdS defines a conformal class of metrics,
a bulk field does not induce a specific one on the boundary. Thus, when
imposing boundary conditions in AdS, they have to deal with a conformal
class rather than to any specific representative, key ingredient to set the
boundary value problem in AdS/CFT duality. For the metric tensor, it is
imperative to take a Dirichlet condition on gg),; instead of fixing the boundary
metric hij = gij / p; the latter obviously exhibits a divergent behavior. Therefore,
the role of the counterterms is two-fold: (i) they ensure the finiteness of the

on-shell action, and (ii) they define a well-posed variational principle for g(q);;-

With a renormalized action, one obtains the holographic stress tensor by
performing a variation with respect to the boundary metric. The Gubser-
Klebanov-Polyakov-Witten dictionary relates the low-energy limit of String
Theory (semiclassical regime of supergravity on an AAdS background) to
the generating functional of a gauge theory with conformal symmetry at its

boundary. The duality can be stated as

exp (isgrav[gbgo)]) = <exp (l /M cldx ¢g0)01)> , (218)

where Sgrav is a gravitational action with dynamical fields living on an
AAdS; background, ‘Pgo) is the value of the fields at the conformal boundary,
and O is the collection of gauge operators sourced by 4)%0). Then, a
gravitational action on a (d 4 1)-dimensional AAdS spacetime is related to the
quantum effective action of a d-dimensional CFT. Considering a scalar field in
an Euclidean AdS gravity, the quantum generating functional of the dual CFT

living on a background metric g () reads

1 )
ZCFT[g(O)r 4)(0)] = <exp l/M ddx\/g(()) (Eg(o)ijTl] + ¢(O)O>]> , (2.1.9)

where T is the CFT stress-energy tensor and O is a scalar operator sourced
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by ¢(0)- Then, one obtains a bulk/boundary relation, that is,

(1) =

5Sren . 2 5Sren . 1
=1 = lim

2 ..
T o0/ 8 03 a1l h) , (2110
\/T(O)(Sg(o)ij p—=0 /=8 0Zij  p—0 p/2-1 (] ( )

where Ti/[h] is the stress tensor of the renormalized action. This tensor is
made of two parts: the first one is the canonical momentum which comes
from the addition of the Gibbons-Hawking-York (GHY) term to the Einstein-
Hilbert action Brown and York (1993). The second contribution arises from
the variation of the counterterms introduced to renormalize the theory. The
resulting holographic stress-energy tensor is, indeed, finite and it corresponds
to a boundary operator that is dual to the bulk gravitational field. This
mapping between the asymptotic behavior of a bulk field and the source of a
boundary quantum operator in the dual CFT is a fundamental aspect of the

holographic dictionary.

For matter fields coupled to gravity, the procedure is analog. It involves
the asymptotic expansion of bulk fields near the conformal boundary. In a
general setting, the 1-point function of any field appears as the undetermined,
subleading term as described in Ref. Skenderis (2002). The coefficient is
determined by the boundary conditions imposed on the field, allowing for a
comprehensive understanding of the field’s behavior and its connection to the
boundary theory. Here, we focus on scalar operators that exhibit nontrivial

interactions with the boundary metric.

2.2 Massive scalar field in AdS

We will begin by examining the simplest case of the massive scalar field
action in an AdSs;; background and develop the standard holographic

renormalization procedure:

1
Sms = 5 | d*x\/ —8(8""'V,upV,p + m2¢2) (2.2.1)
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Upon taking variations of this action with respect to the scalar field, we obtain

the following expression:

SpSms = —% d*x\/—g(—2(0¢ — m*¢p)é¢) (2.2.2)

1 v
~3 o dPx\/—g2n, "V o (2.2.3)

By imposing Dirichlet boundary conditions? on the scalar field in the
holographic sense, we specify that the boundary variations are taken with
respect to the boundary value of the scalar. Consequently, the equation of

motion becomes:

O¢ —m?p =0 (2.2.4)

Our objectives now are twofold: first, to investigate the relationship between
the asymptotic conditions of the scalar and its mass, and second, to determine
the divergences of the on-shell action.

For the first objective, we express the equation of motion using the Fefferman-

Graham form for the AdS; 1> metric:
P, P [ 1]
J— 1
ds” = 12 dp” + ;mjdx dx’ (2.2.5)

Here, 7 = diag(— + ++). In this frame, the equation of motion takes the form:

p%¢+ pa

pp(P + = £2 7’]1]81]4) m (P =0 (226)
It’s worth noting that this equation is invariant under translations x# — x" =
xt + at. Consequently, we can decompose the solution into radial and spatial
parts, defining ¢ = ¢(x)$(p). By inserting this into the equation, we can
further separate it by introducing a constant k?:

2. 4 m2(2 1 4
5%+ qf Ippf = — = = — 1"y = K (2.2.7)

2This is a crucial point for constructing the holographic interpretation of the theories, and it
will be further discussed in the following sections.
3These coordinates are connected to the standard Poincaré patch coordinates with p = ¢4 /12
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Thus, the equation for the spatial part 1 is:
779, +k*p =0 (2.2.8)

This equation admits plane wave solutions ¢ = ¢'P*. Plugging this into the

equation yields p? = k?>. We can now superpose the solutions to obtain:
4

d -
#(0,%) = [ 3", 0) 229)

Substituting p?> = k? into the equation for the radial part and omitting the

subscript p from every solution, we obtain:

_ _ m2 02 o
409pp — 20pp — (—— + pP)p = (2.2.10)
This can be rewritten as:
B B 202 2
038 — 08— (M- + 02 )P =0 e2.11)

Making the substitution p = z2, the equation becomes:

220,. — 220, — (p2z2 + m2£2> =0 (2.2.12)
Further changing ¢ = z3/2w, we obtain:
220, + 20w — (p*2> + Z +m**)w =0 (2.2.13)

If p2 > 0, then this equation coincides with the parametric form of the modified

Bessel equation of order v*:

2y +xy — (6% + 1)y =0 (2.2.14)

4This occurs for the Euclidean and Lorentzian signature; if p2 < 0, then these cases differ, and
the solution is in terms of Bessel functions of the first and second kind.
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Which has solutions in the form of modified Bessel functions of the first and

second type:

y = c1ly(ax) + oKy (ax)

(2.2.15)

With a, cj, and ¢, being real constants. The modified Bessel functions are

defined as:
L(x) =1i"],(ix)

with:

e (=" 2

Ju(x) = Z 22”+Vn!1"(n +V+1)x e

n=0

and:
T
Ko(x) = 5 [Io(x) = ()]

In this case, « = |p| and v = v/9/4 + m2(2. So, the solution for @ is:
w(z,p) = ApKu(|plz) + ByLu(|plz)
Returning to ¢:
$(z,p) = 222 (ApKu(lpl2) + Byl (|plz))
And in the original variable p, we obtain:
(o, p) = App® *Ku(|plp'2) + Byo* 1 (|plo'/?)
It's worth noting that for v to be non-complex, we need:

Z+m2£220

(2.2.16)

(2.2.17)

(2.2.18)

(2.2.19)

(2.2.20)

(2.2.21)

(2.2.22)
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This is the well-known Breitenlohner-Freedman bound. For the study of the
asymptotic behavior of the solutions, we require the series expansions of the

modified Bessel functions. The series expansion of the first kind is:

— . B (—=1)" 2
I =iV =iV § ; n+v 2.2.23
v(x) =i")y(ix) =i = 2T (n + v + 1) X ( )

And the second kind has the following series expansion:

Kt = L (1) (2) SECLR . cy (5 (5)*
! 2 2 = (1—v)k! 2/ \ /= (0 +1)k!
(2.2.24)

This form only works for v non-integer, and for the case where v is an integer,

this function has the expansion:

For v integer and non-zero

Ky (x) = % (f)‘”f(_mf(v_—”) (E)z”

2 = n! 2
x 2n
I L R e e

where
n—1 1
AL == An)=—7+ ), — (n1>2),
m=1

and 7 is the Euler constant. The case for v = 0 is a special case, and its

expansion is:

a6 = - X [in(3) - 200 2

n>0

For simplicity in this analysis, we use z that has the same asymptotic behavior
as the p coordinate. Now we are interested in the asymptotics of the solutions

near the boundary z — 0 and in the center z — oo. We start the analysis
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near the center z — oo. In this case, the Modified Bessel functions have the

following behavior:

I,(z) ~ €<, (2.2.25)
Ky (z) ~ e ¥, (2.2.26)

So only the K, (z) mode makes sense near the center. Near the boundary, this

function has the following behavior:

For v not integer, we have:

1

K(z) ~ 5 (T (0)( ). (2227)

N N

And for the case integer non-zero:

k() ~ 2 () [w) rw-nGr e A Gy
viZ\y z 1 1 z 1 z
—=D°G) [ “(E) ( T(v+1) + F(v+2)(§)2+ 2r(v+3)(§)4+“')
AD)+A(v+1) 1 A2)+A(v+2) 1 Z.p
— 2 T(v+1) + 2 r(u+2)(§)
N A(3) + ;\(v +3) 21“(V1+ y (2)4 V... (2.2.28)
Finally, for v = 0, we have:
Ko(z) ~ — <ln<§) n 7) . (2.2.29)

From this analysis, we can see the relationship between the mass of the scalar
and the asymptotic conditions because they depend on v, which, in turn,
depends on the mass. The dimension and the Anti-de Sitter radius are always
tixed, so the mass is the only parameter to take into account. Plugging these
asymptotic solutions into the full solution ¢, we will notice that when evaluated
in the on-shell action, we are able to read the divergent terms and what kind

of counterterms are needed to render the action finite.
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We start this second part of the analysis with the case v real and different from

zero. In this case, the solution $ near the boundary is:

v—1

P lplv

v

NI=

Pov+1

SRS

T(v)pi~ (2.2.30)

P(o,p) ~ A

In this way, the full solution near the boundary is:

3_v d4
$(p, x) Np4_2/(27_£4e’ AP|p|v I'(v)

34y d4 ipx !
p4+2/ﬁep AP2|54|F1F(_V)
)

P0)()p T +u)(x)p? (2.2.31)

o 21/—1

_|_

Where ¢o) and ¢ ;) are the Fourier terms, and A is the conformal dimension®:

3 9
=~ + /> +m20? 2.2.32
A > 1 m*{ (2.2.32)

This will be useful because it allows the physical interpretation of the fields
¢(0) and ¢(1) as we will see now. The AdS/CFT correspondence tells us that
isometries in AdS;,, are mapped to conformal isometries in the CFT;. From
this, the correspondence between the field in the bulk and the source of the

CFT in the boundary has to respect conformal invariance. From the CFT side,

we know that the partition function can be written as:

Zerr ] = <exp ( / 410 ])> (2.2.33)

A conformal operator O(x) of scaling dimension A has to transform under a

rescaling in the following way:

O(x) = O(Ax) = A20(x) (2.2.34)

And the volume element like d%(Ax) = A%d%x. The integral in the partition

function has to be invariant under the scaling so:

A way to derive this relation is assuming the Ansatz ¢ ~ p® (this means that near the
boundary there is a dominant power for p), putting this into the equation for ¢ we find the
relation m%¢%> = A(A — d) and his roots are A and d — A.



