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UNIVERSIDAD ANDRES BELLO

Abstract

Facultad de Ciencias Exactas
Departamento de Ciencias Fisicas

Doctor of Philosophy

Kounterterms in Einstein Gravity and in Higher-Derivative Theories of
Gravity

by Georgios Anastasiou

The aim of this thesis is two-fold. It consists mainly in gaining better intu-
ition on the mechanism of cancellation of IR divergences in Einstein gravity with
negative cosmological constant, using a new regularization scheme, namely the
Kounterterms. Exploiting its properties and its connection with topological in-
variance, we gain insight both in Conformal and Critical Gravity, which are
higher-derivative theories defined in 4D.

The Kounterterms stand as an alternative regularization scheme to Holo-
graphic Renormalization and corresponds to the addition of surface terms that
depend on intrinsic and extrinsic quantities of the boundary on top of the Einstein-
Hilbert action, rendering the action evaluated on Anti de-Sitter spacetimes, fi-
nite. Unlike the counterterms in the standard Holographic Renormalization,
they admit a closed form in any dimension. We compare two regularization
schemes in Asymptotically Conformally Flat spaces, and conclude their equiva-
lence for terms up to cubic order in the curvature O (R?).

Because of the connection between the Kounterterms and topological invari-
ants in even-dimensional spacetimes, the renormalized Einstein-AdS action ad-
mits a closed form, expressed as a polynomial of the on-shell Weyl tensor. This
feature is crucial when dealing with higher-curvature gravity theories with an
Einstein branch of solutions. In Conformal Gravity it allows us to prove explic-
itly the equivalence between Einstein and Conformal Gravity, previously stated
by Maldacena.

In Critical Gravity, using the Noether-Wald method we prove, in a non-
perturbative way, the trivial character of the Einstein modes of the theory. In-
deed, the only non-trivial information is coming from the non-Einstein modes
represented by the Bach tensor. Based on this result, we introduce a new series of
counterterms, which depend explicitly on the extrinsic curvature and its deriva-
tives, and provide a shortcut in the derivation of the holographic correlations
functions living in the boundary Conformal Field Theory.
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Chapter 1

Introduction

The AdS/CFT correspondence constitutes a concrete realization of holography
with many applications in various areas of Physics. It expresses the duality
between the dynamical fields propagating in the bulk AdS;,; spacetime and
the operators of the CFT, that live in one dimension lower, at the conformal
boundary of the AdS spacetime [1]. Assuming a classical gravity theory, namely
weakly coupled, and its strongly coupled CFT dual, then the following equiv-
alence between the generating functional of the boundary CFT and the bulk
on-shell action is valid:

Son—shell <(P(O)> = —Wcrr ((P(O)) ’ (1.1)

where Wcrr is the quantum effective action of the CFT, S,,,_¢pe1; is the on-shell
bulk action and ¢ g) is the value at the conformal boundary of the bulk propagat-
ing field ¢ [2]. The above relation allows us to compute the correlation functions
of the gauge operators living on the boundary, using the on-shell bulk action.

The asymptotic conformal structure of AdS spacetimes induces a series ex-
pansion of the bulk fields around the conformal boundary, where ¢ is the
leading contribution and plays the role of the source of the dual operator. Solv-
ing the equations of motion order by order, one determines several terms of
the asymptotic expansion as functions of the source. Thus, defining Dirichlet
boundary conditions for the source ¢ g), one can reconstruct the bulk field par-
tially up to the deep interior.

A concrete realization of this construction is the FG expansion of the bulk
metric G;; [3]. In this case the conformal boundary metric 8(0)ij 18 the source
that couples to the boundary stress-energy tensor (Tj;), which is the dual oper-
ator. The presence of a pole of second order in this class of spacetimes, called
ALAJS spacetimes, induces a conformal structure in asymptotic infinity that in-
troduces infinities at the action. In the context of AdS/CFT correspondence, AL-
AdS spacetimes are of wide interest, as the form of the boundary metric, which
corresponds to the CFT background metric, is totally unconstrained.

As a consequence, the on-shell action of the gravitational action diverges,
reflecting the infinity of the bulk volume. In the context of holography, the bulk
divergences are seen as the UV divergences arising in the dual field theory. This
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feature is actually an aspect of the duality between the radial coordinate in the
bulk and the energy scale in the boundary.

In order to cancel the divergences, requiring the action to be well-defined,
a series of Dirichlet surface terms has to be added, namely the counterterms.
This means that the counterterms depend only on intrinsic quantities of the
codimension-1 hypersurface at constant radius,l.e., the metric of the hypersur-
face, the intrinsic curvature and derivatives of the curvature. Based on these
considerations the HR was introduced in [4]-[6], as a systematic regularization
scheme of the bulk action.

Even though the HR provides a systematic way to render the action finite,
the complexity of the counterterms grows as we go to higher dimensions. More-
over, the Dirichlet variational problem for the full boundary metric h;; is not well
defined, as it diverges at spatial infinity. A consistent choice is the fixing of the
background metric of the CFT, namely g(g);;. These two features motivated the
discussion for alternative regularization schemes.

In [7] it was proposed a different prescription for the cancellation of the di-
vergences. This new scheme is based on the addition of a unique surface term
that depends both on intrinsic (R) and extrinsic (K) curvatures with a fixed
coupling constant (c;). This new proposal, which is characterized by its com-
pactness and its profound connection to geometry, is called Kounterterms. Its
general form for AdS;q reads

Ton = Ipp + 4 / d'x/"hBy (K, R) . (1.2)
oM

For even dimensions the surface term arises as the boundary correction to the
Euler theorem for non-compact manifolds with a boundary. As a consequence
there is an underlying relation between the regularization of the action and the
addition of topological invariants of the Euler class. This concept is called Topo-
logical Regularization.

Despite the absence of topological invariants in odd-dimensional manifolds,
an analogous regularizing scheme had been introduced, generalizing the con-
cept of Kounterterms [8]. In this case the geometrical interpretation is different,
as the term arises as a boundary correction to the Transgression form of the AdS
group.

In chapter 2, we compare the two regularizing schemes, namely the Koun-
terterms and the standard counterterm series L. (/). In order for the two for-
mulas to coincide, we add and subtract the Gibbons-Hawking term in Eq. (1.2).
The main obstacle, is the transition from the extrinsic counterterms to intrinsic
ones. The problem is circumvented by considering that the extrinsic curvature
Kjj can be expanded asymptotically as a function of intrinsic quantities of the
conformal boundary.

It is shown their full accordance up to eighth order derivative terms, which
arise in the boundary of ten and eleven dimensions. Based on this equivalence,
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we show that the off-shell form of the standard counterterm can be written in
a compact form and a general recursive formula for (2p)-order counterterm is
proposed, common for both even and odd-dimensional manifolds.

In chapter 3 of this thesis, we provide an explicit proof of the equivalence be-
tween Einstein and CG based on Topological Regularization in 4D [9]. From the
derivation of the field equations we realize that Einstein spacetimes constitute a
specific branch in the broader class of solutions of the theory. Based on this, we
decompose the curvature into an Einstein and a NE part, which can be extended
at the level of the action and the variation of it, respectively. It is shown that the
vanishing of the Bach tensor is a sufficient condition in order to recover Einstein
gravity with a negative cosmological constant.

Finally, a direct consequence of this result is presented in chapter 4, in the
context of CrG. It is explained the triviality of the theory when the Einstein
branch is considered [10]. We show that the only non-trivial contribution is
coming from a function quadratic in the Bach tensor [11]. The presence of NE
modes in the theory demands a modified asymptotic behavior that switches on
a new source on the boundary theory. Furthermore, the finiteness of the action
is analyzed and a new series of counterterms is proposed depending explicitly
on the extrinsic curvature and its derivatives. As a final step, the holographic
correlation functions are computed and the boundary theory is identified as a
LCFT.






Chapter 2

Asymptotic analysis of AdS
spacetimes

2.1 Introduction

The holographic principle is based on the conjecture about the duality between
a gravity theory living in the (D = d + 1)-dimensional bulk manifold and a
d-dimensional field theory residing on the boundary. In a more concrete way,
the duality states that the bulk propagating fields determine the observables of
the boundary field theory. A concrete realization of the holographic principle is
given by the AdS/CFT correspondence, where on the one side we have fields
on a gravitational background equipped with a negative cosmological constant
(A < 0) and on the other side, gauge invariant operators in the boundary CFT
[1]. This one to one correspondence between the fields is a direct consequence
of the identification of the partition functions of the two theories, which reads

ZSUGRA <(P(0)> = Zcrr <(P(0)> , (2.1)

where Zgiigra (¢o) is the partition function in the low energy regime of string
theory (Supergravity), expressed as a function of the boundary values of the
bulk fields, and Zcrr is the partition function of the strongly coupled CFT [2].
In the saddle-point approximation, Zsygra =~ e sl and the Eq. (2.1) can
equivalently be written as

Lon—shel <(P(O)) = —Wcrr <(P(O)> ’ (2.2)

implying the equivalence between the on-shell gravitational action and the CFT
generating functional. The generating functional determines the n-point func-
tions of the theory. In particular, one-point function reads

~ OWerr (fP(O) (x)>
59 (0) (¥)

(O (x)) = : (2.3)
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where ¢ g) is the value of the the bulk field (scalar, gauge field or the gravi-
tational field) at the conformal boundary. Here ¢ ) plays also the role of the
source that couples to the dual operator O (x).

Following the AdS/CFT dictionary, the Eq. (2.3) reads

O Lo —shell <§0(0)>
590 '

Hence, one determines the operators and the correlations functions of the strongly
coupled CFT by calculating the on-shell action of the weakly coupled gravita-
tional counterpart.

In the analysis below, we are focusing on gravity. In this case, the dual to the
bulk metric G, is the stress-energy tensor (Tj; (x)) of the CFT,, which is written
as 1-point function

(O (%)) =

(2.4)

2 Olon—shell <8(0)>
—8(0) (5g1(]0) (x)

Here, g(g);; is the background metric of the boundary CFT which is also the
source that couples to the stress-energy tensor. In the gravitational context, it
corresponds to the value of the bulk metric G;; when evaluated at the bound-
ary and defines the Dirichlet boundary conditions of the theory. It is evident
that the study of the asymptotic structure of AdS spacetimes is crucial for the
understanding of holography.

Following the Refs.[12], [13], the class of spacetimes which are asymptoti-
cally exact AdS, they are called AAdS spacetimes. This means that the bulk
Riemann tensor in the asymptotic region obtains the form

(2.5)

(Tij (x)) =

ap_ _ 1 slap]

Ry = _g_Zé[ﬂV] (2.6)
where ¢ [[if f = (5&(55 — 55(55 is the generalized antisymmetric delta. The following
metric

2 o,
ds® = ) (dz + dxydxﬂ> (2.7)

represents AdS in Poincare coordinates and satisfies the condition (2.6). We re-
alize that at the AdS boundary, which is located at z = 0, the spacetime (2.7) is
singular due to the second order pole. This means that no boundary metric is
induced from the bulk. In order to overcome the boundary singularity we em-
ploy Penrose’s conformal compactification technique. Considering a function
z(x), which is positive in the bulk and has a first order pole at the boundary, one
defines the metric
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G =2°g, (2.8)
which is conformally related to §;; and regular at the whole space. This means
that the new metric can be smoothly extended to the boundary without the pres-
ence of any singularities. Indeed, the boundary metric, given by

8(0) = 22G.—g, (2.9)

is regular but can only be determined up to the choice of the function z(x). Ac-
tually, every defining function of the same conformal class with z(x) is valid. As
a consequence, the boundary metric g¢ is determined up to a conformal factor.
Hence, the bulk metric G induces a conformal structure at the boundary. In the
pure AdS case (2.7), the induced metric at the boundary is Minkowski and be-
longs to the same conformal class with the Einstein static universe metric which
is topologically R x S%~1. This is a crucial feature of the AAdS spacetimes.

The above considerations were generalized for a generic (pseudo) Rieman-
nian metric G with a second order pole, similar to the one seen in the pure AdS
case. If there is a defining function z which is positive definite in the bulk and
satisfies the conditions z(dM) = 0,dz(0M) # 0 at the boundary of a manifold
M, then G is a conformally compact metric as G = z2G is smooth with a reg-
ular boundary metric gy = z G‘ - The choice of the defining function is not
unique, leading to many different compactifications of the bulk metric. There-
fore, the bulk metric induces a conformal structure at the boundary, located in
z = 0, defined by the conformal class of the boundary metric [go].

When G is a solution of the Einstein equations then it represents a confor-
mally compact Einstein manifold whose Riemann curvature reads

R = —6—25[[“}} +O ( ) : (2.10)

We realize that the Riemann tensor of the conformally compact Einstein mani-
folds approaches asymptotically the pure AdS form given in (2.6), justifying the
name AlAdS spaces. The key point here is that there is no restriction on the
conformal structure and the topology of the boundary, unlike the AAdS case
where the boundary metric is conformal to R x $~1. As a consequence, the AL-
AdS spacetimes correspond to more generic asymptotics than AAdS spaces, in
accordance with the non-restrictive form of the source of the dual CFT. In [3],
it was introduced a coordinate system representing the conformal structure in-
duced at infinity. More specifically, considering that the defining function z,,
plays the roles of the radial coordinate in a Gauss-normal frame emanating from
the boundary, the bulk metric reads

a5 = 5 (2% + g (2, ) dwiax) (211)
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As it was shown in (2.8), the metric g;; (z, x) is regular at the asymptotic limit
z — 0. Thus endows a Taylor-like expansion around the conformal boundary
z = 0, which casts the form

8ii (z,x) = gy (%) +2801yij () + 2782y (%) + ...
+ng(d)ij (X) + Zdh(d)ij log Z2 . (2.12)

In Einstein gravity, all the odd-power coefficients vanish, when solving Ein-
stein’s equations in this frame. It is convenient to rewrite the FG expansion
considering the coordinate transformation p = z2. In this case the bulk metric in
FG coordinates obtains the form

2 . .
ds? — f_pzdpz + Iy (x, p)dx'da (2.13)

where h;; (x,p0) = % gij (x,p) is the induced metric on the p = const hypersurface
and g;j (x, p) expresses the series expansion around the boundary p = 0

gij (0,X) = g0yij (x) +pg2)ij (x) + P28(4)z’j (x) + P38(6)z’j (x) +...
d d
+028(4)ij (x) + p2h(g)i1logp. (2.14)

The logarithmic term arises only in the case of an even-dimensional boundary,
and its coefficient determines the variation of the conformal anomaly with re-
spect to the metric. Considering that the indices are raised and lowered by the
metric g(qy;;, the contravariant form of the expansion (2.14) now reads
87 (0,%) = gy — p8(sy + 07 [ 815810 — 81y | — (2.15)
=0 [Slaslamsla) + 8ls) ~ 28lans(n] + 0 (6)
Actually, the fixing of the leading order term defines the Dirichlet boundary
conditions in the gravitational context. Namely, given g );j (x), one determines
partially the bulk metric up to the deep interior, but not to all orders, by solving
the Einstein equations order by order in this frame. This is a consequence of
the fact that additional boundary data is needed in order to be able to compute
the divergenceless and traceless part of g(4);;. In the following section, we will
compute the first terms of the FG expansion and show that they are functions of
the intrinsic curvature of g(g).
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2.2 Einstein equations in the FG frame and the asymp-
totic fall-off of the Weyl tensor

2.21 Determining the FG coefficients

The EOM of Einstein-AdS gravity, meaning the EH action equipped with a neg-
ative cosmological constant, in a (d + 1)-dimensional manifold M is given by

d(d—1)

1
R — ER&,@‘ -—7 o =0. (2.16)
Taking the trace of the EOM, one gets that
H d H
Ry = E_Z(SV , (2.17)

which defines the class of Einstein spaces. The Weyl tensor, on the other hand,
is defined by

Wil — RS — suof + sbot + sl — s, (2.18)
where
gh— 1 Rl — —R(S” (2.19)
VT d—1 2d

is the Schouten tensor of the bulk. The Weyl tensor is traceless (W ;) and is
subject to the properties of the Riemann tensor, namely

Wabcd = _Wbacd = _Wabdc
Wabcd = chab
Wabcd + Wacdb + Wadbc =0.

When evaluated on Einstein spacetimes, the Schouten and the Weyl tensors ob-
tain the form

s = ~5 6255, (2.20)
Wi = R ﬁ+ 5 5[[]45}}. (2.21)

Considering the tracelessness of the on-shell Weyl tensor, one recovers the Ein-
stein’s EOM, because

Wh =R + 5255 =0. (2.22)
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In what follows the Greek indices indicate spacetime indices, while the Latin
ones indicate boundary indices. Working in Gauss-normal coordinates for the
radial foliation of the bulk metric

ds*> = N? (o) dp® + hij (x,0) dx'dx!, (2.23)

where N is the lapse function, the extrinsic curvature is defined by

1
Kij = —ﬁaphﬁ (x,p) . (224)

In general, the extrinsic curvature expresses the embedding of a submanifold in
a manifold and depends on the particular foliation. In our case, the Eq.(2.24)
represents the embedding of the constant radius hypersurfaces with induced
metric /;; into the bulk metric. Furthermore, the non vanishing components of
the Christoffel symbols are given by

1
0 0 _

Top = ﬁfrzj - ﬁKiJ"
M = —NK, T, =T, (h), (2.25)
where the dot indicates the radial derivative. The Christoffel symbols of the
radial foliation will be extremely useful later, in the derivation of the field equa-
tions and the surface terms of the CG. When the extrinsic curvature (2.24) is

expressed in FG coordinates, then it adopts the following expansion

o L
Ki = Kig); T 0Kig) + 0 Kiy); + 07Kig);
2

1y o P° (i k i

= 9~ 8@it 7 (g 2)k8(2)] ~ 28 <4>j> -
3
1Y k

-7 (giz)kg(zngZU + 3gé6)j - SgEZ)kgl&)]-) + O <P4> . (2.26)

For a general radial foliation, the spacetime Weyl tensor is decomposed in three
independent tensors (W;(]l, E]l:, W]i] ). Once the GC relations [14], for the radial
foliations, are applied in Eq.(2.21), one gets for the different Weyl components
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tensor

oo 7 ] ] 4
. T DR
i o _ i wiyk o © i
El = Wi = K- KK + 550, (2.28)
. , 1 . .
_ w _
= Wi =< (DK - D)) (2.29)
W) = W =N (DK~ DIK}) . (2.30)

Hence, in this frame, the Einstein’s equations become

W},’g +E;I = 0, (2.31)
El = 0, (2.32)
wi = 0. (2.33)

]

Substituting the FG expansion in (2.31, 2.32, 2.33), one obtains a series of alge-
braic equations that determine all the coefficients g,;;, for n < d, plus the trace
and the divergence of g(4);; as functions of intrinsic quantities of the conformal
boundary metric g(g);;. In what follows, we will try to determine the first few
coefficients and the relations between the traces of the extrinsic curvature terms.
The Riemann tensor is expanded in the vicinity of the boundary as

Ry (8) = Rl(]o)kl + Rl(Jl)kl <g(0)> + RZ(JZ)kl (g(0)> T (2.34)
Ry (h) = R} (8) - (2.35)

Using the definition R;],i = R;, we find the Ricci tensor

i _ i _ i 27>i 3i
R} () = pR} (8) = pR{o); (8)) + PRl (80)) +0°Riz; (80)) +- 36
Substituting Eqs.(2.27) and (2.28), the first EOM in Eq.(2.31) can equivalently be
written as

‘ o d-
Ri () — KK+ KiK] +

i__ i
] 5l = —EL. (2.37)

2
The RHS of the above equation, is identified as the electric part of the Weyl ten-
sor, previously defined in Eq. (2.28), and represents a symmetric and traceless
spatial tensor. This tensor results after projecting two of the indices of the Weyl
tensor at the normal (radial) direction. In the FG frame, where the Eq.(2.26) is
considered, becomes
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i 2p i 2 i Ly 20,
Ej = 7(K 2); T 20K {4+ 3p K(6)]'>_g_2f_7K(2)J
2 3
P 207 (i Y L
— T (2K + K Klay) = (Ko + KyiKlay) + 20
2
_ P i i 1 2P i 1 I
= & (2Kl — KKl ) + & (2K — (KigyKlyy) - (239)

Notice that the O (p) term is identically zero.
Inserting the intrinsic and the extrinsic curvatures from Eqgs.(2.36) and (2.26),
respectively, in the EOM (2.37), leads to the following expression

P i i i
2
% i i i i I i
+ 0 Ry = (d = 2) Ky = Kia)8) + (Kig) Kl — Ky K|
3
% j j i j i j ! _
+ 5 [2721(2) = (d—2)Kig) — Kg)0i — (KKl — (K (g)Kiy -+ 20Kip KL ] =

= —p"Ew); — 0’Efg); - (2.39)

The Eén)]. are terms that represent the expansion of the electric part of the Weyl
tensor. From the Eq. (2.38), the first two terms are identified by

i 1 i i I

Efay; = 7 (2K — KigyKlay) (2.40)
. 2 . . ’

E1(6)1' — 7 <2Kl(6)j - gKl(z)lK(zl)j) : (2.41)

Solving the Eq.(2.39) order by order, we determine the coefficients of the FG
expansion of the metric. Starting from the O (p) term, we get

(R{g); — (d —2) Kiy); — K(2)0] = 0. (2.42)
The trace of this equation implies that
__ ! 24
Ko = 3= R0- (243)

Thus, when inserted into the O (p) EOM, the next to the leading order term of
the extrinsic curvature expansion is determined by,

¢ T 1

21 = 777 | Ry~ g 09| = Sy @44)
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where SEO)j is the Schouten tensor of the conformal boundary metric g(g);;. Fur-

thermore, the expansion in Eq.(2.26) allows us to identify the equivalence

i 1
Kiy, = (2.45)

ALK
and determine the next to the leading order term of the metric in the FG frame
as

ggz)]. = —fzsgo)].. (2.46)
Going to the O (p?) term, the EOM read
i -1 1 -1 i 1 I 1
Riayj =€ (d = 2) Ky = 7Kg0 + Koy Kig); — K

Ky = —Ely;- (247)

Taking the trace, we get

—g livi] i1 i
2(d —1) (RU) _5[]'1J'2]K(2)i1K(2)i2) : (2.48)

and substituting it back into the EOM, we find

K =

i o 14 i 7 i 1
Kaj=53—4 [Ru);’ — K)Kiz); + Kig)iK2);—
1

[i1i2] g ' i
5T (R — 821K, K ) ] (2.49)

(172 (2)in " (2)i ) 7T
From (2.26), Kl( n is identified as
i1k i
Kiaj = 7 |8l — 28lay] - (2.50)
and considering the Egs.(2.46) and (2.49), the 8(4)ij reads

i 0 R i i
1 [i1i2] 1/ 7 ;
BPICES)) (R(” N 5U1121K(2>i11<(z)i2> (5]} : (2.51)

Focusing on the O (p?) order, the EOM have the form

i -1 i -1 i i

i i ) _ i
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Taking the trace, the RHS piece vanishes, and gives

14
2(d—1)
Putting this result back in the EOM, one gets

(Ri) — 20012kl KB ) - (2.53)

Ke) = [inja) (@i (4)is

' l i i '
Ko = 7-¢ [ ) ~ Ke)Kia); = K K|

_ 1 [i1i2] 71 2 i
2d—1) (R =252 K sy Ky ) 91 - (2.54)

As a last step, we show that the tracelessness of the electric part of the Weyl
tensor, seen in Eq.(2.32), determines the following relations

0

Kay = 5Tr <K%2)>, (2.55)
0

Ke = 5Tr <K(2)K(4)>. (2.56)

Solving the Einstein’s equations in the FG frame, allows us to determine the
asymptotic behavior of the extrinsic curvature. Notice that it is a radial expan-
sion of intrinsic curvature invariants whose number of derivatives is analogous
to the power of the radial coordinate. This property will be crucial for the deriva-
tion of the standard counterterm series starting from an expression that has an
explicit dependence on the extrinsic curvature, namely, the Kounterterms.

2.2.2 Asymptotic fall-off of the Weyl tensor

The main objective of the first part of the thesis, is the comparison between two
regularization schemes, which is translated at the level of their respective sur-
face terms, the standard counterterms and the Kounterterms. The analysis in
the most general case is cumbersome, but we can simplify the problem by im-
posing specific boundary conditions associated to the fall-off of the Weyl tensor.
In what follows we define a specific class of spacetimes, called asymptotically
conformally flat spaces, which correspond to the terrain of our analysis.
Starting from the second Bianchi indentity for the Weyl tensor, one gets

VieWpy = VaWpy + VWi + Vo Wi = 0. (2.57)

Using the GC relations [14], a series of differential equations for the independent
components of the Weyl tensor is found, which cast the Bianchi identity in the
form
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Wi = DWW — DWW — KL Wi KW
bl _ K E _ KE 4 KE
+KLE] — KLE — KIE] + KIEL,

Wi].k = —DiE;F + DJEF + Kilwk§. — KyWh — wai].l,
_ i oW ok W
0 =D [kaZ] - fmwkl] + K[mwkzi ’
0 = DyWyf — KinWi" + KjW" — K1, Wi, (2.58)

where Dy, is the covariant derivative of the boundary metric 7;;.

It is evident that in order to determine the fall-off, the previous equations
have to be solved asymptotically, assuming the asymptotic expansion of the ex-
trinsic curvature (2.26). We are keeping only the first two terms, namely

Ly N i
~ Z(Sj +£0S(g); ~ Z(Sj + LS () . (2.59)
Moreover, considering the second order pole of the ALAdS spacetimes, the fall-
off of the metric h;; is of order O (p~!) when expressed in FG coordinates or

K (1)

hij =0 (62” ¢ ) when written in Schwarzschild coordinates. For the curvatures,
on the other hand, we get the following asymptotic behavior

Ry () = pRY (g) = O (271,
Si () = pS} (3) = O (7).

Taking into account only the leading order contribution from (2.59), the differ-
ential equations in (2.58) can be rewritten as

Wy ~ DW= D', = SWi + 5 (81E] — 0| — 6[EL +6]EL) ,  (2:60)
. 1
k k k k k k
1~ ] _ 5/
DWWy = 7 (Wi = &, Wil ) (2.62)

1
ko Lk
DiWij = 3 Wi
Taking the trace of the Eq.(2.60) and substituting the EOM (2.31), we obtain the
following relation that gives us the fall-off of the electric part of the Weyl tensor.
More specifically, one gets that

" (2.63)

Ei + % Ej ~ —D;W",. (2.64)
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Restricting the asymptotic expansion of Kj; to the leading order, we get that

DWI =0 (e—ﬂ L n>d, (2.65)

namely, the differential equation (2.64) is homogeneous. Hence the asymptotic
behavior of E;- is

El~ Ely e/ = 0 (pd/ 2) : (2.66)

This condition defines the ACF spaces, that is of particular interest for the dis-
cussion below.

2.3 Counterterms and the EOM in ACF spaces

The asymptotic behavior of the bulk Weyl tensor in ACF spaces is given by the
fall-off of its electric part, thus, E;- =0 (e_dr/ ¢ ) As a consequence, the EOM we

obtain in section 2.2.1 have to be modified. In this case, the Eq.(2.31) becomes

Wik =0 (e—d’/ f) ) (2.67)
or equivalently

RE () — KK + KK + dg—zl(s;i -0 <e—d” f) : (2.68)
In what follows we consider the covariant expansion of the extrinsic curvature
as a function of the induced metric ;; instead of g(g);;. The reason behind this
choice is the fact that the covariant coefficients of the expansion of K, represent
the eigenvectors of the dilatation operator.

It is known from [15], that the (2p)-derivative terms of the standard coun-
terterm series are proportional to the relevant (2p)-derivative term of the radial
canonical momentum expansion, given by

2
‘Cct(z;?) = mﬂ(zp) . (269)

Based on the Hamiltonian formulation for the AdS bulk dynamics, the radial co-
ordinate plays the role of time of the standard ADM formalism. In this context,
the canonical momentum is the conjugate to the induced metric h;; and acquires
the form

3 1 3 )
gy — - \/_ y_ gy
ml = o5/ =h (Kh K ) . (2.70)

Using the Hamilton-Jacobi formalism [16], it was proven that the counterterms
series expansion are eigenfunctions of the dilatation operator
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)
On the same footing, the canonical momentum can be expanded asymptotically,
where each term is acted by the dilatation operator as follows

5p =2 / dxh; 2.71)

5D7tl(]2p) =-2(p+1) nzjzp) : (2.72)

As a consequence, the extrinsic curvature admits the expansion

Kj= p;o Kiap)j = Kioyj 1) + Kig); () + Kig; (1) + Kig) () + ...

= K{g); + PKlg); (8) + 07K{); (8) + 0°Kig); (8) +-- -, (2.73)

due to the action of Jp.

Applying this into Eq.(2.68), we get a similar expression to the one derived
before (section 2.2.1), considering that in ACF spaces the electric part of the Weyl
tensor vanishes. On top of that, by inverting the series the terms R 1), R(y) of
the Riemann and Ricci tensor expansion are absent, and the new formula for the
EOM is written as

7 R} (9) — (4= 2) Kiy; ~ Ko} +
+ P; [EKEZ)ZKb)j - gKéz)jK(z) —(d—2) Kl@j - K(4)§;
+ p; [— (d—2) KI@J. — K(g)0% — EK(Z)K@)j — (K Kz('z)],
+ 20K(y)Kiy;] = 0. (2.74)

Solving order by order, the various terms of the extrinsic curvature expansion
become

i L
Koy = 15](3), 276)
b j L sigliiagh g
Koy = 722 {Kb)kK(zw ~ KoK * 57— 1y % Ko Ko,
_ 0 aiak i 1 kol Q2) si
= — [Sksj -S88/ -5 (sfsi-s?) 5]} , (2.77)
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i k i k i i
77 | KK T KaiKz); = K@) K = K@K +
[

nid] g1 g2
(5 5[]1]2]K(2)11K(4)i2] : (2.78)

Furthermore, taking the trace of (2.74), the following relations between traces
are valid

_ b Shilgh s

Ko = =X @nfen @.79)
_ ¢ [i1i2] j2

Koy = =10 Ko Kl (2.80)

One can generalize this prescription and determine all the coefficients of the
extrinsic curvature expansion to arbitrary order. Plugging the recursive relation
(2.73) into the Eq.(2.68), one extends the Eq.(2.74), which now reads

Ms

Zoz 0P8l Kl Ky +p | (@=2) 8] () + S (3) )] +
p:

0

d — 1 i d/2
+70=0 (p ) , (2.81)
where the definition of the Schouten tensor of the boundary was taken into ac-
count. Evaluating for lower order p’s we obtain the results shown in (2.75-2.78).
Furthermore, for 1 < 2p < d, the Eq.(2.81) can be written as

(d—2)K ( i T Kep)9; _ez(s Ko Klap—an); - (2.82)
Taking the trace we get
Kp) = 20d—1) Z ‘5[ n K iKizp—2e (2.83)

or in the matrix representation

¢ rd
Kiap) = _m l; <IK(21)]K(2p—21)> . (2.84)

For p = 2,3 we recover the traces in Egs. (2.79-2.80). Hence, the generic recur-
sive formula that determines the coefficients of the extrinsic curvature expansion
to arbitrary order, adopts the form
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¢ = ik ™m 5]1
K(ZpJ q_ ; Smn KoK {op 21)]+m <]I<(21)]I<(2p721)>

¢ R . 5!
di ; (K 21) kK (2p—20)j — K(2p72l)]‘ K(Zl) + m <]K(21)]K(2p_21)> . (285)

From the Egs.(2.69) and (2.70), we realize that the counterterm series is propor-
tional to the trace of the extrinsic curvature of the relevant order. In this context,
one of the main goals of the study is to certify the consistency of the Kountert-
erms with the aforementioned condition. The Eq.(2.85) is the key in this deriva-
tion, as it relates each term of the extrinsic curvature expansion and its trace, as
a linear combination of the lower order terms.
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Chapter 3

Kounterterms

3.1 Introduction

The EH action, when evaluated for a solution of the Einstein’s equations, it is
proportional to the volume of the corresponding spacetime. In case of a space-
time equipped with a negative cosmological constant, its volume tends to infin-
ity, leading the on-shell action to diverge. The reason behind this behavior is the
presence of the pole at the AdS boundary, expressed by the divergent confor-
mal factor in the asymptotic sector in Eq.(2.13). Thus, as p — 0, a series of IR
divergences arise at the on-shell action.

Considering, that ALAdS spacetimes correspond to manifolds with a bound-
ary, the EH action is augmented with a surface term that allows to obtain a well-
defined variational principle considering Dirichlet boundary conditions for the
metric ;. Hence, the action reads

1 1

ben = 7 /M A IVG(R(9) ~28) — = | dxViK, B
where K = K! is the trace of the extrinsic curvature, corresponding to the folia-
tion of the spacetime. The surface term is called the GH term. We can actually
track-down the divergent pieces by evaluating the asymptotic solutions, given
by the FG coefficients up to order p?/?, previously derived at the section 2.2.1 .
Furthermore, a radial cut-off scale is introduced in order to regulate the action,
such that the bulk piece is evaluated for p > €, where € > 0, and the boundary
term for p = €. Hence, the regulated action casts the form

Steg (g(o)) = /ddx1 /=80 <€_d/2060 +e 2 gy 4 ety o —ag_olog e) +0 (€°) .

Here, the &, coefficients correspond to covariant expressions of the metric 2(0)-
Notice the various order poles of the cut-off scale € plus the logarithmic term
that make the on-shell action divergent. Rendering the action finite corresponds
to the cancellation of the divergences by adding proper surface terms, which are
consistent with the diffeomorphism invariance of the theory. The general form
of the renormalized action, reads
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Sren (g(o)> = lli;% ﬁ {Sreg (g(0)> — /ddx1 /=8 (0) (e_d/zoco +e 2 4.
ety — gy loge) +0 (€0>] .

In [4], it was introduced a background-independent method for the elimination
of the IR divergences. This regularizing scheme is called HR and is based on the
addition of local covariant counterterms, namely surface terms which are func-
tions of intrinsic quantities of the boundary, such as, the metric hi]-, the Riemann

curvature RZZ and its covariant derivatives. With this choice, we secure that the
variational principle is well-defined considering Dirichlet boundary conditions
for the metric h;;.

In this prescription the general form of the renormalized AdS action reads

_ 1 d+1 1 d
ben = 7= /Md WVO(R(G)+20) — gz | d'xVik+

+ / L (h,R,DR), (3.2)
oM

where D is the covariant derivative with respect to the boundary connection.
The leading order terms of the standard counterterm series can be written as

Ect (h, R, DR) -

vV —h [d—l 14 Rt

87G | ¢ T2(d-2)
63

+ 2

2(d—2)72(d—4)

.. d 2

Even though it appears as a series of increasing in power Riemann curvature
invariants of the boundary, £ corresponds to an expansion whose parameter
is the radial coordinate p. This relation is manifest when considering that in the

(3.3)

FG frame, the relation R}, (h) = pR/, (¢) holds. Thus, making higher power
curvature invariants have faster fall-off than the lower power ones.

The counterterms L are getting more complex going to higher order in R
and to higher dimensions and their form is everything but compact. Moreover,
the presence of a divergent conformal factor in /;;, makes its variation not well

defined <5h1~]~ = %5 8(0)z’j> . What it really makes sense, in a mathematically rigor-

ous way, is the fixing of either the conformal class [h] or the source g(q);;-

On top of that, the (2p)-derivative term in the counterterms L ,,,) is propor-
tional to the trace of the canonical momentum 7;;, as shown in [15]. For the
radial foliation, the canonical momentum is a function of the extrinsic curvature
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o= LT (Kff - Khif') . (3.4)
2i?
Thus, £(,,) is actually proportional to the trace of the corresponding order of
the extrinsic curvature expansion. This fact opens the possibility for alterna-
tive regularization schemes to HR, that have an explicit dependence on the ex-
trinsic curvature of the boundary. In general, the presence of K]Z is considered
ill-defined from the point of view of the Dirichlet problem of &;;, as variations
of the first derivative of the metric arise. This is no longer true when different
boundary conditions is considered.

A new regularizing scheme based on so called Kounterterms, was firstly in-
troduced in [7]. It consists on the addition, on top of the Einstein-Hilbert ac-
tion, of a surface term that is a given polynomial of both intrinsic and extrinsic
curvatures. This new regularizing scheme provides a compact form for the can-
cellation of the divergences and its origin can be found on the Euler theorem
itself. Despite the fact that the topological invariants can be found only on even-
dimensional manifolds, the Kounterterms are generalized to odd dimensions as
well [8].

Comparing the two regularizing schemes, we show that there is full agree-
ment up to quartic order in the curvature for ACF manifolds. This equivalence
allows us to introduce a closed recursive formula for the general counterterms
series of order 2p, common for both odd- and even-dimensional manifolds.

3.2 Kounterterms in ACF even-dimensional manifolds

From the previous discussion it is evident that the counterterms are proportional

to the traces of the respective terms of the extrinsic curvature expansion KéZp)j'

This can be shown very easily, starting from Eq. (2.69) and substituting (2.70).
Hence, the proportionality between the two expansion coefficients is obtained
from the relation

V—hd—1
Ect (2p) = mm Tr ]K(Zp) . (35)
The same expression was derived in [16] considering a Hamiltonian approach to
HR. It has to be noted that the expansion of the extrinsic curvature K, repre-
sents different objects. On the one hand, in Eq. (3.5), it expresses the asymptotic
expansion of Kj;, given in Eq.(2.26), while in [16] corresponds to the eigenval-
ues of the dilatation operator, previously seen in Eq.(2.73). The two objects are
diferent, but there is 1-1 correspondence between them.
This feature combined with the fact that the variational problem for the in-
duced metric h;; is not well-defined, opens the discussion for alternative regu-
larizing schemes.
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In fact, the Kounterterms are an alternative counterterm series whose main
characteristic is its explicit dependence on both intrinsic and extrinsic curvature
of the boundary.

For a D-dimensional manifold M (D = d + 1), the new formulation has the
form

Feon = Ien +cq [ @'xv/=hBy (1K, R) , (3.6)
oM

where ¢, is a coupling constant fixed by demanding either a well-defined vari-
ational principle, or the cancellation of the divergences of the Euclidean action
for ALAAS spacetimes or the finiteness of the Noether charges. In any case, the
specific value of c; deals with these issues at once.

In the specific case of an even-dimensional manifold (D = 2n), the surface
term By,,_1 that is added has the form

an 1 (h K R) = 21/1\/_/ dt(s 11 Ay ﬂK]l ( R]2]3 (h) _ tZK{EK{:) y

1..j2n—1] ipi3

1 n— n— n— n—
i (5725;;%;1 (h) — P 2K ) (3.7)
where the corresponding coupling constant is
1 (_1)” f2n—=2

(3.8)

217 167G n(2n —2)!

The value of the coupling constant is fixed demanding either a finite Euclidean
action, or finite Noether charges or a well-defined variational principle. In any
case, this specific value of c¢; solves all the three problems at once.

The obvious advantage of the Kounterterms, in comparison to HR, is its com-
pact format. Besides that, there is an even more fundamental reason, associated
to the link between Kounterterms and topology. In order to make manifest the
connection with topology, it is important to introduce the appropriate mathe-
matical tools.