2.2. Massive scalar field in AdS 13

/ A3 (x)O(x) = / 4% (Ax) ] (Ax) O (Ax)
— / A=A (Ax) O (x) (2.2.35)

And we see from this that the source has to transform like:
J(x) = A8 (Ax) (2.2.36)

From the near boundary solution:

N[>

(0, %) ~ ¢y (X)p 2 + ppay (X)p (2.2.37)

If we consider only the part proportional to ¢y and we make a rescaling
x — Ax, noticing that p — A%p from dimensional analysis®. Then ¢ transforms

in the following way:
$(p,x) — )\3_A(p(0)()\x)p% (2.2.38)

And from this, we see that ¢ o) transforms exactly like the source, and we can
identify them as the source of the CFT in the boundary of AdS. For the ¢y
part, we see that it transforms precisely like a VEV, and for this reason, it will
have information about the quantum fluctuations of the scalar. This part near
the boundary is subleading.

For the ¢(1) part, we observe that it transforms precisely like a vacuum
expectation value (VEV), and for this reason, it will carry information about the

quantum fluctuations of the scalar. This part near the boundary is subleading.

Now that we know the correct behavior and form of the solution for a
good interpretation in the AdS/CFT correspondence’, let’s consider the full

expansion of the solution:

®In the literature, the Poincaré patch uses the z coordinate as the radial coordinate, the p
coordinate is related to this with the relation p = z2, and as z transforms like Az, then 0
transforms like p.

"In general, for the calculation of correlation functions, one needs to normalize the solution
using a cutoff, but our interest lies in relation to the divergences of the on-shell action, so we
do not follow this analysis.
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3—-A

P, x) =2 (p(0)(%) + p2) (X) + P24y (x) + Py (x) +...)  (22.39)
+07 (p) () + ) (2.2.40)

The coefficients of the expansion for the solution near the boundary will be
determined algebraically from the equation of motion. And the solution near
the center will be determined from the functional derivative of the action

on-shell using the GKPW prescription.

We proceed to determine the coefficients near the boundary. Here, the ¢(q)
coefficient is subleading and is not determined from the equations of motion.

Plugging into the equation of motion, we obtain:
(A(D=3) —m2)P + p(2(5 — 28)9pp + 170 + 4p0ppP) =0 (2.2.41)
Putting p = 0, we find the relation:

m?0? = (A —3)A (2.2.42)

Using this and deriving with respect to p and putting it equal to zero, we

obtain:

1
Pr2) = mﬂ%) (2.2.43)

where O = 7/ dij. We can continue with this process, but for now, we stop
here. Now we know the coefficients of the expansion in function of the source.
We use this information to read the divergences of the on-shell action and

construct the counterterms that render the action finite.

Considering the action on-shell and by integrating by part and using the

equation of motion, it can be written:
_ 1
squshell — -5 / dPxv/—hn,g P $d,¢p (2.2.44)

To see the divergences, we put a regulator € which we remove by making it

tend to zero:
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gr ﬁ _ _ _
eg /d3 3/2 )4>%0)p(3 A)+(4_A)4)(0)(P(2)p(3 A)+1+O(p(3 A)+2))
(2.2.45)

where we use the Fefferman-Graham frame and the asymptotic expansion
of ¢. Of course, the divergences in this will depend on the value of A. We
now suppose that we are in the values in which the action on shell diverges.
To construct the counterterms that remove these divergences, we invert the

asymptotic series expansion up to the relevant order:

Po) = — ZQA’%S)DE + O(p?) (2.2.46)

1

) = 3034 —5) " T OP) (2.2.47)

Using this, we can rewrite the regularized on-shell action as a function of

intrinsic quantities of the boundary:

re, 1 3-A
i == [ OGR4 gD 0 249

Then the first counterterms are:

3 \/— ) &
MS = f /d +m¢m¢) (2.2.49)

where the box in this case is with respect to the h boundary metric. Then the

renormalized action is:

sren = —% /M d*x\/—g(g"'VupVup + m*¢p?) (2.2.50)
L[ 3 B-A4) » &
+ Z/al xvV/'—h( S+ mcpmcp) (2.2.51)

And using the GKPW prescription, we can obtain all the CFT observables. The
crucial part of this is the counterterm proportional to ¢?. This term will be
universal for A # 3 across all the cases we will investigate.

In the following, we are interested in deformation of the CFT. So we study the
pure gravity side and then the minimally coupled case, to pass then to the

non-minimally coupled case.
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2.3 Massive Scalar in AAdS

Now we study the massive scalar for a fixed background metric that is AAdS,.
This kind of metric, when no backreaction of the scalar is present, can be

expressed as follows:

YN S i
ds :@dp —i—;gijdx dx (2.3.1)

where, in the dimensions we are working on, the boundary metric g admits

the following asymptotic expansion:
gij(p/ x) = g(O)lj(x) + pg(Z)Z](x) + P3/2g(3)i]'(x) + ng(4)ij(x) + ... (232)

We will proceed in the same fashion as the previous case to construct the

boundary intrinsic counterterms. The equation of motion in this frame is:
o 2 g/ i i 22
(=20 + Zgapg)ap(]) +4p app(f) +p Ea,g + 9;3" a]'gb + pg”aij<p —mlPp =0

(2.3.3)

Here, we start by supposing that the scalar admits the following solution with

this precise asymptotic expansion:

¢(p,x) = B 2p(p, x) (2.3.4)
$(0, %) = po)(x) + 0P (2 (X) + PPy (x) + 07 T pay(x) + - - (2.3.5)

where again the subleading coefficient will not be determined by the equations
of motion but, in general, could contribute to the divergences of the action
on shell. We need to use the inverse of the boundary metric and the series

expansion of the metric determinant:

_ij _ ij im il - ' im _jl
g7 =8 — P8)8 (0, 8@m T P (8(5)8(0)810)8@mS @)y — 8(0)8 ()8 @m) + O(0°)
(2.3.6)

g =380 (1+p8a2) +O@?)) (2.3.7)
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From this, we obtain the following form of the equation of motion:

(A —=3)A—mP2) = §+p(2(5 — 28)9p + 8 P + (3— )32 (238)
i 1 m — i \r

+ (380 + 58(0)8(0)2i8 0)1m) i) + 0*(2((28(5) — 821118 2P (2:39)

82909 +20p0) — (98 (5) — 5 (810)8() 218 2)m (2.3.10)

— 8(0)2i80)m8&(%) — 80801 2i(0)im))AP — &y i$) + O(p>) =0 (23.11)

where we do not consider terms of cubic order in the metric expansion. Using

the same method as before, we find that:

m?0? = (A —3)A (2.3.12)
P = 33A —5) (80250 + 3 = B)g@2)P(0) + (38 (o) + 58(0)8 ()28 (0)m) ()
(2.3.13)

We see that there is no modification to the conformal dimension mass relation,
but the second coefficient in the asymptotic expansion of the scalar field is
modified. For a constant boundary metric, we recover the previous case. Now
we only need to use this information on the on-shell action to construct the

counterterms.

Using this, we can rewrite the regularized on-shell action as a function of

intrinsic quantities of the boundary:

Sis = / dxv/—h (( A) 42 ) (2.3.14)
12 D
I (<PD<P + (3 = A)dphep + (9;h + Eh”h””aihlm)aqu) +0(p?)

(2.3.15)

where the box in this case is with respect to the & boundary metric. The
subleading coefficient of the scalar does not contribute to the divergences of

the action on shell. Then the first counterterms are:
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Sfis = %/cpx\/—_h ((3 ; A)qbz) 0316
0> 1
+ m <<PD<P + (83— A)aph(p + (9;hH + Ehz]hlmaihlm)aj(l)) (23.17)

Here we notice that the terms of second order are not too covariant to the
boundary. When we use the dynamical part of the metric, we will be able
to calculate the coefficients of their asymptotic expansion and construct truly

covariant counterterms. The renormalized action is:

1
W= =5 [y V8 (8"VugVip +nig?) (2:3.18)
1 Byr/ (3-4)
+Z/dx _h( 2 4’) (2.3.19)
e 1
+ m <<PD<P + (3-— A)aph(p + (9;hH + Ehl]hlmaihlm)aj(i)) (2.3.20)

If we take g = 7, we recover the previous case.