3.2.1 Topological origin of the Kounterterms

The Kounterterms are related to a gauge invariant extension of the CS forms,
called transgression forms. The CS form Cyp, 11 (A) is a differential form de-
pending on a single connection A, whose exterior derivative defines a polyno-
mial P (F) in 2n + 2 dimensions, which is invariant under the action of the Lie
group G on a vector space V.
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In a more concrete way, considering the gauge connection A = AilTIdx” of
the fibre bundle G x V with generators 17, and its corresponding curvature two-
form

F=dA+ANA= %P;UTldxﬂde, (3.9)

the invariant polynomial P (F) reads

P (F) (F"1). (3.10)

The symbol (.. .) expresses the totally symmetric invariant trace in the Lie alge-
bra. At this point, the Chern-Weil theorem provides two interesting properties
for the invariant polynomial. Firstly, it is a closed form, namely dP (F) = 0, and
thus locally exact

p (F) = dCZn-l-l (A/ F) ’ (311)
where Cy,, 11 (A, F) is the CS density, that obtains the form

Coni1 (A F) = (n+1) /O L du(AFY . (3.12)

Here Ay, = uAand F, = dA, + Ay N\ Ay, where u is an interpolating parameter.
The CS densities are not truly invariant quantities under finite gauge transfor-
mations of the group G, as their variation results a non-vanishing surface term.
A gauge-invariant extension of the CS forms is provided by the second prop-
erty of the Chern-Weil theorem. According to this, the difference P (F) — P (F),
where F and F’ are curvatures corresponding to different gauge potentials A
and A of the same homotopy class, is exact. Thus, the introduction of a second
gauge potential is the key for the construction of a gauge-invariant quantity. In
this case we get that

(F™) — (F"Y) = dTp41 (A, A) (3.13)
where Tp,11 (A, A) is the transgression form, what is written as
- 1 -
Tt (A, A) = (n+1) [ dr((A=A)E). (3.14)
Here
Ar=tA+(1-1t)A, (3.15)

is the interpolating gauge potential, and F; = dA; + A A Ay is the corresponding
curvature. The transgression form is a gauge-invariant quantity but it comes
with a price,namely, the presence of a second connection A.
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For the Lorentz Group in four dimensions SO(3,1), the two gauge connec-
tions are A = %wAB Jap and A = %C(_JAB Jap, while the invariant tensor con-
structed from the generators is J4gJcp = €apcp. Here A, B are tangent space in-
dices with arange 0,1,...,D — 1, where D is the spacetime dimension. Hence,
the invariant polynomial of the Lorentz group is the Gauss-Bonnet (GB) term
&y = eapcpRABREP, which is a topological invariant. The interpolating gauge
connections obtains the form

1 1
Ar = 5w Lap = 5 ("% +16°%) g, (3.16)
where 048 = wAB — 4B is the SFE. Hence, the curvature casts the form
1 1 /.- _
R = SR ap = 5 (RAB 1 tDOAB ¢ tzeéeBC) TaB, (3.17)
where RAB and D are the curvature and the covariant derivative of the referen-

tial spin connection @8 = a‘J;?deV, where u = p,i are spacetime indices. As a
result, the Eqs.(3.13,3.14) give

1
E4(R) —&4(R) =2d / dte npcpHB (RCD + tDOP + t29§49MD) . (3.19)
0

For the radial foliation of the form (2.23), the tangent space indices can be split as
A(1,a), where a denotes boundary indices and 1 expresses the radial direction.
Thus, the vierbein can be written as

el = Ndp,e" = efdx’. (3.19)
For a Riemannian manifold, the spin connection is determined by the vierbein
from the relation
A A
wVB = —eP'V et (3.20)
Hence, for Gauss-normal coordinates, one gets

wy! = —K" = K{dx'. (3.21)

The spin connection of the boundary w® has been omitted because it is not a
Lorentz vector and lacks representation in the tensorial formalism. The problem
is commonly solved [17] by introducing a second spin connection that corre-
sponds to a fixed,locally product metric which is cobordant to the dynamical
one. It casts the form

ds? = N2(p)dp? + hj(x)dx'dx . (3.22)

In this case, the connection coefficients @48 read
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o =0,0" = w®. (3.23)

As a consequence, the SFF of the two cobordant metrics becomes

01" = —K*,0" = 0. (3.24)

Indeed, the introduction of the second spin connection, associated to a fixed
product metric, leads to the construction of Lorentz covariant tensors. Actually,
the presence of the SFF, instead of the spin connection itself, is compatible with
Lorentz covariance.

Based on these considerations, it is straightforward to show that the Koun-
terterms B3 in D = 4 dimensions, given by Eq. (3.7) for (n=2), can be written in
a Lorentz covariant way as

CD
B3 = 2€ABCD9AB |:RCD + tz (92> :| . (325)

Moreover, taking into account the matching conditions between the dynamical
and the product metric, the second term in the lhs and the second term in the
RHS of the Eq.(3.18) vanish, while R = R. As a consequence, one recovers the
term B3 what is now identified as the Transgression form of the Lorentz group
SO(3,1). Here, Bs is alternatively called the second Chern form.

Furthermore, the significance of the second Chern form in a four-dimensional
manifold is going even further. The Euler theorem for a manifold without a
boundary states that

/ £, = / d*xV/—G (R%Rzg —4RURY + R2> = 2%(My),  (3.26)
My My

where x(My) is the Euler characteristic of the manifold, a number that is a
topological invariant and doesn’t change under continuous deformations of the
space. This is the reason why the GB term &4, does not affect the dynamics of a
four-dimensional spacetime. When a manifold with a boundary is considered,
a boundary correction arises, which is identified as the the second Chern form
Bs. More specifically, the Euler theorem now obtains the form

/ €4 = 327%x(My) + / B. (3.27)
My a1\/14

Thus, B3 is equivalent to the GB up to the Euler characteristic. The Euler theorem
can be generalized to an arbitrary, non-compact D = 2n-dimensional manifold,
which states that

/ P1xEry = (470)" nly (M) + / 3By, . (3.28)
My, aMZn
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In complete analogy with the 4D case, By,_1 is the transgression form of the
Lorentz group SO (2n — 1,1), namely the n-th Chern form, and it is equivalent
to the Euler term of the corresponding dimension.

This result makes manifest the deep connection between the Kounterterms
and topological invariance. This formulation introduces the concept of topolog-
ical regularization, and shows that the elimination of the divergences is not a
trivial procedure but it is equivalent to the addition of a topological invariant of
the Euler class on top of the EH-AdS action. As a consequence, one may rewrite
the renormalized action (3.6) as

1 2 [V1..:v20] 1M Han—1H2n
lren = 765 /M A7 x\/g[R — 2\ + a6 [ull...y;]R’“l”z R, (3.29)

where the coupling constant reads

" an—Z
=0 5 (2n —2)!1"

The two formulas (3.29) and (3.6) are equivalent up to the Euler characteristic.
Moreover, notice that the coupling constants ay, and cp,_; are equal up to a
numerical factor 1/2" due to the antisymmetric properties of the Riemann cur-
vature and the use of the generalized delta. Hence, the coupling constant of the
topological invariant is not arbitrary but obtains a fixed value, defined by the
finiteness of the Euclidean action, the finiteness of the Noether charges or by
demanding a well-defined variational principle.

o (3.30)

3.2.2 Explicit calculation of the counterterms

Unlike the standard counterterm series L (1), which depend on intrinsic quan-
tities of the boundary (3.2), the n-th Chern form presents an explicit dependence
on the extrinsic curvature of the boundary Kj;. Even if this difference seems dif-
ficult to circumvent, the asymptotic expansion of Kj; in Eq.(2.75-2.78), is the key
that allows to compare the two regularizing schemes.

The first step towards this derivation, is by adding and subtracting the GH
term in (3.6), in order to be able to compare with the standard holographic renor-
malization action I, given in Eq.(3.2). The renormalized action adopts the form

Tren = Igy — T oM d2n71x\/ —hK + /BM dznilx'/:ct (h/ K, R) ’ (3.31)

where the counterterms are identified as

< 1
Let (K, R) = con-1Bon—1+ scV —hK+ 0 (1) . (3.32)
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Moreover, the finite terms that arise in Eq.(3.78), are scheme dependent and they
do not affect the holographic information on the boundary.

Our main purpose is to determine the coefficients of Lot (h,K,R) and com-
pare it with the standard counterterm series L. (h, R, DR). Substituting the
exact expression of the n-th Chern form (3.7) in (3.32), the counterterms obtain
the form

/jct (h,K,'R) :( ) 5271 2./ 11 Aoy 1 ]1/ dt[( R]2]3 tZszKB)

871G (2n — )! []1 Jon—1]"h1 ipi3 in g
5 17—\;/]'211—2]'2;471 o tZszn ZK]2n 1) 4 ( 1) 5]2 (5]'2;471 (3.33)
o D " igp—2igp—1 ion—2" ion—1 2n—=2 "ip " Vg | :

One can reformulate this expression by introducing the bulk Weyl tensor from
the equation (2.27), as

Al _( ) £2n ZV 11 dn-1] ]1 273 ]2 1773 1 2 513
Lot (K R) = 87tG (2n — )! []1 Jon—1] 11/ dt W1213 + (1 >K12Kl3 62512513

. |:1W]2n 2f2n-1 + (1 . tz) K2 glan-1 _ l&j2n2512n—1:| +

2 i—2ipp—1 p—2"loap—1 Y27 12n-2 lan—1

(_ ) 2 Jon—1
+ 72 Oy -0 } . (3.34)
In order to generate the standard counterterm series, we have to expand Lo in
powers of the radial coordinate p or in powers of the boundary intrinsic curva-
ture. For this reason, we are, initially, restricting ourselves to the ACF case (2.66),
a constraint that allows us to simplify the derivation by dropping the emerging

Weyl tensor Wk]l

After substituting the asymptotic expansion of the extrinsic curvature and
considering the lowest-order approximation of the binomial expansion in the
(n — 1) parentheses (Appendix C), the final form of the Kounterterm Lagrangian
adopts the following form

~ gzniz\/_h [1'1...1'2,4,1] 71 ]1 2 jl 3 jl
La (W KR) = gyt (Ko, 0Ky + 0Ky, 0K, )

« / t [(1—£72) My + pIT + M1y + p°T1 | - (3.35)
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Starting from (3.35) we identify the lowest order terms in the curvature and we
compare them with the standard counterterms. A key feature in the comparison
is the property (3.5), expressing the proportionality between the (2p)-derivative
terms of the counterterms series and the extrinsic curvature coefficients.

The leading order contribution reads,

(]
I

My

an 2\’ 11 don—1] 2n— 2 71
ct(0) 871G (2n_ )! Olj1-jama] /dt —f K()
1

_ vV —h 11 dp—1 /dt _g2n=2 5]1. 5].27171

B/

8Gl (2n — 2) ! [j1---jan1]
0
vV —h2n —
- %T = Loyo), (3.36)

and we see that the expressions (3.33) and (3.3) are really equivalent. Similarly,
the next to the leading order term is written as

Y

2n=2,/— if.ing 1 2n—-2Y\ h J1
ch2) p87tG (211—2) Ul---JZn 1] /dt —t )K(Z)ilMO+K(0)i1H2]

Ezn 2\/ ~--12n 1 2n—4 ) ].1
P8nG (2n — ) ) /dt )= 20— 1) P2 41 K

vV —h2n -2

Here, the equivalence seen in the leading order term, is extended to terms that
they are linear in K(3), namely the Schouten tensor. The equivalence is man-
ifest when taking into account the expansion seen in Eq.(3.5) for the standard
counterterms. Writing the second derivative term as a function of the intrinsic
curvature we get that

s Wh 1
) = "8nG 2(2n — 3)

Summing the contributions which are quadratic order in the curvature, one gets

R (h) . (3.38)

(2)i1



3.2. Kounterterms in ACF even-dimensional manifolds 31

2n—2. /__
i 1112n1

@ = P grG (2n— TR

V-h 1 e j2
~ 871G 2n—3 {(Zn = 2) Kigy (1) = 2n — 55[1'1]'2]K(2)i1 () Kz, (h)] '

In the section 2.2.3 we showed that the EOM provide relations between traces of
the various terms of the extrinsic curvature expansion. Thus, taking into account
the Eq.(2.79), the four-derivative counterterm is proportional to the trace of K(4);;
and adopts the form

™

1
[ dt Ky T Ky T+ (1 - 222 K.
0

. vV—h2n-—2
Lepay = 872G 2 5K = Loy, (3.40)

which is the correct result. This formula when reexpressed in terms of the
boundary curvature from Eq.(2.77), reads

; Vh £ ( iRl _ 2 Rz) (3.41)

Loy = R T
W 8nGaan—3)2(2n—5 \' 1 4(2n-2)

Going to higher orders, the terms that contribute are cubic in curvature, as it is
shown below

A an 2\’ [i1--i2n-1]
Let(6) =P 506 (an = ) 120

J1 _ 2n-2 1
+K<4>i1H2+<1 t )K<6>z‘1

1 . .
] ]
) [K{by o+ Kb, TLat

Mo] . (3.42)

Evaluating the parametric integrals we obtain the following symmetric traces in
the expression

~ _V=h 1 2 [ it gl
16 = 3726 77 3|21~ DKo ~ 77 =5 K Ko+

i [i1i213] 1 /1 2 3
2n—5) (21 —7) o K KK -

+ (3.43)

We already know from Eq.(2.80), that the second term in Ect(@ is proportional

to the trace of K(4). In order to see if there is an analogous relation for the third
i

term, we multiply K (2)j with Eq.(2.77), which can be written as

(4)iy

]

(3.39)
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- 14 S . .
] 1 _ ] i k ] ;
Kk = d—2 [K(z)iK(Z)kK(z)]’ = Kip)iKi2)Kig);+
1 [hi2) it ol
* o= f %Ki K| - (3.44)

The trace of K4 can equivalently be expressed as

. C i) it 2 ¢ ' J
Ko = 7= 7% X@afe. = 727 <K<2>K<4) N KEZ)JK(‘W)
2 3 j i k j i
= =1 @2 Koy T 2Ky KKz, — 3K K iKiz)y)
_ & slii2isl gt gz g (3.45)

2(d—1)(d-2) l1j2i3] " (2)ir(2)ia " (2)i3

where Egs.(3.44) and (2.79) used passing from the first to the second line. Hence,
all the terms of Eq.(3.43) are proportional to the trace of K5, and the final values
of the cubic in curvature counterterms reads

5 vV—h2n—-2

(3.46)

Note that the proportionality between the Kounterterms L.+ and the coefficients
of the extrinsic curvature expansion holds at least up to cubic order in the cur-
vature. An extension of this feature to arbitrary order will allow us determine
the counterterms to all orders due to the compact form of the Chern form.

The cubic order counterterms can be rewritten as a function of intrinsic quan-
tities of the boundary, as follows

= \/h &
40T 871G (21— 3)* (2n —
2 _
4n© +4n 27R3
64 (n—1)

3(2n—1)
8(n—1)

i .
7 [R]-RﬁR;(— RRIR|+

(3.47)

From this highly non-trivial derivation, we conclude that at least up to the sixth-
derivative terms the two regularizing schemes are equivalent, that is,

Tow = Ln + O (R4> . (3.48)
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3.2.3 Towards a general formula for the counterterms

Going to higher-order in the standard HR is a really complicated procedure.
As we have already seen, going to higher dimensions, where the higher order
counterterms are becoming relevant, increases the complexity of the expressions
even in the simplified ACF case.

The equivalence with the Kounterterms for terms up to cubic order in the
curvature, opens the possibility of extending the matching beyond the six-derivative
terms and obtain a systematic formula for the derivation of the counterterms. In-
deed, below we propose a general formulation for the counterterms of order 2p,
when p > 2.

The first step towards this derivation is through the matrix representation of
the counterterms. In this case, the Eq. (3.34) adopts the form

. n—1 1 ne1
tam it (G (x far (e (-9 ) )

For ACF spaces, the Weyl tensor is dropped and the general formula now reads

1 n—1
Ect:_g {(anz)!o/dt <]K<][2_£2(1—t2)1[<2> >_<]K>

The polynomial expansion that appears, can now be written in its most general

form as
<11< (112 .y (1 - t2> 11<2)n1>

n—1 (_ p2\k o
- -p CBEEED (e e s

(3.49)

(3.50)

The first terms of this expansion is shown in the Eq.(C.3). Here, the symbol
(...) indicates the presence of symmetric traces of the extrinsic curvature. As
completely symmetric traces are defined products of matrices whose indices are

saturated by the generalized Cronecker delta. Thus, if A = [A;] isadxd

matrix, the symmetric trace of the tensorial product of p matrices A is given by
[j1dp] 4 b ap

(5[i1...ip] Aj "Aj,, = (AP) . (3.52)

A really interesting property of Eq.(3.51) is that the k = 0 term of the polyno-
mial expansion cancels completely the contribution coming from the GH term,
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namely, the linear term in the extrinsic curvature given in L. Thus, performing
the parametric integration, the series reads

th:_

Vol (n—1)1 =L (—42) Kk 2n -2k —2)! /s
8nG (2n —2 ; (n—1—k)!'(2k+1)! <]K +>- (3.53)

Once more, the key step is the asymptotic expansion of the extrinsic curvature.
Unlike the last subsection, where we performed the expansion to the lowest
order, here we consider the general binomial expansion of K?**1, which can be
written as

<]K2k+1> _ (lK(O) +]K*>2k+1 _ 2k2+1 (2k-|— 1) <]K%g)+1_m°1KT°>

7710:0 mo
Zkil g moiml mo(ﬂﬁE.erP—l) (2k-|— 1) (1’}10) (mO — ml) (m() —my — mz)
mp=0m1=0 my=0 mp=0 o " - "
(mo—my —my ==y 2k+1—mopemy ey peMp
( my ) (0 iy Ki) - @59

The integers appearing in the expansion are subjected to the following con-
straints,

my =my+my+...+mp,
p=my+2my+...+pmy, (3.55)

while the binomial coefficients can be further simplified as

)R 5 )
_(mo—M1—mz—---—mp—1>:( (2k +1)!

n, 2k +1— mo)lmy! -yl (3.56)

Summing all these contributions, the symmetric trace product of the extrinsic
curvature is expressed as a function of its asymptotic expansion coefficients, and
acquires the form

2k+1 _ (2k +1)! 2kt l—moqemy goma M
<1K >(2p) B {;’} (2k +1 — mg)tmq! - - - mp! <1K(0) KK ]K@p)> . (357)

Substituting this result into (3.53), we get that
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L

Vol emrich (

@)~ 8xG myl- - mp!

K™MK™ .. K > . (358)
{m;}

(2)7"(4) (2p)

where the coefficients read

e Y A () e 1)k

MMy = et (0 = 2)1 (n — 1 — k)1 (2k)! (2k + 1 — mg)!”

(3.59)

Hence, exploiting the properties of the Kounterterms we have shown that there
is a generic and closed expression for the (2p)-order terms of the counterterm
series.

For the two schemes to match, the following relation hold to arbitrary order

(KK - K ) > (Ken) - (5.60

For 0 < p < 3, we recover the counterterms Lot up to sixth order, previously
derived in section 3.3.1, where it has been shown that the matching is valid.

In the case of p = 4, which defines the 8th-derivative counterterm, the Eq.
(3.58) is written as

Law = gz | (K)o (KeKoo) ~ g (Ki)
52 ﬁ?’
+ (d—43)(d—6) <]K%z)11<(4)> T {@—4(d=6)(d=8) <1K?2)>] , (3.61)

where d = 2n — 1. Considering the recursive relation in Eq.(2.83), the trace of
K(g) reads

(Ko) =—3—5 (2(KeKe)+(Ky)) ., Ge)

leading to the simplification of the above relation

vV—h 1
) =BG —d_J(d—l) (Kg)) +

2
+ (d_zf(d_@ (3 (K%K )~ d—fS <11<‘(*2)>)} . (3.63)

Multiplying the Eq.(2.78) by Kéz)j and the Eq.(2.77) by Kéz)]' and Kl( w)jr We derive
the traces

(]
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Tr (K@)K@) = % <11<%2)11<(4)>+<11<(2)><11<(6)>,

Tr (KK ) = ¢ <d£_ ) (Ky)+ (de_ e (Ke) +(Ke)) (Keo)
+dg;e1 (Ke)) (Ke) -
Tr (K2,) = 2<d—£_2) (K% Ky ) + <]I<(4)>2 . (3.64)
Combining (3.62) with (3.64), we arrive to
(K%K ) = 40d = ééz(d —2) (Kg)) (3.65)

while the rest of the traces derived allow us to calculate

(Kty) = 126=1 -2 [(Ka)' = 32 (Kiy) (Kio) 5 (K)| - 360)

Hence, the 8th derivative term on the counterterm series acquires the following
form

5 \/—hd—l{ 5d2 +2d + 24
5

Law) = g6 d—a (d—6) (d—38) <]K(8>>+

e (o () () - (x0))] - 092

The second line turns out not to be proportional to <]K(8) > This fact indicates a

mismatch between the standard holographic renormalization and the Kountert-
erms in ACF spaces of ten dimensions and higher.