2.4 Einstein-Hilbert action

Now, let’s turn our attention to the pure gravity case Balasubramanian and
Kraus (1999)Skenderis and Solodukhin (2000). We begin by considering the
Einstein-Hilbert action in the presence of a negative cosmological constant,
along with the Gibbons-Hawking boundary term to establish well-posed

Dirichlet boundary conditions:

. 1 4 1 3
Ser = 5 /Md x/—g(R —2A) — ;/ Pxv/—hK (2.4.1)

oM

Here, K represents the extrinsic curvature in a radial foliation in Gaussian
normal coordinates (see A2). The variation of the action with respect to the

metric is given by:

1 . 1
5SeH = 5 /M a5/ =8(Ryy = 58uR + g A)og" (2.4.2)
— % /E)M d XV —h(Ki]' — hin)(Shl] (2.4.3)
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then the equation of motions are
Ryy — %gWR +guwA =0 (2.4.4)

contracting this equation we find
R =4A (2.4.5)
plugging into the equation of motion we obtain the reduced equation of motion
Ry = g\ (2.4.6)

Here we will interested in solutions that are asymptotically AdS and how
this solutions make the action on shell diverge. For this kind of solution we

use the Fefferman-Graham frame and we use the following asymptotic series

expansion:
ST
ds” = @dp + ;gijdxldx] (24.7)
8ij (0, %) = &0)ij (%) + pg(2)ij(x) + p3/2g(3)ij(x) + 028(4)ij(x) +- (24.8)
and A = —3//2. Plugging it into the equations of motions we can obtain the

coefficients of the asymptotic series order by order in function of the source
g(0) and again the subleading coefficient g3) will not be determined by the
equation of motion and only define its trace, in this case tr(g(3)) = 0 . Using

the Gauss-Codazzi relations A2 the reduce equation of motion are:

(281190 (8"" 908 ;) + gloapgloapgij) — Rij(8) — 9p8ij — ij8 '0p8p = 0 (2.4.9)
200(8""0pZ 1) + 8" 008 0801 = O (2.4.10)
8 Vo(3"9pZ ) = 0 (2.4.11)

where R(g) is the Ricci tensor of the boundary metric §. From this we obtain

1
8ij = ~(R)ij — 18(0)1']'73(0)) (2.4.12)
= —5(0)jj (2.4.13)
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where R (o) is the Ricci tensor of the metric source gy and S g is the Schouten
tensor of the metric g(o). Now we can start to renormalize the action on shell.
Expanding the action on shell using the asymptotic expansion and imposing a

regulator, we find:

son—shell _ / B, [—g0) 3/2 1/2+o(p)) (2.4.14)

Inverting the relations in function of the boundary metric

=8ij — P8(2)ij T 0(p ) (2.4.15)
\/ =/-801-5% O(p?)) (2.4.16)
82) = —;R@ + (9(9) (2.4.17)

then the reagularized action on shell is
on—shell 1 3 2 ¢
spshell — / 2/ =h(5 + SR (1) + O(p)) (2.4.18)
then the first counterterms are
gt 1 d®xy/ W2 4R 2.4.19
EH = o xV—=h(5 +{R(h)) (2.4.19)

this are the Balasubramanian-Krauss counterterms. Finally the renormalized

action is

g}:z / d*x\/—g(R —2A) 1 / d°xv/—hK (2.4.20)

oM

to [ v (5 + (R(1) (2421)

2.4.1 The Gauss-Bonnet density

The past renormalization procedure is known as the standard renormalization.
There is an alternative holographic renormalization, which consists of the
addition of topological terms as counterterms,this method was developed
by R. Olea Olea (2005)Olea (2007)Miskovic and Olea (2009). In the case of
the Einstein-Hilbert action in dimension four, the term that eliminates the

divergences of the action on shell is the Gauss-Bonnet term. So, we proceed to
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study the origin of this term.
Topological invariants are algebraic objects associated with a manifold that
don’t change when one makes continuous deformations. Consider, for example,

the Platonic solids. 8 Euler in 1758 published a formula that relates, for a

Figure 2.4.1: The five platonic solids

given Platonic solid, the number of vertices, denoted as V, with the number of
edges, denoted as E, and the number of faces, denoted as F, with the following

formula:
x=V—-—E+F=2 (2.4.22)

where x is know as the Euler characteristic. The reason all Platonic solids have
the same Euler characteristic is that they are all homeomorphic to each other,
making the Euler characteristic a topological invariant. Then, in 1848, Pierre
Ossian Bonnet published a generalization to the case of compact, closed, and
oriented two-dimensional manifolds without boundaries, which relates the

Gaussian curvature x to the Euler characteristic of the manifold M by
/M kdA = 27t (M) (2.4.23)

Finally, a generalization to higher dimensions was made to manifolds with
boundaries by Shiing-Shen Chern in 1944. This is known as the Chern-Gauss-

Bonnet theorem, and in the important case for us of dimension four, it is also

8This image was created with GeoGebra Software, Url: https://www.geogebra.org/
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known as the Euler theorem

1
: /M A/~ gIBEb RE2 REM = 3077 (M) (2.4.24)
1

J1j2j3" i

3./ ] J2]3; J2 1]
+ oM d X —h451‘1121-3K-1(§R1-§ 313(h) — gKleZ;’

(2.4.25)

The term on the left is known as the Gauss-Bonnet density and will be used in
the following to renormalize the action and also to study its dynamics when

coupled non-minimally with a massive scalar field.

2.4.2 Holographic renormalization with topological

counterterms

Consider the Einstein-Hilbert action supplemented by the Gauss-Bonnet

density
SEHGB = SEHS + SGB (2.4.26)
— 1 4
= 5 /M d*x\/—g(R —2A) (2.4.27)
+a /M d*x\/=g(R? — 4R4R} + RIERYS) (2.4.28)

where « is an arbitrary coupling constant. Lets calculate the variation with
respect to the metric of the Gauss-Bonnet part. First note that the Gauss-Bonnet

can be writing in a convenient way by using the generalized Kronecker delta:

Sep = a /M d*x\/—g(R® — 4R4RE + RS RY?) (2.4.29)

a 4
= § o eV R R 2430

)
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Varying with respect to the metric we have:

Y
dSgp = 1 /M d*x\/—g (255115220{333051412?&52%2% + 45§?f£fé4nga1 VGRE?E

(2.4.31)
1
- 58#1/55115220{3335413211211{2%1)(58” ! (2.4.32)
14
+ /M dix /=g V(26015203 82185, STy REE (2.4.33)
+ 400 bt 8158 TV W R 58 (2.4.34)

Expanding the deltas and using the contracted Bianchi identities Vnyf =
VR /2 we find:

Sullabt Sy VI VR = (2.4.35)
SIS gmie gy RIS — 0 (2.4.36)
And from:
8 _ o 5P1P2psp 1 spibapap
o Bhatuiaan R Ris: = 2000k, Rlp, g, i — 58mkiaanns Ry Rivg,
(2.4.37)

notice that the fact that in four dimensions the five index delta saturates the
indices and vanishes identically. So we have no contribution to the equations of
motions from the Gauss-Bonnet variation and only contribute to the boundary

terms.
_ & 4 B1B2B3P €
dScp = 5 /M d*x /—gve(éafaja;a;gméﬁl ﬁz(sr%Rgg‘g ) (2.4.38)
Then the total variation is

1 1
0SEHGE = o /M d*x/—g(Ruv — EgWR + gu\)ogh” (2.4.39)

1
e | VISl g O, (5 + SraREE) (2440
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then we have the same equations of motion and the same reduce equations of

motion

1
Ry = g (2.4.42)

again we are interested in AAdS solutions and in have a finite on shell action.
Results that the constant coupling « can be fixed by demanding the finiteness
of the on shell action for AAdS solution or by render a stationary on shell
variation. The both approaches result to be useful in the other cases that we
will study. But we start with the finiteness of the on shell action method. For
this we make use of the Weyl tensor, that in d 4 1 dimension is:

Whi = Rhy — 0k, 655! (2.4.43)

With S the Schouten tensor:

1 1
m_ n_ Ul
5 = a1y (R~ 54R%) (2.4.44)

in this case the on shell Weyl and Schouten tensors is

1

Wiy = RYE + 6—250‘2’5‘5 (2.4.45)
1

Sy = 3% (2.4.46)

then we evaluate the action on shell, that give us

3 24
—shell _ 4 4 S
SEnce = —/Md X/ =8 +06/Md X/ =g (Wag W + 77) (2:447)

where we made use of this relation on shell

R? —4R,,R*" =0 (2.4.48)
24

Sy S pap
WOWH = RY Rw 5T (2.4.49)

B " wé o
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from this we notice that if we chose

£2

= o (2.4.50)

we eliminate the divergences that comes from the Einstein-Hilbert part, and
using the asymptotic series of the metric it can be proved that the remaining

Weyl square part of the action is finite. So the action

1
Sencp = ﬁ/ d*x/—2(R — 2A) (2.4.51)

o / dhx /=g (R? — 4RYRE + RUARYY) (2.4.52)

is finite on shell. Using the Euler theorem for manifolds with boundary

1 4 B1B2B3Ps payay pazey 2
. /Md x /GO R R — 3272y (M) (2.4.53)
1
3 iqipl ]1 ]2]3
b [ @xTha i kh GREPis() — SKEK
(2.4.54)

we can add and subtract the Gibbons-Hawking term and finally have the

renormalized action for Dirichlet boundary conditions

1
EHGs = ﬂ/ dxy/=g(R—24) - 1/a dxv/—hK (2.4.55)
62 3 [ i1ini3 1/J JjoJ 1 2] j2 of
ok b dxv —hdj Ky ( Riin(h) — 3K1§K1§ + 6251253) (2.4.56)

if we use the asymptotic expansion on shell for the counterterm part we notice

that up to relevant order we recover the balasubramanian-Krauss counterterm.

In the following we show that this method works for eliminate the divergences
of the on shell action for the Einstein-Hilbert action minimally coupled to an

scalar field.