3.3 Kounterterms in ACF odd-dimensional manifolds

Generalizing the previous prescription to odd-dimensional bulk spacetimes is
not a straightforward process. As we saw in the section 3.2, the Kounterterms
are actually obtained using topological invariants of the Euler class, which in
odd dimensions do not exist. Nevertheless, in section 3.2.1 it is shown that the
surface term (3.7) is identified as the transgression form of the Lorentz group
SO(2n —1,1), which is not restricted by the parity of the dimensionality of the
manifold.
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Based on this feature a regularizing technique, similar to the one proposed
in even-dimensions, was formulated for odd-dimensional manifolds. It is used
for first time in CS-AdS gravity and is generalized later to Einstein-AdS gravity.
It consists on the addition of the surface term

By, = 2nv/— / it / dsali- K;1512(1R;3]4 RKBKis 4 5 5135]4)

17 \ D73l 1371y 62 13 1g

(ZR]Zn 1/2n t2K]2n 1 K]Zn + 5]2n 15]2”> , (3.68)

Ion—1i2n £2 on—1 12n
multiplied by a coupling constant

oo 1 (—1)" ¢2n2
T 16nG 222 (n— 1)

The value of ¢y, is fixed, leading to a finite value for the Euclidean action and
the Noether charges, and a well-defined variational principle. This boundary
term cancels the IR divergences and regularizes the EH action. The formulation
is consistent with the generic Kounterterms prescription given in Eq.(3.6), due
to the explicit dependence of By, from the extrinsic curvature.

The main difference with respect to even bulk dimensions is the presence
of a double parametric integration in Eq.(3.68). This fact indicates the different
geometric structure of the boundary, which is evident from the presence of the
logarithmic term in the FG expansion, in Eq.(2.14), for even-dimensional bound-
aries.

Furthermore, the geometrical character of the cancellation of divergences,
that becomes manifest when applying the Kounterterms scheme in even-dimensional
manifolds, is still valid. The difference can be spotted in the presence of CS den-
sities instead of topological invariants. The connection of the boundary term B,,,
with geometry is given with more details in the next section.

(3.69)

3.3.1 Geometrical origin of the Kounterterms in odd-dimensions

The key in the geometrical interpretation of the Kounterterms is the nature of
the transgression forms. As we already saw in section 3.2.1, the introduction of
a second gauge connection was the price we had to pay in order to construct a
gauge-invariant extension of the CS densities,i.e., the transgression forms. The
presence of the parametric integration and the restriction of the gauge connec-
tions to be parts of the same homotopy class, indicate the action of the Cartan
homotopy operator.

Starting from the definition of the interpolating gauge potentials given in
Eq.(3.15) and the respective curvature F; = dA; + Ay A A;, the action of the
Cartan homotopy operator k¢ in a polynomial S (F;, A¢) is given by
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1
kouS (Fi, Ap) = /0 dte:S (F, Ar) (3.70)

where

0A =0,0F=A—A, (3.71)

indicate the action of the operator /;. Moreover, integrating the following rela-
tion from 0 to 1

9
(@l + () S (Fy, Ar) = = (Fi, Ar) (3.72)

one gets the Cartan’s homotopy formula, which acquires the form

(dkor + koud) S (Fi, Ar) = S (E, A) — S (F, A) . (3.73)

It is straightforward to show that for S (F, A) = P(F), the second term in the
LHS of Eq.(3.73) vanishes, because the invariant polynomial is a closed form,
thus recovering the Eq.(3.13). As a result, the first term in the LHS corresponds
to the transgression form that, when evaluated for the Lorentz group, one recov-
ers the Kounterterms for even-dimensional manifolds By, 1. Hence, kg1 P(F) =
By,_1 when A, = w;j‘B.

The question that arises at this point is the possibility to generalize the afore-
mentioned scheme, considering that the Kounterterms are interpreted as the ac-
tion of the Cartan homotopy operator on the Lorentz invariant polynomial, to
polynomials of different type that would allow to extend the Kounterterms to
odd dimensions.

Indeed, in case S (F,A) = Cp,+1, the second term in the LHS of Eq.(3.73)
gives the action of the homotopy operator on the corresponding invariant poly-
nomial, due to Eq.(3.11). From the previous discussion, the action of ky; on the
invariant polynomial is identified as the transgression form. Thus, the Eq. (3.73)
when evaluated for the CS density gives

Tont1 = Cony1 (A, F) = Cony1 (A, F) +dEg, (A F, A F) . (3.74)

One identifies the surface term =, as the action of the homotopy operator on
the CS density, which reads

1 1
Eon (A, F, A, E) = koi1Cons1 = 1 (n +1) / ds / dts(Ay (A — A)F'1), (3.75)
0 0

where Fs; = sF;+s(s—1) A%.
The connection of the AdS group SO(d — 1,2) obtains the form

a

1
A= SwBlup+ 5

> 7Pa, (3.76)
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where ], correspond to Lorentz rotations and P, to AdS translations. The cor-
responding curvature reads

1 a,b
F—= (Rab 4+ & ) Ty + TPy, (3.77)

where T? = De” is the torsion two-form. For Riemannian manifolds, the torsion
vanishes.

In [18] it was shown that &y, matches By, in Eq.(3.68) when evaluated for the
AdS group and written in tensorial form. In order to do so, the introduction of
a cobordant, locally product metric with matching conditions of the form (3.24)
for the SFF, is required. In this case, the surface term cancels the IR divergences
arising in CS-AdS gravity.

Surprisingly enough, the same boundary term eliminates the divergences
appearing at the asymptotic sector of EH-AdS gravity, as it is going to be shown
explicitly in the next section. What is really interesting here, is that the cancel-
lation of the divergences is coming from terms that are directly related to the
action of the Cartan homotopy operator. That is, the reason why the Kountert-
erms have a profound geometrical character.

3.3.2 Explicit calculation of the counterterms

A derivation of the counterterms is no different from the one used in the even-
dimensional case. More specifically, starting from the EH-AdS action fora (2n + 1)-
dimensional manifold, we add and subtract the GH term. Hence, the countert-
erm series coming from the Kounterterms B,,, is written as

s 1
Lt (h,K,R) = c2,Boy + %\/—M +0(1). (3.78)

After plugging in the formula (3.68) in Eq.(3.78) and replacing the Riemann ten-
sor of the boundary by the bulk Weyl tensor, the above relation becomes

A —h (- )n£2n—2 11 iy ]2]3 2\ wiz2 i3
La(hKR) = 4 e sy~ il /dt/ds SWEE 4 (1 22) KK+

2 _
s —1 j, 51" 1
+ okl +

(=1)"22 2 (n—1)1% 5,
=T T oP ..ot (3.79)

Because of the vanishing of the bulk Weyl tensor in the ACF case and consider-
ing the expansion of the extrinsic curvature up to cubic order (2.73), the lowest
order approximation for the binomial expansion (Appendix C), gives
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Lo (LKR)=

V—h (=1)" =2 slition ] <
870G 2212 (1 — 1) litwizn-1]

1 t n—1
{/0 dt/ ds {(sz — t2> Mo + X + p*Zg + p326} +
0

_1\" p2n-2 o 2
G én_%l! DL Mo}. (3.80)

] ] 2] 3]
Koy, + Ky, + 0Ky + 0Kl )

Below, we expand the series (3.80) using power-counting arguments, and eval-
uating the parametric integrals (Appendix D), we derive the relevant order of
counterterms.

Starting from the 0-th order term, we obtain

Y
I

ct(0)

\/__h ( )n€2n—2 11 1] 2 -1
871G 222 (n —1)12 []1 Jon-1] dt/ ds{ st +

(-D)"22"2(n —1)1?] 4
* 2n = 1) Ky, Mo
vV—h2n—-1 /—-h2n-1
= 87G ¢ 87G 2n Ko = L (3.81)

Thus, we recover the leading order term of the standard counterterms as given
in Egs.(3.3) and (3.5).

Going to the second order counterterms, only terms linear in the curvature
contribute. Thus,

) Vo (1) -
['ct(Z) = p87TG 221172( )|2 []; ]in 1]/ dt/ ds |: -
N (2 2\"2, (=1)"2"2(n _1)!2 1
+ 201 (1-7) (2-7)" T @n—1)! Koy M20
vV—h2n-1

As a consequence, the equivalence between the Kounterterms in odd-dimensional
manifolds and the standard counterterm series are extended to term linear in
the curvature. When expressed in terms of the intrinsic curvature, the ENCt(z)
becomes

Foo_WEh 1
¢2) ™ 8nG 2(2n —2)

Summing up the contributions for the fourth order term, we find

R. (3.83)
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A oV —h (_1)n£2n72 [11 rign 1] ]1

+ {(sz — t2> " + (_1)n 22”72 (n — 1)!2] Kjl).lMo}

(2n —1)! (4)i
_ V=h 1 E [i1in)]
~ 81G2n -2 {(2” ~DKe -5, 4‘5[11;2}K(2>

i Za +1<7(1) Yo+

K](Z) } (3.84)

Using the relation between the symmetric traces of the extrinsic curvature coeffi-
cients given in Eq.(2.79) on a d = 2n boundary, the counterterm can be rewritten
as

. V—h h2n—1
Levay = g5 57 —aK@) = Lery (3.85)

providing the correct result. Its form can be alternatively expressed as

. N /3 ( o
Lo = RIR] — —Rz) 3.86
W 8nGan—222n—4) ' 2(2n—1) (380

For the sixth order, we get

1 t
s VR (DR ) j j
Lee) = P g5 5an= 2(n—1)2 []i o] /dt/ds Kl jin 26 + Ky, Za
0 0
2\, GV (- )T gy
+ Ky T2+ [(s —t> =) KJL ;Mo
_ v-h 1 20 il gt g2
~ 8nG2n—2 {(2” ~ DK = 5= 2% K K,
& [hi2is] gt g2 3
T a6’ [jljzjs]K(Z)ilK(zﬁzK(sz : (3.87)

Replacing the traces from the Eqgs.(2.80) and (3.45), the counterterms become

. V=h2n-1
Let6) = §7G an— 61 16)
This result makes manifest the proportionality between L) and the trace K(4),
with the correct coefficient as given by the Eq.(3.5).
In terms of the boundary curvature, it is given by

= Loye) - (3.88)
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5 v —h o kpimi 3n i
Law) = 3G (2n —2)* (2n — 6) {RfRiRk C2(2n— 1)RR7R1'
n®+2n—1
+ 167723} (3.89)

Hence, even though By, was originally used to renormalize CS-AdS gravity, it
is proved to match the standard counterterm series for Einstein-AdS gravity, at
least up to the cubic order in the curvature, extending the equivalence between
the Kounterterms and the HR to the odd-dimensional case.

3.3.3 Towards a general formula for the counterterms

Following the derivation in the even-dimensional case, we are seeking for the
possibility to construct a closed formula for the counterterms, that would al-
low us to compute explicitly terms of arbitrary order 2p. In order to do so, it
is useful to apply the matrix representation. The counterterms in Eq.(3.79) are
represented in this formulation as

t

- 1 n—1
Ect = _\8/72 |:22”2(:l _ 1)!2 O/dt/ds <]K]I < (1 — 52) T?— (1 — tz) 52][(2) > — <]K>

0

+0(1)

where the bulk Weyl tensor has been dropped. Here we define the parametric
integral

1

Ji = /dto/tds <t2 -~ 1>k <t2 —s2>"1k

0
_ (1) 221=2k=3kl (n — 1 — k)13
N n!(2n —2k—1)! 7

(3.90)

which allows us to simplify many of the expressions that will appear below.
Applying the binomial expansion

<11<]1 ( (1-8) P~ (1-#) €2H<2>n1>

n—1 (t2 _ 1)k (t2 . Sz)nflfk
= (n=1') K(n—1—k)!

k=0

<112”2’<11K (K2 — 112)k> , (391)

and plugging it into the counterterms integral, we obtain
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h V=
T 8nG

— (m—1—k)"? / o op 1 22
n'n—l ZZZkHZn 2k —1)! <lI IK<€1K )

-l (]K)} . (3.92)

2n

This expression can be simplified even further. Indeed, knowing that the terms
appearing in the integral satisfy the relation

N e Dy 0
2n—2k—1 202 2 _ : 2n—21—1yw 21+1
<11” 11<(£11<—11)>_I;)W<11” K > (3.93)

and evaluating Eq.(3.57), a new simplified formula for the counterterms arises

Vol emrichn (

Letp) = p—e & myl -yl

where the constraints in Eq.(3.55) are still valid and the coefficient acquires the
value

e P
KEKE - Ky)) 699

n—1 k 2
B — D)k (n =1 = k)12 (20 +1)! (21 — mp)!
N ;; 2k+1n' 1)!(2n—2k—1)!l!(k—l)!(21+1—m0)!
2n —1
> O1m, - (3.95)

A quick check shows that we reproduce correctly the counterterms of the last
section, namely up to sixth order. Having this closed formula at hand, we can
go beyond that order and check the compatibility between the Kounterterms
and Holographic Renormalization. Applying the integral (3.94) for p = 4, gives
rise to

Ler(s) = —QL {@l ~1)(Kg)) - d% (KaKg) - 6%4 (i)

-2
ez o
T as 43)(01 6) (i K )>_(d—4)(d—6)(d—8) ()

1 . (3.96)

where d = 2n.
This result is the same as in the even-dimensional case and an impossibil-
ity to be written uniquely in terms of (K(g)) confirms the mismatch of the two
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regularizing schemes when we go to quartic order in the curvature, in the odd-
dimensional case as well.

3.4 Comments on the Kounterterms

Even though the n-th Chern form in even dimensions and transgression form in
odd dimensions are quantities that correspond to distinct geometrical structures,
it was proved that they are in agreement with the standard counterterms at least
up to sixth order in the expansion. This feature led us to construct a closed
recursive formula that calculates the counterterms to all orders and depends
explicitly on the symmetric traces of the various terms of the extrinsic curvature
expansion. I expect that this formula will match the standard counterterms to
all orders.

The mismatch that arises at the 8th order can possibly be explained as an
incompleteness of the ACF condition. Indeed, for the derivation of the ACF
condition considers only the leading order term of the extrinsic curvature expan-
sion whereas for the derivation of the Kounterterms the next to the leading or-
der term is becoming relevant, which would induce new constraints among the
extrinsic curvature components and possibly lead to proportionality of Koun-
terterms ﬁct(zp) to (Kyp). Taking into account the linear term in the curvature
corresponds to a modified asymptotic behavior of the Weyl tensor, leading the
ACF approximation not to be sufficient after a specific order.

One evidence that supports this claim is that conserved charges obtained
from L. or L are the same,i.e., a difference between them is not observable.
Similar arguments hold for other observable quantities, such as holographic
anomalies and Entanglement Entropy.
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Chapter 4

Conformal Gravity

4.1 Introduction

EH gravity, since its introduction from A. Einstein in 1915, has been the main
paradigm for the description of gravity and constitutes one of the main corner-
stones of Modern Physics. In the next decades, its compatibility with quantum
mechanics was put in question, and a quest for a quantum theory of gravity be-
gan. It was proved later Ref.[19], that GR is a two-loop divergent theory and
does not exhibit the desirable features of quantum gravity.

String theory, on the other hand. is a finite theory and in its low-energy limit
arise non-linear terms in the curvature, indicating that higher-order extensions
of GR may be plausible. Indeed, higher-curvature gravity theories proved to be
renormalizable [20], [21] provided a non-divergent ultraviolet (UV) behavior.

Due to the fact that renormalizability is considered a prerequisite for quan-
tum gravity, higher-derivative theories of gravity were extensively studied dur-
ing the last decades. Some candidates are massive gravity theories, F (R), etc.
For instance, in three dimensions we meet NMG [22] and TMG [23]. In four di-
mensions, there are two main examples: i) CG and ii) CrG [24]. The case of CrG
be studied further in the next chapter and here we focus on CG.

CG is a special case in the class of higher-derivative theories of gravity. It
is a quadratic-curvature theory of gravity that is renormalizable Ref.[25], but
the presence of higher-derivatives terms in the EOM lead to ghosts (modes of
negative norm), contrary to EH gravity. Its action acquires the form

ICG = ‘XCG/ d4x\/— WD"BVVW,X'BVV

— OCCG 4 /[ 1/11/2]/31/4 ]’11142 13l
B / ax [141V2V3144 Worw, Wosuy” 4.1)

where Wyl3 is the Weyl tensor (2.18).
CG in four dimensions is invariant under local Weyl rescalings of the metric
g — Q2 (x) guv , namely a transformation that preserves the angles but not the

distances. Furthermore, the coupling constant, acg, is a positive dimensionless
parameter, making the theory scale-invariant.
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The theory is a recurrent topic in the literature for various reasons. Phe-
nomenologically, earlier works [26]-[29] suggest CG as an alternative candidate
to dark matter, due to its ability to describe the galactic rotation curves. At a
more fundamental level, the action (4.1) emerges from twistor string theory [30].

Recently, Maldacena showed in Ref. [31] the equivalence between EH gravity
with a cosmological constant and four-dimensional CG at tree level, considering
specific Neumann boundary conditions. Based on the concept of topological
regularization, previously discussed in section 2.3, it was shown in [32] that the
regularized action for Einstein-AdS gravity is on-shell equivalent to the action
of CG for the specific value of the coupling constant acg = ¢?/647G.

In what follows we try to prove the equivalence starting from the CG action
based on the separability of the curvature into two distinct parts: Einstein and
NE, respectively. The reason behind this decomposition is the fact that CG pos-
sesses a broad class of solutions, in which Einstein spaces constitute a particular
subset. With this in mind, we isolate the Einstein part of the CG action from the
higher-curvature contributions and provide an explicit proof of the equivalence
between CG and Einstein gravity.