K]z K]3

)
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2.5 Einstein Klein Gordon gravity

Let us examine now the four-dimensional Einstein-AdS gravity minimally

coupled to a massive scalar field. The action of such a theory is given by

. R+6072 > .0\ 1 3
mm_2/ dx ( — (3¢) —m4>>—E/ade\/—_hK,
(2.5.1)

where M is an AAdS, manifold, « is the gravitational constant related to the
Newton’s constant by x = 871G, R = ¢""Ry,, is the Ricci scalar, ¢ is the AdS
radius, m is the mass parameter of the scalar field ¢, and K is the trace of the
extrinsic curvature of the boundary surface, denoted by 0 M. An arbitrary

variation of the action gives

5Smin = / d*x\/—g < (B — KTyr) 68" + (O — mi%p ) 54>)
- /a M (rjohl + 7p09) (2.5.2)

where, in the bulk, we have defined

1
EI/“/ = Rl’ﬁ/ - ERgl’lV + Ag]/“/ 7
1
Ty = Vi Vit — 58 (V9Vagp+mp?) (2553)

and the boundary variations define the canonical momenta associated with

the radial evolution of the metric and the scalar field by

1

o (K

Tij = ij — Khyj) and 7y =n"ou, (2.5.4)

respectively. Thus, the field equations for the metric and the scalar field can be

read as

Ep — Ty =0,
O¢ —m?*p =0. (2.5.5)

In what follows, we shall consider the FG expansion with no logarithmic
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modes, which describes a wide class of gravitational setups. In that case, the

scalar field can be expanded asymptotically as

b (p, x') = pB=2)/25 = ,(3-8)/2 <¢(0) oy + o+ P 20 o+ ) ,
(2.5.6)

where A is a constant to be determined. The holographic renormalization
method for the three-dimensional version of Eq.(2.5.1) with A = 2 was studied
in Ref. de Haro et al. (2001). Inserting the asymptotic expansion of the fields
into the equation of motion for the metric leads to the following system of

equations

0= Rij(8) — 9Zij — §ii8""0pZmn + 0 (28im9p (§""9pGnj) + §""0p&mn0pgi;)
+xp? 8 (%’”2524328_17 + Pai‘l_’aj‘l_’) ,

0 = §""9p3m& " pGpn + 20,(3""pZmn) (2.5.7)
+xpld ((%m%z +(3- A)) $2 + 4 ((3 —A)p+ p2> 433,,43)

0=V; (gjmapg_jm> Y (gjmapg_mi) + 10> % ((3— A)PAip + 200,$0:p) |,

where R;;(g) is the Ricci tensor of the metric §. The equation of motion for

the scalar field, in turn, can be expressed as

0= (A(A —3) - mzfz) ¢+ 0 ($ij0i0jp — 2(5 — 2A)9pf + (3 — A)dp(log §)P)
+ 0 (23p(10g )9 + 9, ) : (2.5.8)

At zero-th order in the holographic coordinate, this equation gives rise to a

relation between the mass and A given by
m?? = A(A—3) . (2.5.9)

As shown in Refs. Gubser et al. (1998); Witten (1998), this relation corresponds
to the one between the mass of a scalar field on an AdS background and
the conformal dimension of the dual operator at the boundary. The latter is
determined by the rescaling properties of a scalar operator in the CFT and it
can be obtained by analyzing the 1-point function of the holographic operator.

It is worth noticing that, in a unitary dual theory, the scaling dimension of a
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scalar operator must be a positive integer, which defines constraints on the
allowed values of the mass of the corresponding bulk field. These constraints,
combined with the Breitenlohner-Freedman (BF) bound Breitenlohner and
Freedman (1982); Klebanov and Witten (1999), further restrict the mass to lie

within a given interval, that is,

2 2
- <§) < m?? < — (g) +1. (2.5.10)

This bound serves to understand the interplay between bulk and boundary
physics in AdS/CFT correspondence, matching the stability of the bulk scalar
with the unitarity of the dual theory.

In order to determine the coefficients in the expansion (2.5.6), one needs to
solve the field equations (2.5.8) order by order in the holographic coordinate.
This process, however, cannot be carried out for a generic A and it needs to
be addressed case by case, as discussed in Ref. de Haro et al. (2001). Looking
at the scalar field expansion in Eq. (2.5.8), at first-order in the holographic
coordinate, there appears a second-order differential equation for the scalar
tield which also involves first derivatives of the boundary metric. In turn, in the
equations of motion for the metric, the lowest-order term in p is proportional
to p>~2. To ensure a consistent asymptotic expansion, one should demand
that A < 3. For instance, when A = 2, a self-interaction emerges between the
boundary fields at the leading order, producing a backreaction on the geometry
of the dual CFT; this represents a critical value of the conformal dimension.
Alternatively, for A = 1, the kinetic term backreacts on the boundary only at
the next-to-leading order. Similarly, when A = 0, the bulk scalar field becomes
massless and the backreaction mainly comes from the kinetic term of the
boundary scalar. These different choices of A lead to distinct behaviors and
interactions between the bulk and boundary fields, offering valuable insights
into the AdS/CFT correspondence.

Let us focus on the case A = 2 or, equivalently, m2¢? = —2. This value is,
indeed, admissible by the BF bound. Then, we proceed to solve the Einstein

equations to determine the first coefficient in the metric expansion in terms of
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the sources. The coefficient reads
8@jij = ~Sij(80) — 7¢(0)80)ij - (2.5.11)
where
1
Sij(8(0)) == Rij(&0)) — 18(0)1']'73((?(0)) , (2.5.12)

is the Schouten tensor of the boundary metric g(g). An arbitrary variation of

the on-shell action and using the asymptotic expansion yields

5. — -2 /aM By [ pfl/z [ ( g0y — 382y + O <p1/2>) (Sg%)
— 2 (¢10)+ 0 (0"2) ) 0910 ] (25.13)

Therefore, in order to preserve a well-posed variational principle, one needs to
add only intrinsic boundary terms. Indeed, inverting the series, one finds that

the surface terms needed are
St + 8! 1/ v =i (2 + SRy +1/ fov=h (2, @514
T2 % Jom ¢ 2 K J M 20 )7 o

which renormalize the gravity sector Balasubramanian and Kraus (1999);
de Haro et al. (2001) and the counterterm for a massive scalar field on AdS

which cures the divergences coming from the scalar sector Klebanov and
Witten (1999).° Then, the action

Smin = Smin + Sct + S5, (2.5.15)
is finite on shell. Nonetheless, it is possible to add an extra term
r 7 3/ u
Shp = o /aM Bxv =T g, (2.5.16)

where n" is the outward-pointing unit normal to the boundary. Its coupling 7,

by the use of a Legendre transformation, redefines the mass of the scalar field.

9The covariant counterterms for the massive scalar including logarithmic modes have been
found explicitly in Ref. de Haro et al. (2001), up to second order.
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This extra boundary term has been considered in Refs. Lii et al. (2013); Lu
et al. (2015) to obtain the correct thermodynamics for a given y which matches
the ADM mass. At first glance, this term may be at odds with a variational
principle based on mixed boundary conditions (see Appendix A3). However,
within a holographic framework, what is relevant is that the variation of the
action is finite and written down in terms of the variation of the holographic
sources ¥ That is the reason why, one can replace this extrinsic term by another
which depends explicitly on the sources and the boundary conditions Anabalon

et al. (2016). Then, the counterterm for the scalar field is given by

_ s. [ 9* W<(P(O)) 3
Sp = /aMd W—h (2£ +—£¢?0) ¢, (2.5.17)

where W (4>(0)> is determined by the boundary conditions imposed (see
Appendix A3). Then, the Euclidean renormalized action for the minimally

coupled scalar with A = 2 reads

;ﬁﬂl - Smin + Sct + Sgb

- ! d4x\/§<

R+6072
K

2 2.2
" - (09 - ng?)
1 3 2 ¢ ¢’ W(¢(O)> 3
+; aMd X\/E [K—Z—ERUZ)—K(E-FT?O)(P .
(2.5.18)

Additionally, the quasi-local stress-energy tensor is given by

1 2 1 W (90)
Tjlh] = —— [Kz‘j — Khyj+ Ghij — ¢ (Rij - ERhij)} i (ﬂ i T(%)(P3 ,

(2.5.19)

and it provides a regular holographic stress tensor through Eq. (2.1.10). In the
next section, we follow to same procedure to find the covariant counterterms

in theories of gravity with a non-minimally coupled scalar field.

19A similar discussion, for the metric field, leads to extrinsic counterterms in AdS gravity 2.
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Chapter 3

Case analysis

3.1 Scalar-Gauss-Bonnet gravity

Let us consider scalar-GB gravity (sGB). This theory represents a particular
sector of Horndeski gravity and it involves the coupling of the GB invariant
with an arbitrary smooth function of the scalar field, building on top of the
action in Eq. (2.5.1) while omitting the GHY term. Specifically, the action for
sGB gravity is

R+ 6072
SsGB = 2/ d*x\/—g ( — (09)* — m?¢? +2f(¢)g) , (3.1.1)
where the GB term is given by
G = Ryypo R — 4R, R + R%. (3.1.2)

The field equations of the theory from arbitrary variations with respect to the

metric and the scalar field, which yield

1
Ryw — EgWR + Aguw = & (Tyw + C)
D‘P B mch = = f/(ﬁb) <R#M0Ryw\a - 4R#VRW + R2> ’ (3.1.3)

respectively, where Tj,, has been defined in Eq. (2.5.3) and

Clf = =280 TRETVAV L £ (¢) . (3.1.4)

VAOT
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Let us consider a power-series expansion of the scalar coupling function

f(@) =Y fmd" - (3.1.5)

Using the same asymptotic expansion as in the minimally coupled scalar [cf.

Eq. (2.5.6)], the scalar equation becomes

2410872 + (48f0) + 2 (A(A =3) = m?) ) g+ O (p4+1/2) 0.
(3.1.6)

The explicit form of the field equations in this frame turn rather lengthy and
we shall not present them here. However, it is worth noticing that the leading-
order analysis indicates that A > 1 is necessary in order to have a nontrivial
scalar source. Additionally, if A > 3, there is no backreaction of the scalar field
on the boundary metric, giving a trivial scalar source. Consequently, similar to
the minimally coupled case, we select A = 2 for our analysis. This choice leads
to more interesting dynamics, including the interaction between the scalar
tield and the boundary metric. Notice that, for this value of A, the scalar field
gives a finite contribution to the on-shell action already at the cubic order. In

this case, the relation between A and the mass of the scalar field becomes
48 48
m?0* = A(A—3) + a2fe=—2+5fe (3.1.7)

Then, in order to have a well-defined unitary quantum field theory at the

boundary, the BF bound now reads

d\? 48 d\?
For A=2and D = d + 1 = 4, this bound is translated into a constraint on the
quadratic coupling of the scalar field to the GB, that is,
02 /2

190 < f(z) < e (3.1.9)

The asymptotic analysis of Einstein equations requires that linear order in the

asymptotic expansion of the scalar vanishes, i.e., f(;) = 0. Furthermore, the
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consistency of higher-order terms in the expansion requires that either f3) =0
or that the boundary value of the scalar field satisfies 4)%0) = 0. In our analysis,
we will assume the former. This choice simplifies the equations and allows us
to focus on the relevant aspects of the theory. It is worth noticing that O(¢*)
contributions in the function f(¢) are finite when considering the on-shell

action. Therefore, they do not play a role in the discussion.

Using the asymptotic expansion to solve the Einstein field equations order by

order one finds that

K 48
gpjj= —9S (8(0)) 1 (1 - g—zf(z)) 4’20 )8(0)ij +
i 2K
V'8 = 32 { {32f — 8k f(2) ( ng ) } di$0) (52 — 32f, (z)) fP(O)aj(Pu)} ,
4x 48 4k
Trge =5 (1 - g—zf(z)) (@f(z)‘lb(zo) - <P(1)> $(0) (3.1.10)

which recovers the coefficient of the minimally coupled scalar theory if f,) = 0.
An arbitrary on-shell variation of the action alongside the asymptotic expansion
of the fields yield

8SscB = 21 d?’x\/—_g{% | (2 = 8xf0)) 810315+ p{ (16xf0) — 262) 25 (3,24)

— i 1 \ =if | =ij=mnn = 72 51f
— 205 <8Kf < (8)7 - 5R(2)37+33 apgmn) + 24f(2) 473"

+ fzapg-ff)(sg-i]-} o) ( ) (3.1.11)

If the zeroth-order coefficient of the scalar function expansion is chosen as

/2

flo) = 3’ (3.1.12)
then, the Einstein-Hilbert sector becomes finite and a well-defined variational
principle is achieved in terms of the sources without the need of a GHY term.
This coupling coincides with the one obtained in Ref. Olea (2005) for pure
Einstein-AdS gravity. In four dimensions, the GB term is purely topological.
This means that adding it to gravity action does not introduce modifications
to the bulk dynamics, even though it changes the value of the on-shell action

and conserved charges in a nontrivial way. Moreover, the Einstein-Hilbert



34 3.1. Scalar-Gauss-Bonnet gravity

action coupled to the GB term with the coupling (3.1.12) on-shell is a sector of
conformal gravity as shown in Ref. Miskovic and Olea (2009). The possibility
to embed Einstein gravity in conformal gravity has shown to be useful in

renormalizing gravity coupled to conformally coupled scalar fields Anastasiou
et al. (2023).

The inclusion of the GB invariant together with the counterterm in Eq. (2.5.17)
is sufficient to have a renormalized on-shell action. To see this, let us first

define

— 1 1
Ty = (Tw = 5g,wT,W> + (CW —~ EgWC> . (3.1.13)

This structure appears in the on-shell value of the Weyl tensor and the GB

density. Using the on-shell relation

wogap _ ouvpep 24 4K W sa\TBT iy 22
WﬁW =R ,BR 62 + — 7 T+ x (5aﬁ(5ﬁf7T T, 4TVTH—§T ,

(3.1.14)

we can write the GB density in terms of the square of the Weyl tensor. Then,

the on-shell action can be written as
S —/d4x\/ +1T+ ()—1 '(¢) W“VWﬁJr
sGB — f 4) 24)f 4) wp g
4k — 5 =2 Ven 1
(3.1.15)
Notice that
1 3 = n "
() =30/ @) = foy — 3 f¢” ~2fwe’+ = L, (1=3) fme"
(3.1.16)

does not contain quadratic terms. Then, the scalar-GB coupling cannot be used

to remove quadratic self-interaction terms.

Since the Weyl square term is finite for AAdS spacetimes, we can choose the

value of Eq. (3.1.12) such that the first two bulk terms cancel. Then, we are left
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only with quadratic terms in T. These terms remain finite if the action contains
quadratic kinetic terms and/or quadratic self-interacting potentials as in the
case in sGB gravity. Hence, the only divergences that cannot be eliminated by
the GB density are those associated with the minimally coupled scalar field,
that can be renormalized using the counterterm in Eq. (2.5.17). As a result, the

renormalized action can be expressed as
SrGB = SsgB + Sq) , (3.1.17)

where f(¢) = g—i + f(z)qbz, even though higher-order terms could be considered

as they give finite contributions.

The holographic 1-point for the scalar field depends on the boundary
conditions and is controlled W (cp(o)). For the holographic stress-energy

tensor we obtain

) 32 8K 48 .
(Tij) = — 4 [ (90)) - (17—21‘(2)) PoP0) + @fe) <1_g_2f(2) Plo) | 8(0ij
3¢2
8 (3.1.18)

whose trace yields

(T) = —302 [w (4; ) - —4> 52f ( %f@)) ¢§0)} . (3.1.19)

Notice that if we consider mixed boundary conditions that respect conformal
invariance, i.e., W <cp ) C(p , with C some constant (see Ref. Henneaux
et al. (2007)), one obtains

48
(T) = —16xf() (1 - f(2)> Py - (3.1.20)

Focusing on the nontrivial quadratic self-interaction, that is f(,) # 0, we find

that conformal invariance of the boundary CFT implies

fo =15+ (3.1.21)

which is not admissible within the BF bound. Therefore, the theory that

consists solely of a scalar field with A = 2 and a quadratic self-interacting
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potential coupled to the GB term does not satisfy the BF bound. Consequently,

it leads to a non-unitary dual CFT.

The above results indicate that the addition of the GB term in the bulk is useful
to renormalize the bulk theory, in a similar fashion as in the pure AdS gravity
case. This invariant, when expressed as a boundary term, can be thought of as
an extrinsic counterterm series. It is noteworthy that the boundary contribution
of the GB term in four dimensions cannot be seen as a quasilocal stress tensor.
However, it does contribute to the holographic stress tensor and renders the

variation of the action finite.

If we consider Dirichlet boundary conditions, denoted as W (gb(o)) = 0, the
variation of the renormalized action introduces an additional piece arising from
the boundary value of the scalar field. As a result, the vacuum expectation

value of the boundary scalar operator can be expressed as

1 oSten 1 1 Jsren
0) = H:im( H>:_ (A4 o
/ V=80 0p) =0 \erd /b $a) ( )P2n—a)
(3.1.22)

which matches the holographic 1-point function of the scalar operator dual to

a scalar field on an AdS background with Dirichlet boundary conditions.

If we take instead f(3) # 0 and (/)%0) = 0, we found that asymptotic analysis of

the field equations gives

8= —9S (g(o))ij ,

i 2K
V08w = 32 [32f 291)9¢(0) — (fz - 32f<z>) ¢(o>8j¢(1>} :
4x
Trge =3z (52 - 48f(2)> P0)P) - (3.1.23)

Using the same counterterm as in the previous case, given in Eq. (2.5.17), we
find that

3K
(Tij) = (fz — 32f, (z)) P0)P1)8(0)ij T 5283 - (3.1.24)

which, independent of the boundary conditions, is traceless. Moreover,
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considering Dirichlet boundary conditions one gets

(O) = —¢n) =20 —d)poa—a) (3.1.25)

just as in the previous scenario.

Another interesting scenario to explore involves setting A = 3. In this case, the
scalar field behaves as

¢, x") = Po)(¥) + pp2) () + 0> Py (¥) + .., (3.1.26)

near the boundary. The relation between the mass and A becomes

48
mil = 5 fe) (3.1.27)

Solving the field equations order by order, we can derive several conditions
on the scalar couplings f(,. First, the zeroth-order equations yield f;) =0 =
f(3), or alternatively, f(;) = 0 together with 4)(20) = 0. Assuming the former

condition, the Einstein equations impose f(;) = 0. Then, we obtain

K m
8)ij = —S8w©))ij ~ Zg(O)ija P(0)9mP(0) + K9i0)9iP(0) ,
1
P = ED(O)fp(o) ,
Trgpz =0,
i 2K
Vios@i = 29199 ) - (3.1.28)

Arbitrary variations of the on-shell action make evident that selecting the
zeroth-order coupling in Eq. (3.1.12) eliminates the leading-order divergences.
However, to address the remaining divergences associated with the scalar field,
we need to introduce an appropriate counterterm. We have determined that

including the intrinsic counterterm

get = _é /a EETCory (3.1.29)
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together with the choice in Eq. (3.1.12), renders the renormalized action
5B = SsGB + SSGp / (3.1.30)

finite on shell. This approach allows us to handle and regularize the
divergences encountered in the theory. The resulting holographic stress tensor

is given by

3 i

(TV) = o 8G)

(3.1.31)
Remarkably, this holographic stress-energy tensor is traceless as it can be
seen from Eq. (3.1.28). Additionally, we find a non-zero vacuum expectation
value for the boundary scalar operator when we consider Dirichlet boundary

conditions

(0) = =3¢y = —(2A —d)pa—a) - (3.1.32)

This expectation value is akin to the behavior observed for the scalar field in
AdS. These results provide insights into the behavior of bulk fields and their
dual operators in the context of the AdS/CFT correspondence.

Finally, considering 4)%0) = 0 while keeping f(3) unconstrained, the holographic

data now reads

Trge) = foPo e -
; 2K 32 32
V8@ = 32 K?’ +af <z>) $6)990) + zf 2P0 | - (3133

In this case, the holographic stress tensor is

3/2
(Tij) = 5

32
=80 — zf@P0P6) - (3.1.34)

which is traceless as a consequence of Eq.(3.1.33).
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3.2 Kinetic coupling to the Einstein tensor

A particular sector of the Horndeski theory, which has been widely studied,
considers the nonminimal coupling of the scalar field to the Einstein tensor.
This term belongs to the Horndeski class of gravity theories. In the case under

consideration here, a scalar coupling of the GB term is also included

R —2A

Su= [ dtv/g (N5 - G0 - jrt 4 96 + 1Gu VeV

(3.2.1)

The field equations can be obtained by demanding arbitrary variations for the

metric and scalar field, giving

Guv + Aguy = & (Tyy + Cpw + Hy) (3.2.2)
Vi [(8" = 1Guw) V] = m*p— f'($)G (3.2.3)

respectively, where T}, and C,, have been defined in Egs. (2.5.3) and (3.1.4),
and
A
Hu = 3 |5 Vet VugRyf + 350 VgR!
+ 281 Gap VA PVPP + 26500 00, VIOV 5 (Vo V) } . (324)

is the contribution to the field equations coming from the scalar-kinetic

coupling to the Einstein tensor.