4.2 Derivation of the field equations and surface terms

4.2.1 Field equations

Starting from the CG action (4.1) in a four-dimensional manifold M, we proceed
firstly with the variation of it. The variation consist of two terms,

[M1p2p3 4]

o -
CG/ d4x\/—gd [vivavsvy] { W2 (g 158) +25W1Z1VP2L2W5331Z4} . (42)

4
blec = 552 [ bl 5/ gWEL WL + 2 gL WAL

mﬂzﬂsm]

where g, is the bulk metric. To simplify it, we identify particular terms as

1 —
o= ol WEEWEL (57105) w3
L= 200 WL (4.4)

The second term can be equivalently written as
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_ slvivavavy] H1p2 ATH3HA
L = 5[#1#2#3#4](51/\]1/1”2 WV3V4

— [V1V2V3V4] KiaTH1 U3Ha
N 5[#1#2#3#4]5 (gﬂz WKVlvz) Wiz,

= ol (g WhLy, + g1 WLy, ) WEL
After some algebraic manipulation, the first part of I reads

[1vavava] ¢ soxyA7H Hapa __ s[vivavavy] —15 \F2 cus v arpapis parHsia
Oppnpzmsng 08 WeneaWosvs” = =000 (808 vs Os Worwy Woguy”

For the second part, and taking into account the definition of the Weyl in Eq.(2.18),
we get

[V1voV314) yzxéwﬁ}lvzwmm _

(n1papapa] vata
= S 8" (R, = (S'gmz — S g — S0ty + S,80)] WEY
= ol 3 SR, WAL — 297 (St g) W] — 280020 55,0, WEZE,

where the last term vanishes due to the appearance of traces of the Weyl. Here,
S! is the Schouten tensor of the bulk (2.19), which in four dimensions reads

1 1

The second term involving JS,! is analyzed as follows,
[Vvavava] ok 5 (ct1 papa _ c[vivavs] sopipartata | s[vivavaval qpipastiams [ —15 \M4
5[#1142#3#4}g 5 (S0 8xua) Wiary' = 5[#1#2#3](55’“ Wopws” + 5[#1#2#3#415”1 Wiz (g %8 ) vy

receiving contributions only from the last term. Summing up all the contribu-
tions in Eq.(4.2), we get

xcaG 1 _ M5 _ H2
Sleg =~ /M dhx/=gop e S ORWIE WL (8700g), | — 20 W WISl (9718

— Ha
—4SIWE (57108 42812 0R W]

The first line in the variation can be simplified using the expansion of the anti-
symmetric delta as
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1 C[vavsvy] H1p2 AT H3H -1 mpsyariata (15 \H2
55[;1#22;3;4}5"5 {Wv11V22WV331,44 (g 08 ) — AWy, Wiy, <g o8 ) N

_ 1 [V1v2v3V4Vs] U2 yATH3 M4 1 M5
B 5(5[#1142#3#4145]WV1V2 Wign, (8 (58>V5 - (4.6)

In D = 4 this term vanishes, with the surviving contributions in the variation of
the CG action to be

Xc _
Steg = *C [ hxy/=galind [gmk(stwygfg_zsygwygggs (s7155)" ] 47)

Once more, we rename the two terms as
— 4 V1V2V3V4 UK U3 4
L= / BXN =80 iops) 8 SR i, Wi
[H1p2paps] ~ V1

_ Ha
L = 25[1/11/21/31/4] SH1W]I/122U}3!3 (g 15g>v4 )

in order to simplify the derivation below. Considering the variation of the Rie-
mann tensor

éRgll/ll/z - VV1 51—‘%11/2 - VV25F1%1/1 ’
1
(SF%}Q = Eg’“a (VK(ng/Z + sz5gm - Va5gm/2) ’

the contribution coming from I3 is expressed as

— 4 /’_ [V1V2V3V4 yzk M1 H3pa
b = / d'x V1V2V3F4 ORieunv, Wi,

_ 2/ Ay /—(5 V1VpV3 V4] gyzkvl/l(sri}éljzw]t;%}f

(H1p2p3pa]
— 4 /[ 1/11/21/31/4 x ]”ll }13144
N _2/ d°x [V1V2}43144 H2 5FKV2VV1WV3V4
3 / 1/11/21/31/4 K U1 U3y
* 2/ @ 5[#1# M3 Tlvlgm L0, Wosvy (4.8)

where integration by parts was applied to pass from second to third line. Here,
Vu = V,, (I') is the affine covariant derivative in the bulk.

The bulk term contributes to the EOM and, when expanded, acquires the
form
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— [ /g g g (V8 + Virdger — Vodguss) Vi WY =

_ 4 ] -1
=2 [ dtey/mgeli o (7o) v, WL

H
= sl (f #tey s - /aMdW—hn“lwwt’;Jf’) (s7%),

mﬂzmm

where the middle term of the first line vanishes due to antisymmetry in the
indices (ko). Furthermore, for the I; term we obtain

[vivavava] i P‘z#s( -1 >V4 sy o ,42%( _1 >H4
5[#1#2#3#4]5 Wiy (808 v 5[;41;12#3;44]121/1 Wi, (8708 "
Summing all the contributions, the variation of the action adopts the form

dlec = acc /M d4x\/—gB;j ( 1(5g> +ace /BM d3xv/ —hd[[:fl];f;;:i] [n,,lél“,@zg’”"W@Z‘l—F

_ Ha
+ nylvmwﬁlzzv}f (g 15g>1/4:| ’ (4.9)

where 1, is normal to the boundary, and By, is written as

1
H M M
B;i - _5[[;:;111}/4221/5]3] (vmvlﬁ TNV;V};3 ERwl WV22V}3[3>
= —4 (V“vﬁwf‘u zngf;) : (4.10)

The result is a four-derivative, traceless and covariantly conserved tensor in four
dimensions, called the Bach tensor.

The EOM of CG, which are defined by the vanishing of the bulk term in (4.9),
are satisfied by Bach flat solutions,i.e., B,, = 0. This class of solutions consists
of two main families of spacetimes: i) locally conformal Einstein spaces, and ii)
self-dual or anti-self-dual spaces. Einstein spacetimes are Bach flat as well, as it
can be confirmed by plugging in the relation (2.17) into (4.10), and they form a
trivial subset of the whole family of solutions.

The presence of a higher-derivative tensor in the field equations leads to both
massless and massive propagating modes with opposite norms. This means
that, except from the normal ones, there are ghosts as well, namely, modes with
negative kinetic energy. Recently, there have been works [33] on realizations of
the theory where the ghosts are absent and unitarity is restored.
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Another interesting feature arising in CG is associated to the presence of mas-
sive modes, is known as the phenomenon of partial masslessness [34], [35]. This
phenomenon occurs when the scalar component of the massive mode is absent
and the only non-vanishing contributions of the decomposition are the ones cor-
responding to spin 2 and spin 1 modes.

4.2.2 Surface terms

In this subsection we proceed with a more detailed analysis of the surface terms
derived from the first variation of the CG action

lans = e [ dxv/=R[ [, T, g WL+

_ Ha
+ iy, WS <g 15g>v4] . 4.11)

In what follows, we are assuming a radial foliation of the spacetime of the form
given in Eq.(2.23), while we decompose the surface term in two parts,

o = / d®xv/—h 5[;11‘;22?:;4 1,07, gﬂszé%lf ’ (4.12)
oL, = d3x /S '5 V1V V304 vy Vz}ls < _15 )M (4 13)
2 [H1p2p3ps] Wiy (808 W .

Writing the first surface term in the radial foliation, we get

_ 3 (V1121314 M KyATH3 M4
oL —/a d°xv/ — 5;: aptapial nvlényzg“2 Wiar,

_ /a ; e /_N(S{[”% <51~p ghxwljzzja 5r]1 gpxwljzzjs 251~h gszW]3p>

j1j23] K1y ini

— 3./ [i1i2i3] 1 j1x ]2]3 1 j1 ]2]3 -y
= /aM d X N5[]1]2]3] ( (SKmlh 1 W + NéK W ZérKilh 2 Wi2i3
= /a d3x/—hNés ]11;2;3] { (25[(]1 —I—Km (h_15h):1) szzﬂa 2(51—~J1 h]ZKlezslp] ’

where the decomposition of the Christoffel symbol in the radial foliation (2.25)
was taken into account. The third term can be further expanded as
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3 ]
2N | dxv/—h B8 STIL WX WP =
— 2N d?’x\/_é”””
[1j2]3)
3]
]

= 2N d3x\/_ he122D

h]lthZK (DKéhmll + D 5th - DméhKll) WJSP

I3

1
2
1 J30

DE (1~ 5h> whe,
where D; = D; (F{d (h)) is the covariant derivative of the boundary. As we have

seen before, the middle term in the second line vanishes due to antisymmetry.
Thus, we get

[j1j273]

_ 3 [i1ipi3] 1 m ((1,—1 j1 273
o = /a d°x\/ —hé { [25.7(1.1 + Kil (h (5h> m} Wi2i3 +
Ari3e (1,—1 1
+ 2ND 2Wi2i3 (h (5h> il} ) (4.14)

Going to the second surface term of the variation of the action, one gets

3 -1 Ha
= [ e ()

V1V2V3144
p
- /a xv/=ha 1V, (RIZD —4512617) (7108
— 4 d3 S 51/11/21/3] M H2 715 M3
X [paps)”! Vi Su, (g g>1/3

To pass from the second to the third line, the Bianchi identity was taken into
account. Actually, this term is proportional to the Cotton tensor of the bulk,
which is defined as

CY, = VS — V,88. (4.15)

Not all the components of the Cotton tensor contribute to 6I;. Applying the
radial foliation, we find

= Bn/_fslv1vaval u w1 \M8
ok = /GMd X hé[ﬂlﬂzﬂs]n 'V, 50, (g 5g>v3
1

_ L 3 /1 5li102] it (1,-1 jz_ ch 1 2 (1—151.\/3
= 5 | o [vpsi1 (n 5h)i2 Vs (h (Sh) + Vi, 82 (i 5h>P}

= L T (905% s (1)
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Thus, summing up all the contributions, the total surface term of the CG action
reads

_ 3 [i1ii j “15 )1 jaJ hwi2e (15 )
STurs = G /a Py {5[]1]2]3 [(251<£+1<;’; (n 5h)m) W + aNDI WY (i M)J
4 (lirio) J1 _ah -1 2
— o (Vs = visi) (n 5h>i2 , (4.16)

or in terms of the Cotton tensor

[/1/23]

4 (i) it (—157) 2
=Nl Cei (h 5h>i2}- (4.17)

- 3 [i1ini ] -1 n J2] 2P (11 I3
Slaurs = ticG /a Bxv/—h {5 1i2f3] Kzﬂq + K (h 5h)m) WP 1+ 2NDIWE <h 5h)i3]

This derivation of the surface terms for a Weyl squared action will be extremely
useful in the study of the equivalence between Conformal and Einstein-AdS
gravity below.

4.3 Topological Regularization and the variational prob-
lem in 4D Einstein-AdS gravity

One of the key steps towards the derivation of the equivalence between the two
theories is the introduction of the topological regularization. In the last chapter,
we showed that the Kounterterms provides a successful prescription for the can-
cellation of divergences in Einstein gravity and equivalent to the Holographic
Renormalization, at least up to eleven dimensions. For even-dimensional bulk,
the addition of the n-th Chern form is equivalent to the addition of a topological
invariant of the Euler class for the corresponding dimension (3.28). Hence, the
addition of a topological invariant with a fixed coupling constant on top of the
Einstein Hilbert action renders the action finite, introducing in this way, topo-
logical regularization. The explicit form of the renormalized action is given in
Eq.(3.29).

The first hint towards this new scheme was given in Ref.[32], in the case of
four dimensions. The corresponding topological invariant is the GB term and
the renormalized action acquires the form

E 1 72
1) = o e/ (R-20 ool RESREL ), )
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where, from now on, the index (E) indicates quantities associated to EH gravity.
In four dimensions the Euler theorem reads

/ d*xGB = 32t%x (M) +/ d>xBs,
M M

where

_4\/_(5 i1ipi3] Kh ( RJz]s 1K]2K13> )

[j273] "1 iz 37V i3

The boundary dynamics cannot distinguish between the Chern form and the
GB, as they are locally equivalent. Hence, the GB term can be replaced by the
second Chern form, expressed in terms of intrinsic and extrinsic curvatures of

the boundary [7],

ren _ 167TG/ /= R 2A + 16£ c d3x /_ (5[]1]2]3] i (1R12’3 _ 1K12K13> (419)

[i1i2i3] 11 2 hjs 3723
Of course, at the level of the Euclidean action there is a finite shift proportional
to the Euler characteristic. Here, hi]- is the three-dimensional boundary metric.
By adding and subtracting the Gibbons-Hawking term we bring the action

Ir(elil) in the form (3.2), where the counterterms become

. a i 1 1 1

Lo = GV TORERIKL G RERO) — 5 KiKh +
As we saw in chapter 1, the key ingredient is the fact that the asymptotic solu-
tion of the Einstein equations, previously seen in subsection 2.2.1, induces the
expansion of the extrinsic curvature in terms of intrinsic quantities of the bound-
ary given in (2.26). Plugging this expansion into £, we pass from the extrinsic
to the intrinsic counterterms which, after some algebraic manipulation, gener-
ates the standard counterterms

Ect:L\/—_h(%JrgR(h)) +...,

5]2 5]3)

871G /¢

previously seen in Ref.[36]. This derivation presents a concrete realization of
the discussion of Chapter 1, in the case of four dimensions, and expresses the
equivalence between Topological Regularization and HR.

The addition of a bulk topological invariant implies that the renormalized
action (4.18) obtains the form [32]

4 eAm] g 1 B\ pre | L 5[1d]
v = 356 G/ 4/ = 80)pn5) (R e ‘S[KAl)(R“”z_Z‘S[nv])
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what is the MacDowell-Mansouri action of the AdS group. This remarkable
feature of topological regularization plays a significant role for the derivation
below.

Furthermore, we realize that the Weyl tensor evaluated for Einstein spaces
(Ryy = —(3/ 0?) guv) coincides with the AdS curvature,

1
WK pip [m1p2]
(ET)Vim RVllVZZ /2 5[1/111/22] ' (4.20)

This relation can be easily derived by plugging in the on-shell form of the Schouten
tensor (2.20) into the Weyl (2.18). Thus, in Einstein gravity the AdS curvature is
replaced by the on-shell Weyl tensor and the renormalized AdS action can be
written as

SlV1vavava 142 3H4
256 G \/_ [VWZMM yE)VWVnglE)yVaM ) (4.21)
This is actually the CG action when evaluated in Einstein spacetimes.

The Eq.(4.21), shows the equivalence between the Einstein-AdS gravity and
CG for Einstein spacetimes, starting from the EH gravity side. In the next sub-
section, we will follow the inverse path, namely trying to obtain the equiva-
lence starting from the CG side. Moreover, the identification of the renormal-
ized action as Weyl squared has a profound geometrical origin, as it expresses
the renormalized volume for AdS spacetimes, given in Ref.[37], and provides a
hint for the connection between the renormalized action and the renormalized
volume.

Finally, due to the quadratic in Weyl form of the renormalized AdS action,
its variation is given by the surface term (4.11), where the Weyl tensor is now
replaced by its on-shell form (4.20). In this case, the derivative term vanishes
due to the Bianchi identity and the remaining contribution reads

Imm =

— 3 [1/ 1%21%3% u Ualh 1 [l’l u }
Pt = 647TG/ dxv/=hap )y, ST g1 (RUT + 550020
a A/ — [V1v2v3v4] M1
= HoK ATH3H4
647G Jom d'x 5 Ha2 3 e ]nVlfsrkl/zg ? W( E)vavy’ (4.22)
when the EOM hold.

In section 3.2.2 we showed (4.14) that, when I is written in Gauss-normal
coordinates, can be put in the form

[j1j273] (E)iziz

SIpm = / d*xv/—h 5’“213]{{251<{}+1<;?; (h‘l(Sh)h] W23,
m

j2 A3 15\
+ 2NDEWSE,  (h 5h)i1}. (4.23)
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The presence of the variation of the extrinsic curvature K makes it not possible
to have a well-defined Dirichlet problem for the metric ;;, making the definition
of the quasilocal tensor a cumbersome problem to solve.

However, considering the FG expansion of the metric, we find the asymptotic
behavior of the following quantities,

_ V80 “1/2
V_h = L +o<p ) (4.24)
N e N
(1 5h>€ - (g(o)ég(0)>€+(9(p), (4.25)
i 1i i
Ki(h) = 50— oS (310)) + O™, (4.26)

whereas for the fall-off of the components of the Weyl tensor we get

Wi = 0(p2>, 4.27)
Wi = O(p) . (4.28)

Summing up all the above quantities, we realize that the first and the third terms
in (4.23) are subdominant, as their fall-off is of order O (p), and they do not con-
tribute at the conformal boundary. Thus, the only finite contribution is coming
from the second term, which provides a well-defined variational problem for
the conformal boundary metric g(g);;. This feature makes the topological regu-
larization compatible with holography, as g(¢);; corresponds to the background
metric of the boundary CFT.

Both the renormalized action for Einstein AdS gravity (4.21) and its corre-
sponding variation (4.22) will play a crucial role in the analysis below, where we
will show the equivalence of CG and EH gravity.

4.4 From Conformal to Einstein Gravity
EW gravity is described by the action

1 14 v
1EW) = 2 /M dtry/=g [(R—20) + Wil Wiy ] (4.29)

where 7 is a constant proportional to the CG coupling which reads y = 16tGacg.
By construction, the theory consists of two distinct parts, which are reflected in
the EOM

Gl — B, =0, (4.30)

where
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1 3 1 5 5
Gﬂz@—i&%—ﬁ%=—24ﬂ<Rg+ﬁ4%> (4.31)
is the Einstein tensor.

For the discussion below, it is useful to define what we call Einstein space-
times. The direct response would be that Einstein spaces are the ones defining a
vanishing Einstein tensor. But there is an even more generic definition that in-
volves the Ricci tensor itself. As Einstein are called spaces whose traceless Ricci
tensor vanishes, i.e.,

1
T
R]/“/ — Ry]/ - BRg}lV — 0, (4.32)

where D corresponds to the spacetime dimension. Indeed, in D = 4 EH gravity,
R]EV = 0, leading to the following relation for the Ricci tensor: Ry = — é% Suv-
Taking the trace of the EW EOM in Eq.(4.30), the Ricci tensor becomes

3
R}u/ — _E_zg],ly + r)/By]/ . (4.33)

This relation indicates that the class of solutions of the theory consists of a broader
set of spacetimes than the Einstein ones. The deviation from the Einstein branch
is expressed from the term linear in the Bach tensor. Thus, the presence of
quadratic-curvature terms in the action enlarges the solution space.

We have to stress out that arbitrary quadratic couplings in the curvature
would lead to a possibility to produce multiple AdS vacua. It is the specific
value of the couplings which correspond to the Weyl squared term that do not
modify the asymptotic behavior and maintain a unique AdS vacuum.

Based on the previous discussion for EW gravity, and considering that Ein-
stein spacetimes is a subset of the CG solutions, we assume that the most generic
solution to CG is a deviation from the Einstein branch. Thus, we conjecture that
the higher-derivative contributions in the CG action are captured by the Bach
tensor in Eq.(4.33). The separation at the level of the curvature is translated into
a decomposition of the Weyl tensor into an Einstein and a non-Einstein part of
the form W = W) + Wyg).

More specifically, substituting the Ricci decomposition (4.33) into the Schouten

tensor (2.19), one gets
Si‘l = 1 (Elzdﬁ YB ) . (4.34)

Plugging this expression into the Weyl tensor (2.18), we identify the Einstein
part as the one given by the Eq.(4.20), while the NE part is described as the
skew-symmetric product of the Bach tensor and the metric

Mﬁmz—%%ﬁ—ﬁﬁ—%$+ﬁﬁy (4.35)
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Hence, using the Weyl decomposition in the CG action (4.1), it adopts the form

xcG 4 /— (V1121314 ( Wk ey Hip2 H3pa
Iec = / dx Hl}iz#am] V1V2W(E)V3V4 +2W(E)V1V2W(NE)V3V4

H1p H3p
+W(137E2)V1V2W(137E4)V3V4) ) (4.36)

Would the coupling be chosen as acg = £2/647G, the first term would be identi-
tied as the MacDowell-Mansouri form of the renormalized Einstein-AdS action.
Expanding different parts of the decomposition, the CG action equivalently can
be written as

foe = 1671(;7/ tx /=gl (Gl - gB” B2, (4.37)

where Eq.(4.21) was taken into account and ¢ = 2 /4.

It is evident from this formulation that, for Einstein spacetimes, namely van-
ishing Bach spacetimes, only the contribution from Ij;js survives, expressing the
equivalence between Einstein-AdS and CG. At this point, it is useful to comment
that the vanishing of the Bach tensor extends the validity of the equivalence be-
tween the two actions to more generic spacetimes than the Einstein ones, i.e.,
Bach-flat spaces. Further restrictions are imposed when we pass at the level of
the variation of the action.