For a massless scalar field, the absence of the GB coupling implies that this
theory is endowed with a shift symmetry in field space, namely, the field
equations remain invariant under ¢ — ¢ + ¢y, where ¢y is a constant. This
the typical symmetry exhibited by Galileons Nicolis et al. (2009); Deffayet
et al. (2009b,a).! In that case, however, there exists a no-hair theorem which
prevents from finding black hole solutions with a nontrivial scalar field Hui
and Nicolis (2013). Nevertheless, a suitable on-shell condition on the metric
can be imposed such that the no-hair theorem is circumvented, allowing for

asymptotically locally flat black holes Rinaldi (2012). Later, the same idea was

!1f the scalar coupling to the GB is linear, the theory still has shift symmetry. However, this
possibility was excluded by the dynamics as shown in the previous section.



40 3.2. Kinetic coupling to the Einstein tensor

extended to the case with the cosmological constant Anabalon et al. (2014) and
with Maxwell fields Cisterna and Erices (2014). In this section, we consider the
coupling between the scalar field and the GB term such that the shift symmetry
is broken, to see how the BF bound is modified with respect to the one found

in the previous section.

321 A=2

Performing the asymptotic analysis in the presence of the kinetic coupling to

the Einstein tensor, we find that the mass relation is modified according to

3 48
m*0? = A(A - 3) (1 - 5—217) +2fo)- (3.2.5)

In this case, the BF bound turns out to be

/2 3 02 3
192 {9 A3 —4) <1_£_2’7>} <fo <15 {S_M(A_?’) <1_€_2’7)} ’
(3.2.6)

and, focusing on the case A = 2, it becomes

(2 24 62 8

~15 <1+ ) < f@2) < (1—£—Ziy) : (3.2.7)
The boundary scalar equations impose that f;) = 0, together with either
fey=0or qb(ZO) = 0. We choose f(3) = 0 to ensure that the boundary value of
the scalar field remains unconstrained, displaying a nontrivial interaction with

the boundary metric. Then, solving the equations of motion order by order,

the coefficients are found to be

K
8@)ij = — 3(8(0))1’;’ 1 ( Ezf 6217) 4’( )8(0)ij »

4x 5 6 48
Trge =5 [362][ ( — 2l g—zf(z)) Po) — (1 — 2l pf(z)) <P(0)(P(1)} ,

i 2K
v(o)g(3)ij = ﬁ{ {(32f( +277) - 8Kf ( ng £2’7) ‘P(zo)} a]“P(O)

— <£2 — 32f(2) — 517) ([7(0)8]4)(1)} . (3.2.8)
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Let us consider the variational problem. Using the asymptotic expansion and

taking an arbitrary variation of the fields, we find

= -3 ~ii (5= _
0SH = /a =g 2{ («42 - 8Kf(0)) g7 (68ij +2089p3;))
~20[ (£ -31) $o¢ - (4"f ) (573(8 )87+ 878" 9pGmn — R(g)mng””g]”)
T2 =if 62 ~im =Ny = =
—2K (77 + 12f(2)> $*3" + 58" apgmn) 5gi,} + O(pz)} . (3.2.9)

Notice that, in this case, Eq. (3.1.12) also removes the divergences coming
from the gravitational sector. Additionally, we must take into account the
counterterm in Eq. (2.5.17) associated with the scalar field. However, this
counterterm should involve the kinetic coupling to the Einstein tensor. Then,

the renormalized action turns out to be

1 3
K= Sut g (1 - 2_2’7) Sp - (3.2.10)

Similar to the previous section, we can write the GB in terms of the square of
the Weyl tensor and check that the on-shell action in Eq. (3.2.10) is, indeed,

finite. For the holographic stress-energy tensor, we find that it is given by

3 32 5
(Ti) = = )i [ (1 - g_2’7) W (90)) - (1 —fe - 5_2’7) PP
5 48 . ] 3
+8xf() (1 el g_zf(2)> Poy| T+ 2 S3)ij - (3.2.11)

Imposing suitable boundary conditions, i.e., W(¢) = C‘P%o) , the trace of the

latter becomes

48 5
(T) = —16Kfp (1 ~fe - 6_277) 90) - (3.2.12)

Therefore, conformal invariance is preserved in the boundary field theory if

the trace vanishes. This implies that f(z) =0,or

5
fo =5 (1 - ﬁn) : (3.2.13)
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The latter condition is admissible by the BF bound if

< —= . (3.2.14)

Then, 77 has to be negative and it has to lie within the BF bound defined in
the previous equation. Notice that taking 17 = 0 is not admissible. This shows
how the kinetic coupling to the Einstein tensor can be used to fix the unitarity
problem in sGB with A = 2. Moreover, if we consider Dirichlet boundary
conditions, i.e. W (4>(0)) = 0, we find an additional contribution to the vacuum
expectation value of the boundary scalar coming from the kinetic coupling,

namely,

3 3
(O) = — (1 - 6_2;7> Py = — (1 - 6—2;7) (28 — d)pan_a) - (3.2.15)

This modifies the result of the minimally coupled scalar field by a factor of
(1 — 35¢~2). Moreover, diffeomorphism invariance of g(0) at the boundary
implies a holographic Ward identity. While the coefficient in the expansion at
a holographic order, g(3), can not be determined, we can determine its trace

and divergence throughout the field equations. Then, the Ward identity reads

: 3
Vio(Ti) = (1 - pﬂ) ¢1)9i$0) = —(O0)9j9(0) , (3.2.16)

which matches the result of Ref. de Haro et al. (2001) for the minimally coupled
scalar field. This computation of the holographic energy tensor-momentum
tensor is not associated to a quasi-local stress tensor on the gravity side.
However, the coupling of matter renders its divergence different from zero, as
it is related to the flow of momentum out of the boundary Brown and York
(1993).

Let us examine Horndeski theory by considering a different possibility. For
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instance, if we fix A = 2 with ‘P%o) = 0 while keeping f ) arbitrary, we obtain

8(2)ij = — 5(8(0))1’;’ ’

4x 48 6
Trge) = -3 (1 ~nfo— 5—2’7) 0 P) -
; 2K
Vi = 3 | (32f2) +21) 9@ — (£ = 32fc) —51) d02i91) | -

(3.2.17)

The variation of the on-shell action gives the same kind of divergences as
in the previous case. Therefore, the renormalized action must be the one in

Eq. (3.2.10). The holographic stress tensor in this case becomes

3

2 2 5 302
<Tij> =\ 1- ﬁf(z) - 5_277 ¢0)P1)8(0)ij T gg(g)ij , (3.2.18)

which is always traceless as ¢(q) is proportional to positive powers of ¢ () when
considering mixed boundary conditions. Therefore, considering ¢ to be
infinitesimal, one has a well-defined boundary CFT with a continuous 7 — 0
limit. Finally, using Dirichlet boundary conditions we find that the vacuum
expectation value and the Ward identity associated to the boundary scalar

operator are the same as in the case with f(3) = 0 and ¢ () unfixed.

322 A=3

Consider now the case A = 3. For this choice, the mass simply becomes
m2t = 48f() and the scalar equation imposes either f;) = 0 = f3) or
fay=0= 4)(20). Moreover, the zeroth order of the Einstein equations restricts
further the theory with f(,) = 0 or 4)%0) = 0. Focusing first on the case when

¢(0) is arbitrary and solving for the coefficients of the metric, we obtain

K 3 2
8= —S(80)ij— 3 (1 - @’7) 8(0)ij9mP(0)9" (o) + ¥ <1 - @’7) 9i9(0)9i9(0) -

Vio)8(@3)ij = 2K (1 - £—2ﬂ> P(3)9i¢(0) - (3.2.19)
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An arbitrary on-shell variation of the action with fg) = 2/ 8k yields

1 = — ~Mi =Nj £ F S~ ~ij TAM T S~

oSy = — 2 Jou d3x\/—gp 1/2 [K;y <g g Jai¢a]-4>5gmn — 3700 qbégij)
L1 ) o o

+ 02 (R(g)” - SR8+ g‘””g‘]”apg‘mn) 03y + 4x (12 =317 ) 3,099 -

(3.2.20)

In order to eliminate the divergencies in this case, we notice that the same
counterterm as in the sGB theory renders the theory finite but with a different
coupling, that is,

14

3 )
ct . _* 2 3 _ L. HA.
St =3 (1 )@n)(éﬂ1dxw/ Rhi3,00; (3.2.21)

Then, the action
e = Sy + S§E, (3.2.22)

is on-shell finite. Although the counterterm in Eq. (3.2.21) is necessary, most
of the aforementioned solutions have a scalar profile that depends on the
radial coordinate only, making the counterterm identically zero. Thus, the
particular value of Eq. (3.1.12) is enough to remove the divergences of the
theory. Nevertheless, it has been found that the theory admits regular solutions
if one considers time-dependent scalar field Babichev and Charmousis (2014),
such that the scalar does not inherit the spacetime symmetries, but the stress-
tensor does. Moreover, there are interesting solutions of scalar-tensor gravity
theories containing scalar fields that depend on both the radial and boundary
coordinates such as accelerating black holes Lu and Vazquez-Poritz (2015);
Cisterna et al. (2021, 2023); Barrientos and Cisterna (2023), whose holographic
properties remain to be fully understood, and instantons de Haro and Petkou
(2006); de Haro et al. (2001), that can be used to explore vacuum decay of the
boundary conformal theory Papadimitriou (2007). In this case, the holographic

stress-energy tensor becomes

(T 3¢ ij

ID:E;%V (3.2.23)
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which is traceless. Moreover, the vacuum expectation value of the boundary

source becomes

3
(0) = -3 (1 - 5—2;7) b3 = (1 - 5_2'7) A —d)ppa ). (3.2.24)

This shows how the couplings of the theory modify the value of the 1-point
functions of the dual operators. Moreover, the holographic Ward identity

becomes
; 3
Vio)(Tij) =3 (1 - @77) $3)9i¢0) = —(O)9j(0) » (3.2.25)

just as in the previous cases.

Finally, for an arbitrary f,) and setting the source of the scalar operator to be

infinitesimal, i.e. 4)%0) = 0, we find that the coefficients can be solved as

2
8w)ij = — S)ij T« (1 - 6_277) 9i(0)99(0)

1 m
(2 (24:f (2) - Z <£2 — 317) d (P(O)am(,b(o)> £(0)i
1 0?2 — 3y
=3 O
(P(Z) <£2 — 3y — 72f )(P(O)) (0)4)(0)
Tr 83 = 62 f
i 2K
Viosei =3z |3+ g—2f< 6217 9990 + ;2 f( 2 o9 , (32.26)

Choosing f(g) as in Eq. (3.1.12) and considering the same counterterm as in
Eq. (3.2.21), the on-shell action becomes finite and the variational principle is

well-posed. Then, the holographic stress-energy tensor becomes

302
(Tij) = EZf )8(0)ij + S SB3)ij 1 (3.2.27)

which is traceless by virtue of Eq. (3.2.26). If we consider Dirichlet boundary

conditions, the scalar operator acquires a nontrivial vacuum expectation value
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given by

3 3
<O> = -3 (1 — f_zﬂ) (P(3) = — (ZA - d) <1 - 6_2;7> (P(ZA—d) ’ (32-28)

and a Ward identity given by

; 3
Vio)(Tij) =3 (1 - g—ﬂ) $3)9i¢0) = —(O)9jd(0) » (3.2.29)

just as in the case with an arbitrary ¢ q).

3.2.3 Minimal Horndeski theory

Finally, we discuss on the particular case f,,) = 0 = m? ,¥n € N+ Charmousis
et al. (2012b,a), which has received a lot of attention in a holographic
context Filios et al. (2019); Kuang and Papantonopoulos (2016); Li and Lu
(2018); Liu (2018); Feng and Liu (2019); Li et al. (2019); Jiang et al. (2017) as it
contains analytic solutions Arratia et al. (2021); Anabalon et al. (2014); Cisterna
and Erices (2014); Cisterna et al. (2015, 2016); Brihaye et al. (2016); Babichev
and Charmousis (2014); Babichev et al. (2016); Cisterna et al. (2017); Stetsko
(2019); Cisterna et al. (2018). The action in this case is

R—-2A 1 v
SHmin = /M d4x\/ —8 ( 2 ("‘guv - UGHV) ViV <P+f(0)g> ’

(3.2.30)

where we have included an arbitrary constant for the canonical kinetic term;
this is achieved by rescaling the scalar field and the metric.? Additionally,
we have included the GB term as it will serve as a counterterm in the scalar-
tensor theories we are interested in. Recall that this sector of Horndeski theory
is endowed with a shift symmetry as the scalar field appears only through

derivatives in the action.

2Consider ¢ — a~1¢ and Suv — &&uy, such that R — a~1R. The Einstein tensor is scale-
invariant, i.e., Gy — Gy and, rescaling, A — aA , ¥ — ax , the minimal Horndeski theory
with canonical kinetic term, i.e., « = 1, becomes that of Eq. (3.2.30).
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The field equations correspond to a subset of Eq. (3.2.2); explicitly, they are

G+ Mgy = 1 (TH™+ i) (3.2.31)
VH [(aguw —1Gu) VY] =0, (3.2.32)

where Tﬁ,‘}n = 5T, with the latter defined in Eq. (2.5.3) by setting m = 0.

Using the FG expansion, we find that the scalar field equation becomes
A(A—3) <€2¢x - 3;7) $+0(p) =0, (3.2.33)

which is satisfied either if A = 3 or 7 = 1/?a to all orders without fixing
the conformal weight. If the latter point in the parameter space is assumed,
then the action is renormalized simply by the GB term if one fixes f(¢) as in
Eq. (3.1.12). Nevertheless, this is a critical point of the theory. As shown in
Refs. Jiang et al. (2017); Feng and Liu (2019); Li and Lu (2018), the theory
admits a solution that is nearly AdS with a nontrivial scalar field whose
integration constant appears in the same footing as the cosmological constant.
Thus, it is convenient to introduce an effective cosmological constant, say A,
that leads to A when ¢ vanishes.

In an Einstein-AdS background, the scalar sector of the minimal Horndeski

theory becomes simply a minimally coupled massless scalar, that is,

_ 1 3 2
Thus, the absence of ghosts implies the inequality

o — %17 > 0. (3.2.35)
Notice that, if & > 0, this condition is always fulfilled as long as the parameter
1 lies within the bound of Eq. (3.2.14). This implies both unitarity and the
absence of ghosts. If « < 0, on the other hand, there is still a region in the
parameter space where the condition (3.2.35) is satisfied. The case & = 0 is also
allowed by the Eq. (3.2.14). On the other hand, the bound is saturated at the
critical point in which the scalar contribution vanishes. These kinds of critical

points were also studied in the pure GB gravity Fan et al. (2016) and the black
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hole solution of Ref. Anabalon et al. (2014) simply becomes the Schwarzschild-
AdS black hole with a vanishing scalar field. In this case, the holographic
stress-energy tensor is traceless and it equals that of the pure gravity case.
Nonetheless, it is possible to obtain an exact global AdS background with
a nontrivial scalar. The latter breaks the AdS isometries and it contains a
logarithmic mode in the FG expansion. This indicates that the dual theory is
scale invariant but not conformally invariant (see Ref. Nakayama (2015) for
details).

As logarithmic modes are beyond the scope of this paper, we will move forward
and consider A = 3 with & # 37¢~2. Solving Einstein’s equations order by
order, we obtain f(1) = 0 = f(3) as before, and the coefficients of the metric
expansion are now solved as

K

_ 2 m
8ij = — Sij (8(0)) Y (f o 3’?) 8(0)ii9mP(0)9" P (0)
K
+ f_z (6206 — 217) algb(o)a](])(o) ,

TrgE =0,
i 2K 3
Vi0)83)ij = A ("‘ - 6_277) P(3)9i¢(0) - (3.2.36)

Considering an on-shell variation of the action with the GB coupling found in

Eq. (3.1.12), we arrive at

1 3 -1 /n 1 5 j '
OSHmin = 5 [ @°X\/=8() {P 2 (5 o —3'7> (58(0)4’(0) —9'P0)9P(0)
302 ij

This is finite if we choose the value in Eq. (3.1.12) but the critical value of %
is still needed. Nonetheless, the latter can be rendered arbitrary if we add a

suitable counterterm, that is,

__Llip, 3/ —Th19:09;
S =—3; (m 3;7> /E)Md V=133 (3.2.39)

With this counterterm, the action is finite. Then, the holographic stress-energy
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tensor is given by

3¢2
(Tij) = 52

=8(3)ij - (3.2.39)

and the vacuum expectation value for the boundary scalar operator, and the

holographic Ward identity become

3 3

and
i 3
V{(T;) =3 (‘X - 72’7) $3)9P(0) = —(O)9i¢(0) , (3.2.41)

respectively. Notice that, at the critical point « = 372, the vacuum
expectation value of the scalar field vanishes and the holographic stress-energy
tensor becomes covariantly conserved. In this case, the known scalar-field
solutions either vanish or do not backreact and the action becomes simply the
one of Einstein’s gravity. This shows that taking the limit to this critical value

is consistent also at the level of 1-point functions.
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Chapter 4

Conclusions and future works

4.1 Discussion

In this work, we have considered different sectors of Horndeski theory and
analyzed their renormalization in AAdS spaces. To this end, we introduced
the GB term nonminimally coupled to an arbitrary function of the scalar field.
One of the main results is that the asymptotic analysis of the field equations
restricts considerably the form of such a function. In particular, we found
that the linear-scalar coupling to the GB term is not allowed in AAdS spaces.
Moreover, if the scalar-GB term is the only nonminimal coupling in the bulk,
we found that the boundary field theory cannot be unitary and conformal at
the same time, since the scalar mass lies outside the BF bound. This provides

a holographic argument against this theory.

If the scalar-kinetic coupling to the Einstein tensor is considered, we found that
the aforementioned issue can be solved, rendering the boundary field theory
self-consistent. We analyzed different possibilities and, in all cases, we obtained
the counterterms that render the theory finite, the vacuum expectation value of
the scalar operator at the boundary, and the holographic stress-energy tensor.
Moreover, we study the holographic Ward identity associated with coordinate
transformations at the boundary and identify how the nonminimal coupling

of Horndeski’s theory produces an anomalous term.

The minimal Horndeski’s gravity theory considered in Eq. (3.2.30) encompasses

numerous black hole solutions. However, only a limited subset among them
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possesses exact solutions for the scalar field, as usually only its radial derivative
is known, rather than the full analytic expression. Nonetheless, there are a
few cases in which this issue can be circumvented. In these situations, the
solutions feature either negligible backreaction or modify the geometry as an
effective cosmological constant. For instance, in Ref. Anabalon et al. (2014), an
analytic solution corresponding to a topological Schwarzschild black hole with
a flat transverse section and such effective cosmological constant was found.
There exists an analytic solution for the scalar field even though there are
new logarithmic divergences near the boundary. In that cases, the additional
divergence introduced in the action (3.2.30) can be renormalized by treating it
as an effective cosmological constant that takes into account the supplementary
contribution of the scalar field. This approach involves selecting the coupling
of the GB term as in Eq. (3.1.12) but in terms of an effective cosmological
constant. As a result, incorporating the GB term with a distinct coupling is
sufficient to regularize the additional divergences in the action, even in the

presence of logarithmic modes of the scalar fields.