Indeed, when the EOM for CG hold and the decomposition of the Weyl ten-
sor is included, the surface term in Eq.(4.9) becomes

— 3./ 55V1vavav] K1 p2A H3hg H3H4
5ICG - DCCG/B d X 5,/{ y2y3y4] |:nvl(5r)u/2g 2 (W( )]/31/4 + W(NE)V31/4>

_ Ha
niv, WIS (g 15g) V4] , (4.38)

where we used the Bianchi identity in order to eliminate the W) part in the
covariant derivative. Inserting the explicit form of the non-Einstein part of the
Weyl tensor (4.35), the surface term becomes

_ 3. /3, slvivavsvs] M poAiaiais
Olcg = lXCG/a d’x 5]4”42”3#4] Vlér)\y gt W( E)vsus

—2ucGy / dxv/=ha2) [nvl 5T §HVBLY 4+ n1 v, BL2 (710g) g 3] . (439)
p1p2p3] Vs

For the same value of the CG coupling constant as before lLe., acg = 2 /647G,

the first term can be identified as the variation of the renormalized AdS action

in Eq.(4.22). Thus, the surface term that results from the CG action (4.39), adopts

the form
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5 3./ [V1vovs] t#
— _ _ UoK PH3
Olee = olum = 35576 fopd Y T hupians ["Vl‘sr"vzg Bt

+ni1v,, B2 (g—15g> g 3] . (4.40)
v3

It has to be noted that, in general, I in the first term of (4.39) contains non-
Einstein contributions from the metric, such that it cannot be matched to the
Eq.(4.22) without imposing further restrictions on the boundary conditions of
the theory. In the holographic context, these contributions are recognized as
new sources on the conformal boundary and arise as additional terms in the FG
expansion.

More specifically, in the FG gauge, an ALAdS spacetime is foliated as

2 1 o
ds? = Z—zdz2 + Z—zgij(z,x)dxldx] , (4.41)
with the power series of the metric near the conformal boundary z = 0 written
as

8ij(z,%) = g(0)ij + 28(1)ij + Z°82)ij + 28 (3)ij + - (4.42)

The term linear in z would be absent in case of Einstein gravity, because the odd
powers of z are eliminated by the EOM. In CG this is no longer the case and
the presence of the term zg(;) represents the non-Einstein branch of the theory.
Maldacena’s argument [31], consists on switching off the non-Einstein modes by
imposing proper Neumann boundary conditions, i.e.,d.g;; (z, x) = 0, recovering
the Einstein branch of solutions.

Instead, in our formulation, constraining in the Einstein subset of CG so-
lutions implies both a vanishing Bach tensor and proper Neumann boundary
conditions that removes the non-Einstein modes. Based on this, our derivation
provides an explicit proof of the equivalence between Einstein gravity with a
cosmological constant and CG, both at the level of the action and the variation
of it.
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Chapter 5

Critical Gravity

5.1 Introduction

CrG is the second main paradigm of a higher-curvature theory of gravity in four
dimensions, after CG, which was studied extensively in the last chapter. As it
was clearly stated, the main advantage of these models is that they manage to
solve the problem of renormalizability [20], [25], that arises in GR [19], providing
a finite UV behavior and a possibly consistent theory of quantum gravity. Thus,
these toy models reveal many interesting aspects of a quantum theory of gravity.

More specifically, CrG is a special case of a class of theories characterized by
the presence of quadratic curvature terms added to the EH action. The most
general form of this class of theories in 4D is given by

_ 1 4 — . uv 2
I_—167IG/d /=8 (R— 28+ aRy R™ + BR?) (5.1)
M

where « and B are arbitrary couplings and A = —3//? is the cosmological con-
stant. No Riemann squared term appears in the above expression, as it can
always be expresses in terms of the GB topological invariant and the above
quadratic curvature terms. The GB in 4D is a topological invariant, namely it
doesn’t affect the EOM, but it modifies the boundary dynamics.

The presence of quadratic-curvature terms lead to four-derivative EOM, that
correspond to a spectrum that consists of massless spin-2, massive spin-2 and
massive scalar modes [20], [38], [39]. The massive graviton is actually a ghost
mode (it has negative energy), as known from a generic higher-derivative theory
[38], rendering the theory non-unitary.

The problem of the ghost mode can be circumvented by flipping the conven-
tional sign of the EH term, but in this case the mass of the Schwarzschild-AdS
turns negative. The inconsistency coming from the opposite signs of the black
hole mass and the energy of the perturbations makes the model unphysical.
Similar behavior has been reported in the case of 3D massive gravity theories
(NMG, TMG) [22], [23]. They possess features that can be extended to higher
dimensions and overcome the pathologies of the theory.
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The property that is of major interest for the construction of a physically
consistent theory, is criticality. This phenomenon arises in specific points in the
parametric space of the coupling constants where the linearized EOM are de-
generate. At these specific points, the scalar modes vanish while the massive
gravitons turn to massless. Moreover, both the energy of the propagating exci-
tations and the black hole mass are zero, leading to a model which is unitary
and without ghosts. The concept of criticality when extended in 4D and applied
in the quadratic-curvature gravity action (5.1) gives rise to Critical Gravity [24].

New modes arise at the critical point, which have a logarithmic dependence
in the radial coordinate near the boundary. In general, imposing the standard
AdS boundary conditions, the logarithmic modes can be discarded from the
spectrum of the theory as they have a faster fall-off. The resulting theory is some-
what trivial, in the sense that both the massless excitations and the Schwarzschild-
AdS black hole have zero energy [10], [24]. The triviality of the theory is justi-
fied by the on-shell equivalence between Einstein-AdS and CG when the non-
Einstein modes are absent [9], [31]. We discuss this issue below.

The structure of CrG gets richer when a relaxed set of AdS boundary condi-
tions is taken into account [40]-[42], as the presence of the logarithmic modes
modify not only the spectrum but also the asymptotic structure of the theory.
The spacetime is no longer asymptotically AdS and a standard holographic de-
scription breaks down. This is evident from the presence of logarithmic terms
in the relaxed FG expansion.

The modification of the asymptotics is expressed as a function of the coef-
ficient of the leading order logarithmic term,i.e, bg);;. In order to maintain a
valid holographic description in the presence of logarithmic modes, the asymp-
totic region has to be modified minimally from the ALAdJS fall-off. In order to
circumvent the problem, we assume that b(g);; is small. The presence of new
modes switches on a new source in the boundary. Indeed, the leading order
logarithmic coefficient plays the role of the source of an operator living on the
boundary CFT, which is a LCFT instead of a CFT.

LCFTs are characterised by the logarithmic terms that arise in the operator
product expansion (OPE), preserving the conformal invariance [43]. The log-
arithmic operators correspond to a generalization of the primary operators for
non-diagonalizable matrices and they appear as conjugate to zero norm primary
states with degenerate scaling dimensions [44]. As a consequence, the Hamilto-
nian of these states in non-Hermitian, describing systems where unitarity fails.

CrG gives us insight and the appropriate tools to study further the proper-
ties of LCFTs, in a holographic context. In this chapter, we take advantage of
the equivalence between Einstein-AdS gravity and CG and derive a new on-
shell formula for CrG. Based on this new formulation we propose a new set of
counterterms that cancels the divergences coming from the non-Einstein modes,
simplifying the derivation of the holographic correlation functions.
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5.2 Critical Gravity action

CrG is defined in a unique point in the parametric space of a generic quadratic-
curvature action. The corresponding coupling constants lead to degenerate EOM,
in a way that all the massive excitations of the theory vanish. Thus, the identifi-
cation of the critical coupling constants in (5.1) requires to write the EOM in the
linearized form around a background, in order to determine the dynamics of the
propagating excitations. The linearization procedure [24] requires the presence
of a perturbation %, propagating in the background ¢, such that the metric
of the spacetime is given by ¢,y = $uv + hyy.
The field equations at first order in the perturbation h,, are

- 2A
(G +Ew) = [1+2A(a+4B)] Gy, +a KD_?> Gﬁv_?RLg_W "

+ (@ +28) [-VuVy+ gD+ Aguw| RF =0, (5.2)

2A

where Gﬁv and R" are the linearized versions of the Einstein tensor and the Ricci
scalar, given by

1

GL, = RL, - ERLgW — Ahyy, (5.3)
o 1- 1o -

Ry, = V'V(hy — SOl = 5V Vo, (5.4)

RF = V'V, —Oh— Ah. (5.5)

Here E,;;, quantifies all the four-derivative contributions of the EOM. Taking the
trace and considering the gauge condition Vh,, = V,h , we obtain

which corresponds to the EOM of the propagating scalar mode. We note that
the choice « = —3f eliminates the massive scalar mode and is equivalent to the

imposition of the traceless condition & = 0. Hence, the field equations for the
excitations, in the absence of massive scalar modes, acquire the form

- 2A\ (= 2A 2AB+1
(5-2) (-2 257, o -
These EOM provide the spectrum of the theory, which consists of a massless
graviton in an AdS background, represented by the first parentheses, and a
massive spin-2 field, if 2AB +1 # 0, represented by the second. Notice that,
for B = —1/2A the massive graviton turns massless and the EOM (5.7) are de-
generate.
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Hence, the critical coupling constants correspond to the values « = —3p and
B = —1/2A. Indeed, for this value the EOM acquire the form
- 2AN°
(D — 7) hyy =0, (5.8)

representing only massless and logarithmic modes. The second class
With the critical couplings at hand, the CrG action in 4D becomes

1 3 1
Leritical = ﬁ/d4x\/ —& [R —2A+ A (Rvaw/ - §R2>1 ’ (5.9)
M

where A = —3/¢? is the cosmological constant.

Alternatively, considering that the specific quadratic-curvature combination
corresponds to the difference between the Weyl squared and GB term &4, the
CrG action can be equivalently written off-shell as

1 6\ 12
Leritcat = To—= / d*x\/—g KR + £—2> + 5 (& wmﬁwaﬁw)} . (5.10)
M

The GB term does not modify the bulk EOM but it does affect the boundary
dynamics. Here, the coupling constant of the GB term is the appropriate one
to generate the MacDowell-Mansouri action Iy, when summed up to the EH
action, as discussed in Chapter 4. Thus, the CrG action is split in two parts,

52
Levitical = Ivam — 641G /d4x V _gwa'glwwfxﬁyv: (5.11)
M

previously seen in [9], [45]. In what follows, we will refer to the Weyl squared
term of the action in (5.11) as CG, even though the coupling is fixed,

02
lea = 2567TG(5[[;111;4221/;:;]4} Wi Wisi' (12)
Note that the coupling in front of the CG action has the correct value to realize
the equivalence between CG and the Einstein-AdS gravity when evaluated for
Einstein spacetimes, as discussed in the last chapter.
Egs.(5.11) and (5.12) make manifest the vanishing of I, ;.,; for Einstein space-
times, where Wtf: ;3/ = 0, as it was shown in [9], [45], explaining the triviality of
the theory for this branch of solutions.
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5.3 Field equations and the on-shell action

The CrG action has three contributions, the CG term (5.12), the EH action and
the GB topological invariant that does not modify the EOM. It is a special case of
the EW gravity, seen in the last chapter, with fixed coupling constant y = —¢2 /4
and the field equations given by

2
Gl + ‘%ij =0, (5.13)
where G} is the Einstein tensor with negative cosmological constant (4.31) and
Bl is the Bach tensor (4.10).

Taking the trace of (5.13), the contribution of the Bach is zero and the Ricci
scalar recovers its value from General Relativity (R = —12/ ¢2) and there is a
unique AdS vacuum in the theory. The absence of multiple AdS vacua shows
that the Weyl squared term corresponds to the unique quadratic-curvature com-
bination that does not produce the degeneracy of the vacuum.

Substituting the Ricci scalar into the EOM, we get

3 2
RHU - _E_Zgl/“/ - ZBHV . (5.14)

As previously mentioned, the above relation expresses the deviation of a general
solution of CrG from Einstein spaces. The term that introduces the NE branch
of the theory is linear in the Bach tensor.

The curvature decomposition Eq.(5.14) leads to a splitting of the Weyl tensor

o

in two parts: i) Einstein part W?}f)w (4.20) and ii) non-Einstein piece W(f]E)W,

which reads
EZ
Wfﬁzs)w =3 (32(55 — BhoY — BSh + Bffé;j) , (5.15)

after plugging in the value of < into Eq.(4.35). Thus, the total Weyl tensor can be
written as

Y. ap
Wik = Wik + Wik - (5.16)

As we told before, the coupling constant of the CG term has the right value that
allows us to rewrite the action as a function of the renormalized Einstein-AdS ac-
tion and higher-derivative contributions, given by Eq.(4.37). As a consequence,

the first term of the CG action cancels the Ir((i) part of CrG (5.11) and the remain-
ing piece is

£4 N 32
Icritical = _R/d4x\/ _gé[[;v}] (gB;}: + fo) BK . (5.17)
M
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Taking into consideration that the EOM (5.13) hold, the CrG action can be cast
into the form

06 A
leriicat = 51576 / dx /g8, BXBY
M
66 4 Hpk
_ —5127TG/d x/—gBLBS. (5.18)
M

Hence, we conclude that the Einstein spaces have vanishing contribution in the
on-shell CrG action. The only non-vanishing contribution is coming from the
non-Einstein spaces with a term that is quadratic in the Bach tensor. Due to the
fact that Einstein spaces are Bach flat, the I ;. is zero. As a consequence both
the mass and the entropy of the Schwarzschild-AdS black hole is 0, making this
sector trivial.

5.4 Noether-Wald charges in Critical Gravity

A different path for the calculation of energy in CrG, based on non-perturbative
arguments, is presented below. Unlike the Deser-Tekin [46], [47] prescription,
based on the analysis in linearized limit, we define the conserved charges of the
theory using the Noether-Wald method [48], [49].

Starting from a Lagrangian of the form £ (g, Ryyap) Whose dynamics de-
scribes geometries such that their isometries given by a set of Killing vectors
{¢"}, the Noether current associated to diffeomorphisms dx* = ¢* reads

V=8Il = OF (8:8) + OF (6:T) + /—gLZH. (5.19)
Here, ©" is the surface term resulting from the on-shell variation of the La-
grangian. The fact that the manifold, endowed with a metric g,,, possesses
isometries is expressed by the Killing equation, 6z, = V,&y + V¢, = 0. In
consequence, the first term in (5.19) vanishes and the Noether current is written
down as

J* = 2El <VN“§ﬁ + R;’jﬁc") LEr, (5.20)
where E Z; is the functional derivative of the Lagrangian with respect to the Rie-
mann tensor, i.e.,

oL
Els = .
SR

(5.21)



5.4. Noether-Wald charges in Critical Gravity 65

Note that E Zg has the same symmetries as the Riemann tensor. When evaluated

on-shell, the last two terms of Eq.(5.20) vanish, because they construct the EOM
contracted by the Killing field, and the surviving part can be equivalently be
written as

J*=2v, (Elgveer) (5.22)

where the Bianchi identity was taken into account. The conserved current is now
a total derivative, what allows to write the conserved charge as a codimension-2
surface integral. In this case, the conserved charge of the theory is given by

Qr[el =2 / dS ELy VeGP, (5.23)

where X is the codimension-2 surface corresponding to r = const and t = const.

Appl mg the Noether construction in CrG requires the computation of the
tensor E g . The derivation is much simplified when using the alternative form
of the actlon (5.11), containing two separate parts, a MacDowell-Mansouri term
[50] and a Weyl-squared term, respectively. Each term contributes separately to
the functional derivative of the Riemann tensor as

2= (E5) + ()

2 A 5 1 5
- 1287IG5[[51P£5]] [(m t e 5[[ D —WZA] : (5.24)

Plugging this result into the Noether-Wald formula (5.23) gives

= 4 . / 45,0y veP [(R”Yme gz(s[”‘”]) —Wjj} . (5.25)

Due to the fact that Weyl tensor for Einstein spaces, given by Eq.(4.20), is equiv-
alent to the AdS curvature, namely the parentheses in (5.25), the conserved
charges in CrG are identically zero.

Hence, we showed the triviality of CrG when we are constrained in the Ein-
stein branch of the theory. This result, previously seen in [10], confirms that
non-trivial contribution to the charges is coming from the non-Einstein modes
of the theory, as we have shown in the last section and in Ref.[9].
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5.5 Surface terms

In what follows, we are computing the surface terms arising from the variation
of the CrG action with a goal to be used in the derivation of the derivation of
the holographic correlation functions, considering the expressions already de-
rived for the CG case. We have shown that the renormalized Einstein-AdS ac-
tion, defined by plugging the GB term on top of the EH action, is written as
the MacDowell-Mansouri action for the AdS group (4.21) while the variation of
the action is given by (4.22). Furthermore, for the exact value of the coupling
constant in front of the Weyl? term in the CrG action, we have shown that the
variation of the CG action is given by Eq.(4.40). Once more, the contributions
coming from the renormalized Einstein action are canceled giving rise only to
the terms that depend on the Bach tensor, as it is shown below,

(Slcritical = (Hr(en) 5ICG

xv/ — _ M3
= 128 G/d3 5[??21 nv1‘5r1‘l<legH2KBl}/133 +lelvlelezz (g 15g>y3] . (526)

We realize that the variation of the CrG action is linear in the Bach tensor and
vanishes for Einstein spacetimes. This fact actually explains the vanishing en-
ergy for Einstein spacetimes, including the energy of the massless excitations,
previously seen in Refs.[24], [39], [51].

Furthermore, using the EOM, the action variation (5.26) can be put in the
equivalent form

5Icritical 32 G /d3x\/ 5;1;22]/521 [”uﬁr%zg'(mcﬁf—i-

+ v, Gl (g_15g> g 3} . (5.27)
V3

The variation of the CrG action plays crucial role in the holographic description,
as it is the quantity that determines the dual stress-energy tensor. What the form
(5.27) shows us, is that all the non-vanishing contributions are coming from the
non-Einstein spacetimes, namely solutions with a non-vanishing Einstein tensor.
A more general proof that Einstein spacetimes have zero energy can be made by
using Noether-Wald charges [10].

The next step towards the derivation of the holographic correlation functions
is to express the surface term (5.27) in the radial foliation with the help of Gaus-
sian coordinates

ds* = N* (p) dp* + h;; (p, x) dx'dx . (5.28)
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Starting from the first term of Eq.(5.27), we get

(5[1/11/21/3] My, 5r1P<l]1/2gKy2 GHa Né[u}

0 kL k l k yald
P i) (Th "Gl — oTh g Gl + oTh " GF ), (5.29)

where the first two terms become

(il 1 e ! il (K (= ¢ MGt

and the last one is
g k
/ dxv/~hNal 5T hMGE = / @x/=hNG) (h7sh) D'GY. (531)
1
oM

Taking into account these contributions, the first term of the variation of the
action is written in the radial foliation as

a8 2GS = 33 [(K’” (o) +251<’<> Gi-
)4

— NDkGf <h715h> } . (5.32)
]

For the second term in the variation (5.27), we get

[v1v503] wa (o1 ] kK oo.ek) (=15\"
Stpapiaps)™ V1 Gz (g 53) 5[ké]N<vPG Vsz> (h 5h>].- (5.33)

Hence, the variation of the CrG action in Gauss-normal coordinates becomes

k
A / dxyv/— 5[” [(25K§f+1<;.“ (h_lcSh)m) G!

+ ~ (vpcff - V.G —NszGf) <h1(5h>ﬂ . (5.34)

Note that the variation of the CrG consists of terms which are linear in the Ein-
stein tensor. It is the asymptotic behavior of the various components of the
Einstein tensor that will determine the finiteness of the holographic correlation
functions, which are determined from the functional derivative of (5.34) with
respect to the sources.
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5.6 Holographic Renormalization in Critical Gravity

Due to the degeneracy of the linearized EOM in CrG, the spectrum of the theory
contains new modes which have logarithmic dependence in the radial coordi-
nate. The logarithmic modes have a slower fall-off than the standard AAdS
spacetimes and choosing suitable boundary conditions they can be discarded.
In this case, the AdS/CFT dictionary is still valid, because the Einstein modes
become the only surviving modes in the spectrum, and they become the sources
at the boundary coupled to CFT operators.

By relaxing the boundary conditions, one switches-on new independent sources
associated with the propagating logarithmic modes. The new sources corre-
spond to a LCFT, instead of the CFT, providing an intuition on aspects of the
AdS/LCFT, such as the computation of the holographic correlation functions.

In Ref.[40], [52] it was proposed a relaxed set of AdS boundary conditions
which is consistent with the logarithmic branch of the theory. For the radial fo-
liation (5.28), with the lapse N = %, which correspond to an asymptotic bound-
ary located at p = 0, the expansion of the boundary metric has the form

1
hij (0, x) = ;)gNij (0,x) , (5.35)

8ij (0, %) = g(0)ij + b(oyijlog p +p (g @i+ byijlogp > *

The leading order terms of the series, 8(0)ij and b(o),-j, respectively, are sources of
the dual theory and each one is defining a stress-energy tensor. The coefficient
of b(g);; has to be treated perturbatively, in order for the holographic description
to be valid.

5.6.1 Generic boundary geometry

For simplicity, in what follows we choose the unit AdS radius (¢ = 1). The
inverse boundary metric can be expanded as

g7 (p,x) = gl — by logp + 0§l + 07285+ (5.37)
where
~ij ij i ij i
So) = 8@ ~bplogp+2 <b<o>8<z>) logp +2 <b(0)b(2)> Hlog 0,

~ij ij ij ij i,
g(g) = —g(]g)) - b(]g) logp +2 (b(o)g(3)> logp+2 (b(o)b(3)> log“p.
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Here we have to mention, that on the boundary manifold, gZ)) and g(0ij, are
raising and lowering the boundary indices, indicated by Latin letters. In the
radial foliation, the extrinsic curvature is defined by the formula K;; = — ﬁaphﬁ,
so the asymptotic expansion of K} = h*Kj; in the chosen frame has the form

L , 3/20i
K = 6 — bjgy; + pK{p); + 07" "Kig)i .., (5.38)
where the coefficients of the expansion are given by

i

Kiy); = ~bloy; — 8oy — Viojloge + (bo)se) ].

+ <b<o>8<z>>;logp + (b <0>b(2)) ’

T 3 3pi 4 i ‘1
Kig)j = =) = 38(3); ~ 3b)l080 + <b(0)g(3)>]~ +2 <b(0)b(3)>j o8Pt

+g (b(o)g(g)); logp + g (b(o)b@)); logzp.

+2 (b(o)b(z)xlog p+

We note that, in contrast to the standard FG expansion (2.13), the relaxed fall-
off prevents 5K;: from vanishing at the leading order, due to the presence of the
logarithmic terms. The finiteness of /K at the boundary indicates the presence
of a new independent source, b q);;, apart from the conformal boundary metric,
8(0)ij- Moreover, the asymptotic structure of the manifold is modified, as it is
shown from the asymptotic expansion of the curvature

R = —5’3+2b§ 0P,
RY = 20 (Debly; — Dibloy) + O (%) ,
RU = 5[1” + bigy 5l — ’()5{<—b](0)k5f+b](0)15,i+0(p).

The modification of the conformal structure at asymptotic infinity leads the
holographic description to break down and the usual AdS/CFT correspondence
is no more valid but should be modified, too. Nevertheless, working perturba-
tively in b(g);;, in the limit that is non-vanishing and sufficiently small, one re-
covers the asymptotic behavior of AAdS spacetimes. We are interested in the
perturbative limit. The dual operator that couples to the new source is the log-
arithmic stress energy tensor t;;, which is an irrelevant operator that belongs
to the LCFT living on the boundary. Namely, the magnitude of ¢;; decreases
when undergoes an RG transformation and as a result is not an observable in
the macroscopic scale.

In what follows, we proceed with the explicit calculation of the holographic
correlation functions, identified as the tensors coupled to two sources, dg g);; and
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0b g)ij, by evaluating Eq.(5.34) in the relaxed FG frame (5.36).

ijs

5.6.2 Vanishing log source (b(g);; = 0)

First we derive the energy-momentum tensor of the boundary CFT assuming
that the leading order logarithmic term vanishes, for simplicity. As a first step,
we are solving the EOM (2.37) in the asymptotic limit using the method of suc-
cessive approximations and determine the FG coefficients as functions of the
intrinsic curvature of the boundary.

Taking the trace of the equation of motion, whose expansion gives (R =
—12), we get

Ti’g(3) = Ti’b(3) =0= Ti’b(z) , (539)
4Trg() + R (30)) = 0. (5.40)

The (pi) component of the EOM leads to

Vibly) = Viglay = Vibly; =0, (5.41)
ViTrg () — V]-g(z)i =0. (5.42)
For the (i j) part of the EOM, we obtain
i i i 1 ;
8t~ T3 + &) (80) — 3R (80)) 5 =0, (5.43)
bly); = 0. (5.44)

We conclude that the vanishing of b(gy;; turns b(y);; to zero in (5.36) but leaves
b(3);j unaffected.

Actually, the absence of the source b g);; corresponds to a vanishing logarith-
mic energy-momentum tensor #;;. Takmg into account the above relations, the
extrinsic curvature obtains the form

. . . , 3 . 3 .
K]l = 5]1. — pgl(2)j + ,03/2 ( 1(3)]' _ §g1(3)]. — Ebl(B)j logp) +.... (5.45)

Calculating different contributions of the variation of the action (5.34), we find
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Sy KIG! = 302008, (5.46)
~ [[”]} (VoG = ViGE) = 60"20],., (5.47)
N&j, DFGY = 0. (5.48)

Additionally, due to the absence of the logarithmic source b(o), the leading con-
tribution in the variation of the extrinsic curvature is of order O (p). Using the
asymptotic expansion of the boundary metric ;;, we determine the fall-off of
the following quantities,

(h‘léh);. = (g‘lég)i. = (g(%égm))i. +0(p) (5.49)
V—h= 3/2 =V _3;(’72 +0(p12). (5.50)

Note that the variation of K; is subdominant with respect to the variation of the
metric, as it should be in standard AAdS spacetimes. Therefore, the contribution
of K! vanishes at the conformal boundary. Summing all the contributions, the
variation of the CrG action (5.34) acquires the form

Ol critical = 32 G /d3 Xa/— bl ( _15g ) (5.51)

We note that the result is finite and the variational principle is well defined for
the Dirichlet boundary condition, 6g(g);; = 0. Hence, the CrG action (5.9) is finite
and no additional counterterms are needed, in the absence of the logarithmic
source.

According to the Ref.[2], the holographic stress tensor is defined as the func-
tional variation of the regular part of the surface term with respect to the source,

2 ol
(Ty) = — = (5:52)
v/ —&(0) (5g(]0)
which applied in (5.51), becomes
(Tij) = Texcl@ii- (5.53)

This formula is in agreement with the result in Ref.[53], generalized for an ar-
bitrary form of the boundary geometry. When Einstein spaces are taken into
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account, the logarithmic contribution b 3) vanishes and <T(l~]-)> turns to zero, re-
covering the results of Ref.[24].

5.7 Linearized analysis (b(g);; # 0)

Switching on the logarithmic source makes the calculation of the holographic
correlation functions cumbersome. In order to simplify the derivation, we are
working perturbatively around AdS, [53]-[55].

In the linearization limit, the on-shell action contains terms up to quadratic
order in the perturbation, what is sufficient for the derivation of the two-point
correlation functions at the boundary. In this section, starting from the new
formulation of the CrG action (5.18), we evaluate the linearized AdS; metric
and regularize the action introducing proper counterterms.

In order to technically simplify the derivation of the correlation functions,
we consider a flat boundary metric. Thus, we are evaluating the linearized La-
grangian (5.34) in Gauss-normal coordinates (5.28), where the regular boundary
metric g;; (0, x) is written as a deviation c;; (o, x) of the Minkowski background,

1. 1
hij (0,x) = (—)gij = F_3 (77ij + Cij (p,x)) . (5.54)

The perturbation c;j (o, x) is a regular function on the boundary, so it admits a
series expansion around the flat background of the form

Cij = h(O)Z] + b(o)z] 108P +po (g(Z)z] + b(Z)z] lng) +
+0°2 (8355 + biayjloge) + - (5:55)

where hg);; corresponds to the source of CFT stress-energy tensor (T;j) and bo)ij

is the logarithmic source dual to another stress tensor (t;;).
As a first step, we determine the relations between the FG coeeficients by
solving the EOM (2.37) in the FG frame.

From the Ricci scalar R = —12, we obtain
Tl'b(o) = Tl‘b(3) = Tl'g(3) = O, (556)
4Tib (o) + 9,065, = 0, (5.57)

For the (pp) component of the EOM (2.37), one gets
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4Tib () — 9;0;b ) =0, (5.59)

while the tracelessness of the Bach tensor gives

7 ij
2Trb(2) — Eala]b(o)
Combining these relations with Eq. (5.57), leads to

—0. (5.60)

—23.9.b"
Trb(z) = 818]17(0)
For the (pi) components of the EOM terms we get

—0. (5.61)

 _ap  —9b  —
3blgy; = Ojbia); = bl =0, (5.62)
4ajg/(2)i + alamakh?g; - aiamamTrh(o) =0. (563)

Finally, the (ij) part of the EOM reads

9" dmb(, = 20(y);, (5.64)

]

where

(D% (n))ij = 030 (Teg(u) ) + "0y — (90kghy; + 0ughyi)  (5:66)

corresponds to the D? operator, introduced in Ref.[53]. Here, the covariant
derivatives have been exchanged to partial ones as they are defined with respect
to the background Minkowski metric 7;;.

In what follows, we determine different terms in the variation of the action
(5.34) by evaluating the AdS, metric through its asymptotic expansion given in
(5.54) and (5.55), respectively.

First, the determinant and the variation of the metric are expanded as

V—h = p?;f = (% <1+ %Trc) ) (5.67)
h1oh = (g 103 i,: 7 — M) 5e i (5.68)
) J /

Furthermore, the coefficient of /K in (5.34) is expanded as
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‘5[[11]1}] Gf = _3béo)k - 3Pbéz)k + 393/2b€3)k' (5.69)

The second part refers to the coefficients of the variation of the metric, which
contains contributions from the following quantities,

i) pme~t m " m " "
3 m 3 m
3/2
+ 3p {bg)k + E (b(o)g(3)>k —+ E <b(0)b(3)>k logp} ’
and
ij] 1 ' 2 9 3
5[[k]g]ﬁ <VPG5'{ - viG’;) - 3b](0)é + 3p5[£ri)ticul + §P3/25[c(ri)tica1 ’ (5.70)
where
2 i j
O\ icar = =2 (b<o>b<z>) , Vo — (b<o>8 (z)) T
; j
+8) (2Teby)be) + Trbo)8(2) + Trbioybia) log o) — (boybiz) ) log,
and

3 4 ' j j :
O heas = gb](z»,)e + 6/ Trbg)8(3) — (b(O)g (3)) P (b(o)b(3)> ,Jogp + Trb(g)b(3)5, log p .

The term DkGf of (5.34) vanishes in the linearization limit. Here, the terms
boyb2), b0)8(2)- b(o)b(s) and byg)g(3) are of order O (c?) and they are dropped
from the derivation, as they contribute to three-point correlation functions that
are not included in our study.

The terms that contribute up to quadratic order in ¢;; in Eq.(5.34) adopt the
form

1 3 -3/2 ij ij
(Hcritical - % / d”x (6p b(o)ll(sb(O) - 6b(3)ij5b(0)+
oM
ij ij
+ 919(3),-]- log p5b(0) + 917(3)1']‘5}1(0)) , (5.71)

where the order O (p_l/ 2) divergences have been dropped as well, as they are

linear in b(z)ijr which are total derivatives, as shown in the field equations (5.64).
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Note that the variation of the action contains divergent terms, which cor-
respond to the logarithmic stress energy tensor. On the other hand, the holo-
graphic conjugate of the Einstein source /g); is finite. As a consequence, no
divergences should be considered when the Einstein modes are taken into ac-
count. Rendering the action finite is equivalent to regularizing the non-Einstein
branch of the theory.

Towards this objective, we track down the divergences associated to the log-
arithmic part at the level of the action, using HR. The first step towards the
regularization of the CrG action (5.18), is to evaluate it on-shell, acquiring the
form

1
Leritical = _ﬁ /d4x V —gGﬁGZ . (5.72)
M

Considering the linearized EOM (5.56-5.65) and after some algebraic manipula-
tion, the square of the Einstein tensor is written as

Gl/Gy, = 9Trby, + 180Trbg)b(a) — 180° *Trbg)bys) - (5.73)

We are introducing a cutoff scale at finite radius p = ¢, in order to track down
the divergences. In this case, the action (5.72) can be cast in the form,

feiical = 647TG / / ap 3/z+gl Gy Gy
= 3 \/78 2 3/2
N _@ /d x/p:g dpw (Trb(o) + 20Trb(g)bz) — 20 Trb(o)b(3)>

= ﬁ /d3x <Trb(o)b(3) loge + 3/2Trbf o) +2¢ l/zTrb( 0b( ) (5.74)

It is evident that all the terms tend to infinity when evaluated at the conformal
boundary (¢ = 0), giving rise to the infinities encountered before at the level of
the variation of the action.

5.8 Counterterms

Rendering the action finite requires the addition of proper surface terms, called
counterterms, on top of the CrG action. The terms (5.74) must be added to the
action with the opposite sign to cancel divergences and constitute the countert-
erms when expressed in terms of boundary quantities such that the variational
problem is well-defined. There are two criteria that have to be satistied by the
varied action: i) finiteness, and ii) Dirichlet boundary condition of the sources.

As a first step towards the derivation of the counterterms, we invert the series
given by Eq.(5.55) as follows
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b(0)ij = 09pCij — P (b(z)ij + 8(2)ij + b(2)ijlog ,0) —p*? (8(3)17 + b(3);j1og P) :

The following combination

1 ) 1
gpl/zapcijapc] = gTrb(O)b@) + Trb(o)g(3) + Trb(o)b(3) logp + §‘0 3/2Trb%0)
2 _
+§P 172 (Tl'b(o)b(z) + Trb(o)g(z) + Tl'b(o)b(2) log p) , (575)

recovers the terms in (5.74) but introduces new infinities of order O (p_l/ 2) up
to a finite contribution. The trace of the subdominant term b()g ) can be rewrit-
ten as

_ 1Y _ 1 2 1
Trb)8(2) = b8@ij = 7Y (D h<o>)ij — Trbo) Ttg (2) +4b ) b(2yij

1 i

= Eh(o)amamb(o)ij + 4Trb(0)b(2)
= Trh(o)b(z) + 4Trb(o)b(2) , (5.76)
where the Egs.(5.64) and (5.65) were taken into account. For the transition from

the second to the third line, integration by parts was considered. Moreover, the
following expressions are valid

"dndocy = 207" (Trhig)bia) + Trbi)bizy logp) + O (0°) , (577)
0pc 1" uducy = 207 Trbig)biay +O (p7') (5.78)

after inverting the series. Here, we note that there is a specific linear combination
of the Eqgs.(5.75)- (5.78) of the form

%pl/z (9pcidpcl — 19" 9dpcij — 20056 19"Ddpciy) =
_ 1 _ 2
— Trb(o)b(3) logp + 2p 1/2T1'b(0)b(2) + 5‘0 3/2Trb%0) + ng‘b(O)b(?)) + Trb(o)g(3) ,

that recovers all the terms of Eq.(5.74) up to finite terms. Hence, after fixing the
coupling constant, the counterterms acquire the form

3

[f=——"
ct 327G

/ dxp'/? (apci]-apcif —cffamamapcij—2papcifamamapcij) . (5.79)
oM
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Finally, in order to have a covariant form of counterterms the proper rescaling
of the boundary metric have to be considered, namely h;; = (17,-]- + cij) /p. Ad-
ditionally, the extrinsic curvature is given by K;; = %17]1 — kij , where k;; = dpcjj.
Applying the respective rescalings, the covariant form of the counterterms ac-
tion read

Lt = 32% / Pxv/—h (21< — K;iK7 + %K”Dsz - %DK - 3) . (5.80)
oM

Unlike the counterterms in Ref.[53], in our formulation there is an explicit de-
pendence on extrinsic counterterms. The difference stems from the different
boundary conditions that are imposed in the problem. In the latter reference,
Dirichlet boundary conditions for the induced boundary metric 1;; was used,
instead of the conformal boundary metric g g);;. Another interesting property is
that I;; cancels only the divergences coming from non-Einstein part of the action,
as the Einstein modes are renormalized thanks to the presence of the topological
invariant (GB) in the CrG action (5.10).

5.9 Properties of Logarithmic CFTs

In this section we review some of the main properties of the LCFTs, which will
play a significant role in the analysis of the next section.

Even though the presence of logarithms in CFTs was not considered in the
seminal papers of CFT during the 80’s, it was shown in [56] that the presence of
logarithms does not violate neither the scale nor the conformal invariance. Later
[43], it was introduced the concept of logarithmic operators that generalizes pri-
mary operators in the case of Jordan block matrices. This new class of operators
reproduces the logarithmic structure of the theory that can be recognized even
at the level of the Virasoro algebra.

In general there are a lot of condensed matter systems that is believed to be
described by LCFTs. They usually to CFTs with a central charge equal to zero.
They are encountered in disordered systems [44], percolation, polymers [57],
[58], turbulence [59], the Quantum Hall effect [60], string theory [61] etc.

Using the state/operator map, it is convenient to discuss initially for the be-
havior of the logarithmic states under the action of the Virasoro operators. Log-
arithmic states are annihilated by all L,, with n > 0, but contrary to the common
primary states, Ly is not a diagonalizable matrix. More explicitly,

Lo|C) = h|C), Lo|D) = h|D) +|C). (5.81)

Notice the Jordan block structure of Ly. The state |C) looks like a primary state
but this is no longer true for |D). In this configuration |D) is considered as the



78 Chapter 5. Critical Gravity

logarithmic partner of |C). Considering that L is associated to the Hamiltonian,
as it corresponds to the time translation generator, the non-diagonalizability
means that it is no longer an Hermitian matrix, leading to non-unitary theories.

Using the state/operator map, we can define the operators T(z) and t(z) for
the states |C) and |D), respectively. Demanding global conformal invariance,
we define uniquely the form of the two-point correlation functions as

(T(z1)T(z2)) =0, (5.82)
(T(z1)H(z2)) = (H(z1)T(z2)) = (';)zh (5.89)
Z1 — 42
—2BIn(z1 —zp) +a

(t(z1)t(z2)) = (5.84)

(Zl . ZZ)Zh

Notice the presence of the logarithm in the two-point function of the operator
D(z), justifying its name as a logarithmic operator. Moreover, the values of the
constants a and b cannot be fixed by the conformal invariance, leaving a degree
of arbitrariness in the determination of D(z) in Eq.(5.81). Actually, the constant
a can be removed by imposing a field redefinition of D — D + ¢C, where 7y is an
arbitrary constant. Finally, it is shown that in LCFTs the primary countertpart of
the logarithmic operator is has zero norm, as it can be seen form the two-point
function of C(z).

Logarithmic operators origin can be found in the operator product expan-
sion (OPE) of a certain class of primary operators. Indeed, in case of primary
operators that belong to the Kac table emerge logarithmic singularities in the
differential equation satisfied by the four point function. As shown in [62], for a
primary operator A(z) with a four point function

1
A(z1)A(z2)A(z3)A(z4)) = F(x), (5.85)
(A(z1)A(z2) A(z3) A(24)) )P (a2 (x)
where /1 is the conformal dimension and x reads
y = ;17 2) (23 —24) (5.86)

(z1 —2z3) (220 —z4)

The aforementioned logarithmic singularities that arise in F(x) can be explained
when logarithmic terms are implemented in the OPE of A(z) such that

A(z)A(0) ~ z* (C(0) Inz + D(0)) +..., (5.87)

where « is the leading order power in the logarithmic singularity of F(x) as
shown below

F(x) ~x*Inx. (5.88)
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The pair of operators C and D that arise in the OPE, obtain the same two-point
functions structure as in Eqs.(5.84). As a results they correspond to a logarithmic
pair where C is the primary operator and D is the logarithmic counterpart. The
reason behind this behavior, is the degeneracy of the conformal dimension as
seen in 5.87.