Interesting questions remain open. In particular, extending this analysis to
include the logarithmic modes is certainly very important, since some of the
known analytic solutions in the literature are endowed with this asymptotic
behavior. We will come back to this point in the future. Additionally, it is
well known that in even boundary dimensions, the holographic trace anomaly
is related to the logarithmic modes of the metric Henningson and Skenderis
(1998). The role of nonminimally coupled scalar fields in the holographic
trace anomaly is indeed worth studying, alongside the generalization of
the counterterms found here to higher dimensions. On the other hand,
the results found here are useful for studying holographic measurements
such as entanglement entropy and superconductivity. We will analyze these

phenomena for specific analytic solutions in the future.
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Appendix A

Supplementary calculations

Al AdS and AIAdS spacetimes

The Anti-de Sitter spacetime (AdS) is one that is maximally symmetric with
constant and negative scalar curvature. In this work, we will focus on
dimension D = 3 4 1, so the AdS, spacetime can be thought of as a spacetime

embedded in R%?, given by the following constraint

XaXA = —(Xo)? + i(xi)2 — (XM -2 (A1.1)
i=1

its associated isometry group is O(3,2), and being maximally symmetric, it
possesses ten Killing generators. Consider now the following set of coordinates
teR,¥= (x!,x?) € R%,r € Ry given by

o_ a2 2 p

X:2_r 1—i—£—4(x — 24 07) (A1.2)
) i

xzz% for i€ {1,2} (A1.3)
3 (> 2 o 0

X == 1+€—4(x — 1) (A1.4)

X4:%. (A1.5)

Given the radial constraint, these coordinates cover half of the spacetime. These

local coordinates are known as the Poincaré patch. In these coordinates, the
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metric takes the form

2

ds? = t ar? +

r? L
=2 dx'dx/! (A1.6)

ﬁrli]
where 77;; = diag(—1,1,1). If we take r — oo, we obtain a factor that diverges
() times a metric

ds?

P = s, (AL.7)
the spacetime given by the metric ds’? is known as the conformal boundary of
AdSy, and in what follows, we will generalize this notion, where the conformal
boundary will have a more general structure, allowing for other types of

spacetimes.
Making the coordinate change p = ¢4/7? !, we obtain

12 = =g+ Cpaxiax
s —@ 0 +;171~]- x'dx/, (A1.8)

these are the Fefferman-Graham type coordinates, where the asymptotic
boundary is at p — 0.

Following Anastasiou et al. (2021), in simple terms, we can say that the
Asymptotically locally Anti-de Sitter spacetimes (Al AdS) are those spacetimes
that are solutions to the Einstein field equations with negative cosmological
constant, where the matter tensor is asymptotically subleading concerning
the cosmological constant term. These spacetimes admit the metric in the
Fefferman-Graham form

2 EZ 2 gZ_ R Ez 2 62 i)
ds® = Ed‘o + ;gijdx dx! = Edp + ;(8(0)11 + O(p))dx dx (A1.9)

This will be the class of spacetime that we will study in this work.

ITo use the coordinates z, we simply make the coordinate change to the Poincaré patch
z=10/r
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A2 Gaussian normal coordinates

Consider the gaussian normal coordinate:

ds* = N*(p)dp® + hi;(p, x)dx'dx! (A2.1)

their associated Christoffel symbols are:

0 _
[hp = N (A2.2)
1
0 _
Fij = NKU (A2.3)
i — _NK!
Iy = —NK; (A2.4)
k(&) = Ty (h) (A2.5)
whith Kj; = —ﬁaphi]- the associated extrinsic curvature. The Gauss-Codazzi
relations give us:
R? = L (VK- VK
il = N\ VIR jt™
RY = N(V'Ki — V'K
e 1( ! 2 (A2.6)
o _ L (i _ pign
Rf =~ (ki) - KiK;
Rif = R (h) — KIK} + KiK}
using this relations for the Fefferman-Graham frame:
P, P [ 1]
ds® = —d —g.dxtdx! A2.7
S 402 0+ pglj x'dx ( )

In this case N(p) = £/2p and h;; = fzgij(p, x)/p. Then the Christoffel symbols

are

1
It = - (A2.8)
Tfj = 2(8;; — 098;;) (A29)
i Lo i
I = _5(5]' — 08" 9p8;) (A2.10)

() = Ti(3) (A2.11)
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Where the extrinsic curvature is K;; = ¢ (gl-]-/ 0 — 8p§i]-). Then the Riemann

tensor components are

' 2 —

R;?) — EPZ 5]0va (gzmapgmp) (A212)
. 1 P i — — —

Rj, = _E_(& +0%(29p(3"9pZ,n) + 8" 90218 %35)) (A2.14)

RE = 13 (0RI(E) — 1" (5185 — 00358080 + 078 62087 %8,)) (A215)

with this we can calculate the components of the Ricci tensor

Ri = — (38 — p(RI(Z) + 36, + 518" 35 ) (A2.16)

+0(20,(379,8,;) + 87952, 0% un)) (A2.17)
RY = 25(;2‘5 PV0o(3"0,%,,) (A2.18)
R) = 222 50, V0 (377 9,3,1) (A2.19)
R} = 2 (3 +07(200(3"9pu1) + 8908 18" %% 01)) (A2.20)

and the Ricci scalar is

1
R=—7(12-p(R(3) +43"08,) +P*(01"5"0pZ0n8 08  (A221)
+49p(3"9pZ1) + 28" pZn8" pZ0)) (A2.22)

A3 Scalar field boundary conditions

In order to stress the importance of boundary conditions in the dual field
theory, let us analyze the case of a massive scalar field on global AdS as an

example. The corresponding action can be expressed as

S = % /M Ay /g [(847)2 + m2¢2] , (A3.1)
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where M is an Euclidean AdS;,; background with spacetime coordinates
x# = (z,x"). Its line element in the Poincaré patch is given by
2_ L, ”w
ds? = (dz n (5i]~dx’dx7> : (A3.2)
An arbitrary variation of the on-shell action with respect to the dynamic field

yields

55 = — /M a1 /g (V2 = m?) pog — /a L AV (01 ,) 69
=[x (;)1“’ 9.0 . (A3.3)

Depending on the boundary conditions, an extra boundary term must be
added such that the on-shell action possesses a minimum. For Dirichlet
boundary conditions, the variation of the scalar field vanishes at the boundary,
so there is no need for adding such a term. For Neumann boundary conditions,
however, the normal derivative of the scalar field is fixed. Thus, one needs to
add

Sn = / dx (%)Hl ey (A3.4)

to the bulk action, such that the variational principle is well-posed. Then, the
source of the boundary scalar operator is given by the normal derivative of the
field. This corresponds to the radial canonical momentum associated with the
scalar field. Additionally, it is possible to impose mixed boundary conditions
that involve a relationship between the scalar field and its normal derivative.

The latter specifies the behavior of the boundary scalar operator according to
P :=¢+Anto,¢, (A3.5)

where A is a non-zero real number. Then, one needs to consider a boundary

term of the form

S = —%/ddx (%)M Yo, (A3.6)

and the source is now related to ¥ .
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On the Euclidean AdS; 1 background, the field equation for the scalar field

can be written as
21415, (zl—daqu) +22613,9,¢ = m*2¢ . (A3.7)

Near the boundary, one can check that the solution is,?

¢(z,x') ~ 278y (x') + 20 (2) (A3.8)

2
Azgj:\/dz—i—mzéz. (A3.9)

In Ref. Witten (1998), it was shown that A corresponds to the conformal

where

weight of a scalar operator of a d-dimensional CFT. This connection implies
that for the scaling weight to be a real quantity, the condition m?¢> > —d?/4
must be satisfied. Remarkably, this condition is compatible with the BF
bound Breitenlohner and Freedman (1982), suggesting that a scalar field in
AdS can possess a negative mass while being stable. The functions ¢ ) and ¢y
are the two linearly independent solutions of the second-order field equations.
The leading-order term can be either singular if A > d, trivial if A < d, or
constant if A = d. Then, depending on the mass of the scalar field, the bulk

geometry is modified while preserving the asymptotic structure.

As it can be seen from Eq. (A3.9), the conformal weight A is a positive
real number such that A > d — A. Therefore, ¢ is associated with non-
normalizable modes at the boundary. To identify the source of the boundary

scalar operator, one needs to consider

p(x) = lg% 2279 (z, 41, (A3.10)
which is always finite. Boundary conditions fix a function of ¢ and ¢
at the boundary, that corresponds to the source of the dual scalar operator.
The relation between the modes reduces the degrees of freedom in the dual
theory by one half. For instance, Dirichlet boundary conditions fix the

source to be ¢y and the remaining degree of freedom corresponds to the

2If A = d/2, one needs to consider solutions with logarithmic behavior.
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normalizable mode. As shown in Ref. Papadimitriou and Skenderis (2005),
the non-normalizable mode ¢(;) does not transform properly under Weyl
rescalings. Therefore, from a holographic viewpoint, one needs to consider
the renormalized radial momentum 7ty, i.e., the first regular coefficient in
the asymptotic expansion of the canonical momentum 77p. The latter usually
differ from ¢(;) by a local functional of ¢¢). Then, for Neumann boundary
conditions, one fixes Ty rather than 43(1). This shows that the leading and
sub-leading coefficients in the asymptotic expansion are canonical conjugated
variables (see Ref. Papadimitriou (2007) details).

In general, one introduces a boundary term that depends on the scalar field and
derivatives thereof, whose explicit form depends on the boundary conditions.
As shown before, the field equations fix the relation between derivatives of
both the field the boundary term via boundary conditions. The extra boundary
contribution to the gravity action implies a modification of the boundary theory.
In the case of mixed boundary conditions, this corresponds to modifying
the holographic CFT by multi-trace operators if the deformation function is
built not only by the fields but also the operators Witten (2001). Then, the
vacuum expectation value of the dual operator with conformal dimension
d — A corresponds to ¢(g) and its current related to ¢(;). Since the on-shell
action is identified with the generating functional of connected correlators of

the dual CFT, say I', the addition of the new term modifies the dual theory as

Tl = T = [ @\ /80, 900) (A3.11)

where ] is the current which depends on ¢ ) and 7y and is fixed by boundary
condition in the string theory side. Following Ref. Anabalon et al. (2016),
we have encoded the deformations of the boundary theory in W <¢(0)),
which must be fixed such that the variational principle is consistent with
the corresponding boundary conditions. Then, the boundary CFT is deformed

and the boundary conditions impose Witten (2001)

AW (90)

= A3.12
1= &0 (A3.12)

Using Neumann or mixed boundary conditions corresponds to modifying the
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conformal vacuum at the boundary. In the case of mixed boundary conditions,
the multi-trace deformations could break the conformal invariance as they
modify the n-point functions (see Ref. Minces and Rivelles (2000)). Then,
the deformations could be marginal, relevant, or irrelevant depending on the
mass of the bulk scalar field. Moreover, multi-trace deformations have been
associated to multi-particle states in the dual gravity theory Aharony et al.
(2001).
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