The power a denotes the conformal dimension of the primary operators aris-
ing in the RHS of the OPE expansion, i.e., § = « + 2h. The presence of two
operators with coinciding conformal dimension is the reason that gives rise to
the logarithms.

In the following section we are seeking for the consequences of the degen-
eracies arising in the context of the Critical Gravity, as massive modes turn to
massless, in the boundary CFT and its possibility to be classified as an LCFT.

5.10 Holographic correlation functions

Having defined a new set of counterterms, we ensured the finiteness of the ac-
tion and we are now able to compute the correlation functions at the boundary
CFTs.

First we have to compute the variation of the total action I;o; = Ic,g + L. It
consists of two parts. The first part corresponds to the variation of the linearized
version of the CrG action dI¢,g, given in Eq.(5.71), while the second part refers
to the variation of the counterterms 61.;, which have the form

et = _%/ xp!/? | 0" dpe;ct + (20pcij — Ind" ey — 400" Indpeij) 6 (e

— 3...1/2 ij
16G/dxp Bucijé (3pct) (5.89)

The total derivative terms have been dropped because dM is without boundary.
Summing up these two contributions, we get

_ 1 3 _3/2 ij ij ij ij
St = 3 | @ (607%/b(0y6bly) — 6bisy6bih, +9biayi10g p8{y + syl
oM
-3/2 ij ij ij ij

= 1 3 ij ij ij
327G / ' <_12b(3)if(5b(0) —98(3)ij0b g +9b(3)ij‘5h(0)> : (5.90)
oM
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Now the derivation of the holographic stress energy tensor, defined as the func-
tional derivative in the sources, is straightforward. The one-point function, dual

to the source /1(g);;, reads
o (Sltotal _ 9
(0)
while the dual to the source bg);; is given by
OLsotal 3
Wy, T e (#h0 + 38(031) - 552

The two-point correlation functions are defined as the variations of the above
correlators with respect to the sources. More specifically, taking into account the
presence of two sources, the following correlators can be defined

) 9i 6b(z);j (x)

<Tij (x) Ty (x’)> = —2iW<sz (%)) = —%5;1,(%) ) =0, (5.93)
/ .0 )
(Tyj ()t (') = *ZIWUU (x)) =— (Shkl e )< j (x))
9 Sbay(x) 9 dgp <>
- 816 w(d) (x’) 871G 5%( K (5.94)
! _ 6 N 3i i X) 5g(3)1 x)
(i ()t () = — 5b’(d)( )<t,]( ) = g-a (4%]((1)](36/) +35b’(‘6)](x/)> . (5.95)

The i factor in the two-point point functions arises due to Lorentzian signature
of spacetime. The origin of the factor can be found in the relation between the
generating functional of the boundary CFT and the bulk on-shell action, which
for the Lorentzian signature can be written as Wy ~ ily. This choice yields the
formulas displayed above [55].

For the explicit derivation of the two-point correlation functions a detailed
analysis of the mode structure of the theory is needed. The mode analysis of
CrG has been given in Ref.[53], where it is clear that all the logarithmic modes
are independent of the source /(g);;. As a consequence the norm of the standard
stress-energy tensor Tj; is zero, in accordance to the correlators structure in a
LCFT.

The inverse is not true, as there are non-logarithmic modes whose source

is b(p);;- This is a property that can be deduced directly from the EOM (5.56-

5.62). There it is shown that b3 3)j Is a transverse (9; b]( 3)i = = 0) and traceless mode
whereas g(3);; it is just traceless. This feature of g(3);; is not valid in Einstein
gravity, where it is both transverse and traceless and determines the holographic
stress-energy tensor. The deviation of g(3);; from traversality in CrG, indicates
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the presence of non-Einstein modes and expresses the deviation from the Ein-
stein branch of the theory. Hence, g3);; depends explicitly on bg);;, which is the
source of the non-Einstein modes. As a consequence of its richer structure, g3
is decomposed to irreducible components as

NG 3) 1
gy = ViV; + ViV gyt (vai - 5’717'V2) s, (5:26)

Different parts of this decomposition are decoupled in the EOM and contribute
independently in the one-point function ;; which consists of: i) a transverse vec-

tor V}, ii) a transverse traceless part tiET, which is the logarithmic conjugate of Tj;,
iii) and a scalar S. Here, th is the logarithmic conjugate of T;; and corresponds

to the logarithmic stress-energy tensor of the LCFT.
Considering the Eq.(5.92), the three operators can be cast in the form:

TT _ 3 TT
) =~z (4 +380);) - (5.97)
A )
Vi) = ~15:6% (598)
9
- —_~ 350
(S) 167IGS . (5.99)

Due to its transverse traceless (TT) property, the b(3);; mode contributes only to
the t?}T operator, leading to an explicit dependence of both the vector and the
scalar operator from g3);;.

Having computed all the operators defining the one-point functions of the
theory, we are able to continue with the computation of the two-point correla-
tors. It is useful to mention that the EOM indicate that not only b3);; but also the
logarithmic source b q);; is transverse and traceless. Thus, the following decom-
position is valid

98w@jij _ [ 28 08 (3)ij 98 (3)ij
S - SHHL + SHHL + SBH : (5.100)
(0) 0) /vy ©0) /s ©0) /1

where
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58(3)1']') 2i
- = 5.0
ki P tPk) -
(519(0) ” 9pl

08 (3)ij 08 (3)ij
( SHHL = (C—210g|p|) SHKL
©0) /1

(0)
ZIETAT i P P )
<(5bl(%) ; - 12|P| (Pzp] 3 771]) (pkpl 3 Mk | -

Here, p; is the momentum of the propagating mode, C is a numerical constant
and © = 1;;p* — pipj.

Indeed, the only non-vanishing mixed correlator in Eq.(5.94) is the one be-
tween the two stress-energy tensors. Deriving with respect to b g);; means that
only operators with a TT component can survive. Given the mode dependence
on the sources in [53], we obtain that

1 3. 1
(T; (x) " (0)) = 202 Nim (5.101)

where we defined the differential operator

" | A A oA A A
Aijjg = 5 (0O + ©;0) — 0;;0), (5.102)

with @ij being the Fourier transform of ©;;. Finally, for the tt correlators (5.95),
using the non-vanishing functional derivatives (5.100) and the mode analysis
in Ref.[53], we get three independent correlators, corresponding to the vector,
scalar and TT operators.

The former ones, when computed, give

. B 9i 5g(3)1](x) _ 1 9 3.,,,ipx (Sg(?’)l]
Vi(x)V; (@) = 871G(5bkl)(0))v_2_7r387TG/d pet | g (P) §

(© (0)

1 1 . 1
- T ®. .104
27134G®1]|x2|’ (5104)

and



5.10. Holographic correlation functions 83

9 (8@ ()N 1 9 o5 (983
<S (X) S (O)> - 871G ( (Sbkl (0) ) - 2713 871G /d pe 5bkl (P)
(0) S (0) S
1 3 1
= 0 1
2713 8G | 2| (5:105)
The latter two-point function is the one corresponding to the logarithmic stress-
energy tensors. It receives contributions from the TT part of both b(3) and g 3).
An equivalent form of the Eq.(5.95) is

4 9 (08(3)ij (%)
TT TT (1) — 3 TT (.1 ]
(i (Dt (X)) = —§<Tz (¥) ty (x')) + 87.[G(5bkl (x/)) : (5.106)
(0) TT
In this case the correlator acquires the form
4 1 9 pr [ 083)ij
<t;§T (x) tIET (0)> = _§<Tij (x) t]ET (0)> + ﬁ% d3P€pr ( (Sb(kl)l] (P))
(0) TT
1 3, log|x?|+C+4y—4/3
= _ﬁﬁAU'k’ 7] , (5.107)

where C is a real constant. Generally speaking, the logarithmic stress tensor is
defined up to addition of a multiple of (T;;). Therefore, taking advantage of
this freedom, we redefine t%T as tz}T — — (C/4+ v —1/3) Tjj, canceling all the
numerical constants appearing in the numerator.

The final result for the two point correlation function of the logarithmic stress
energy tensor is

1 3, log|x?|
(T () H (0) = — g5 Ban e (5.108)

The vanishing norm of the stress-energy tensor T;; and the logarithmic depen-
dence arising in the norm of its logarithmic conjugate £;;, is a characteristic prop-
erty of the LCFTs. In general, the correlation functions derived recover the struc-
ture of the norm states in LCFT, demonstrating the validity of the new formula-
tion of CrG.
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Chapter 6

Conclusions

In this thesis, we explored consequences of a new regularization scheme, called
the Kounterterms, gaining an important insight about the properties and holo-
graphic applications of higher-derivative theories of gravity in 4D. Starting in
Chapter 2, we compare the Kounterterms with the standard counterterms series,
introduced in Holographic Renormalization, showing that there is full match-
ing between the two schemes up to 8th-derivative terms in the boundary, for
ACF spaces. The equivalence is highly non-trivial, considering the fact that
the Kounterterms depend on the extrinsic curvature while the counterterms are
functions of intrinsic quantities of the boundary. We derived a closed and re-
cursive formula for the counterterms which turned out to be common for both
even- and odd-dimensional manifolds. For even-dimensional manifolds, the
Kounterterms can be obtained from a topological invariant of the Euler class of
the corresponding dimension, demonstrating that the addition of a topological
invariant with a fixed coupling constant is equivalent to the Holographic Renor-
malization.

The corresponding topological invariant in 4D is the Gauss-Bonnet term and
when added to the Einstein-Hilbert action, the total action acquires the form of
the MacDowell-Mansouri action for the AdS, group. In Chapter 3, we showed
its equivalence with CG for Bach-flat spacetimes, when the CG coupling con-
stant is fixed. The argument consists in switching on the trace-free part of the
Ricci tensor, corresponding to a more generic class of spacetimes than the Ein-
stein ones. The decomposition splits the Weyl tensor in two parts, whose non-
Einstein part is identified by terms linear in the Bach tensor. Switching off the
non-Einstein modes requires the vanishing of the Bach tensor and imposing ad-
equate Neumann boundary conditions. This argumentation provides an explicit
proof on the equivalence between CG and Einstein gravity with a negative cos-
mological constant.

The curvature decomposition discussed above allows us to identify the non-
Einstein modes in Critical Gravity. We have shown that the Critical Gravity
action is quadratic in the Bach tensor, explaining the vanishing mass for the
black holes and the gravitons, when constrained in the Einstein branch of the
theory. Moreover, using the Noether-Wald method, we showed that the con-
served charges are zero when evaluated for Einstein spacetimes, making this
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sector trivial. Thus, the only non-vanishing contribution is coming from non-
Finstein spacetimes.

This formulation plays a crucial role when going to the computation of the
holographic correlation functions in Critical Gravity, as it provides a shortcut in
their derivation. Indeed, the new formulation indicates that the variation of the
action is partially renormalized by the presence of the GB term, which is implicit
in the Critical Gravity action. Switching on the logarithmic source at the bound-
ary, additional counterterms depending on extrinsic curvature and its covariant
derivatives were proposed. The new set of counterterms is not compatible with
a Dirichlet boundary condition for ;. Nevertheless, the variation of the action
is finite and the variational principle is well-posed by fixing the sources of the
holographic duals at the boundary. Thus, the boundary conditions we impose
are consistent with the holographic interpretation of the theory considering a
relaxed AdS fall-off.

It is worth mentioning that mimicking the Topological Regularization scheme
in the presence of a logarithmic source at the boundary is not a trivial issue, even
if the presence of extrinsic counterterm would be a hint of a possible connection.
The reason is that fine tuning the GB term considering the relaxed asymptotic
behavior of the curvature tensor is highly non-trivial, as the source b g);; is nei-
ther a parameter nor a covariant field in the Lagrangian.

In the last section there were calculated the one- and two-point correlation
functions of the boundary theory, recovering a structure that corresponds to a
LCFT, as expected.
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Appendix A

Completely symmetric traces and
symmetric polynomials

We introduce the d x d matrices A = [A;] , the tensor W = [WIZ] antisymmet-
ric in the pairs of indices and the completely symmetric traces (- - - ) defined in
terms of the generalized Kronecker delta 551135 . The trace that acts on the tenso-
rial product of the p (0 < p < d) matrices. In this notation, we write

=
~

5 —
\
y
Wi

1
i1+

» R

7

L (A1)

Ll 4Ll
T =

In this notation, all tensors commute within the symmetric trace (- - - ). We also
drop writing ® in the tensorial product for the sake of simplicity (e.g., A ® B =
AB). Useful symmetric traces are

(
<1Id—PN = (d—p)! (AP). (A.2)
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Symmetric traces (---) can be expanded in terms of the usual traces Tr(---)
which act on square matrices only, for example

1) = 1,
(A) = TrA,
<A2> = (TtA)? —TrA2?,

<Ad > — dldetA, (A.3)
or in case of tensorial product of matrices,
(A) = TrA,
(AB Tr ATrB — Tr (AB)
A2> = (TtA)? —TrA?,
(ABC) = TrATrBTrC +2Tr (ABC) —Tr ATr (BC) — TrBTr (AC) — TrCTr (AB) ,
= (TrA)? Tt B +2Tr (A2B> —2Tr ATr (AB) — Tr A2 Tr B,

~ ~—

<A3> — (TrA)’ +2Tr A® —3Tr ATr A2,
2
<A4> = (TtA)* +8TrATr A3 —6(TrA)® Tr A% +3 <Tr AZ) — 6Tr A*. (A4)

Note that the relation between the symmetric and standard traces is ‘1 — 17, so
that we can also write the inverse of the previous relation,

TTA = (A),
Te (AB) — (A)(B)- (AB),
Tr(A2) = (A)-(n%),
Tr (ABC) = (A)(B) <C>+%(<ABC>—<A> (BC) — (B) (AC) — (C) (AB)) ,

= (A (B) — (A} (AB) + 5 ((A%B) — (A%) (B)),

(A7) —3(m) (A7),

AY) + % (a) (A%) —2(n) (A?) + % <A2>2 . (A5)
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It is also useful to make a relation with the symmetric polynomials P,(A) of
order p,

p(A) = 1,

Pl(A) = TI‘A,

Py(A) = % [(TrA)Z—TrAZ},

Py(A) = det A\, (A.6)

which are conveniently defined by
Trin(I+u A :
det (I +uA) = e™nITHA) = Y~ yPp,(A). (A7)
p=0

A relation between the polynomials and the traces is

Py(A) = = (AP) = m <N11d—r’> . (A.8)
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Appendix B

Compilation of useful identities

The sums that appear in the counterterms in even dimensions have the form

o (—4) k!
P_kzzl (n—1—k)!(2k+1-p)

[1]

(B.1)

The can be expressed in terms of the hypergeometric function. First few values
are

- 2
T T (-2’
— 2
- _(271—3)(71—2)1’
- 4
=T @n=3)@2n—>5) (n-2)’
7. 12
=T T@n-s5) @n-7)(n-2)
=4 = ° B.2
=T 2n-5)(@n-7)(2n—9) (n-3)" (B.2)
We also need the sum
n—1 2 )
n-1-k2 1 (n-1)(n—1)
,;122"+1(2n—2k—1)!_ 221+ 1(2n—3) - (B.3)

Useful integral used in the text is

1

O/du (1- uZ)" _ % (B.4)
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In odd dimensions, the following coefficients are also useful,
ap =

by =

whose first few values are
apg =
a =

ar =

Defining the sums

and only Oy, (k < mg) are non-vanishing because ®,,, = 0 (k > my).

k! (n—1—k)?

nl(n — 1)122+1(2n — 2k — 1)1

(-1)" (214 1)!
k=01’

1
2n(2n — 1)1’
1
2n(2n —2)(2n —2)!”’
1

n(2n—2)%(2n —4)* (2n —5)!

i b k>1
=0 (21 +1—mp)! -
On = —244,

Oy = —601 + 40k,

(B.5)

(B.6)

(B.7)

(B.8)
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Lowest-order approximation of the
binomial expansion

The following notation is useful

1 jp o _ ()P
Koy -+ Kloy, = (Kigi) (1)
for the product of the coefficients of the extrinsic curvature.

In order to simplify the formulas of Chapter 2, we introduce a series of aux-
iliary variables

. ‘ )21’1—2 M20 _ KJZ ‘ (K]3 ‘ )27[—3
72, (2)ia \""(0)i3 !
. . 21—3 . 2 . 2n—4
Mo = K (Kow) Mz = (K) (KGa)
. . 2n—3 . 3 . 2n—>5
Moo = Koy (Kya) " Mazo = (ko) (i)™

) . 2n—4
e I3 /3
Mys = K(Z)izK(4)i3 (K(O)i3> '

In even-dimensional counterterms we define

I, = 2(n—1)"4 (1 - t2> Mayo,

My = (n=1)2"° (1-£) [28Myp— (2(n—2) = (20 =3) ) Mps| ,
Mo = 2(n—1)2"5 (1-£) {t4M6,0 +(n=2)(n-1) (%ﬂ (1-7) - 1) M2+
+ <(2n —5)t* —2(n— 2)) M2,4} ,

while in the odd dimensions, we use
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Y o= 2(n-1)(1-#) (- )HMZO,

Sy o= (n—1) (1 )(2 ) [ (s —t2>M 0+(s —(2n—3)t2+2(n—2))M2,2],

T = 2(n-1) (1-#) (- tz) 4[(5 — ) Mg+ (2~ £2) (2= (2n—3) 2 +2(n - 2))
+ (n—2) (1—t2) (52— (2n — 3) t2+§(n—3)) Mz/z/z] ,

in order to shorten the expressions. Moreover, we replace the product of the

o an—1
(n — 1) parentheses, with the expression [1W]2]3 (1—12) K2KB - 1 (5{22(5{: }

1713 1" 13

Thus, the lowest-order approximation of the binomial expansion in even-
dimensions gives

. 2 ) ) ) 2 . )
[ - (Kf(g) iz> +2p (1 2) Ky Kby +p7 (1 1) <(1<f(22)1.2) + 2Kf(g)i21<f(1)i3>
n—1

_|_Kfz KB _ (_1)n (_t2n—2M0 + oI, +p2H4 +P3H6) )

(2)ia ('4)1‘3)

When applied in the odd-dimensional case we get

+ 20°(1-#) (Ké%))i2K{36)i3

[(Sz - t2> Ké%)izK{%)i3 +2p (1 B t2> K{%)izK](éZ)ia + pz <1 N tz) <K](22)12K](;)13 + 2K{é)i2K{1)i3>

7 i i ; n—1 n—1
3 2 J2 J3 J2 73 _ (2 _ 42 2 3
+ 20 (1 —t ) (K(z)izK(4)i3 + K(O)izK(6)i3)] = (S t ) Mo + pXo + p" 24 + 0726 -
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Parametric Integrations

The following integral is proved useful for the calculation of the parametric in-
tegrations that follow

1d 1) - 2k D.1
0/”(‘“)‘(2k+1)!@ 1)

KR\ (D) 0%k
Q’g(i) ir1 Y @ B-2)

Based on this, we derive the parametric integrations below that are used in the
derivation of the odd-dimensional Kounterterms.




Appendix D. Parametric Integrations

3 (=)0 (- 312

nn—1)(n—2)(2n->5)"

(1) "t 02n-4 (5 _3) (n —2)12
n(2n —2)! ’

(—1) "2 (g — 1)1
(2n)!

(—1)7"F22214 (n —2)12
2n (2n — 3)!

(_1)—71-1-3 22n—6 (Tl _ 3)!2
(n—1)(2n—4)!

(=1)""*3 2218 (1 — 4)12
nin—1)n-2)(n-3) (2n-7)!

(=1) "3 227 (y — 3)12
n(n—1)(2n—>5)!
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