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AdS/CFT at Loop Order

by Ernesto Bianchi

Since the early days of AdS/CFT, rigorous obtention of tree-level holographic
correlators from a given bulk theory is known through the process of holographic
renormalization, however the picture where quantum corrections are also taken into
account is currently lacking. It is the purpose of this thesis to fill this gap in the
literature and propose a method of holographic renormalization valid to all orders in
the bulk loop expansion, where it is found that the same prescription from classical
order is valid provided one replaces the classical action by the effective action. This
gives a first principle derivation of Witten-Feynman rules for diagrams in AdS
analogous to those in flat space.

In addition to the usual IR divergences present in holography, at loop order there are
also UV divergences coming from the short-distance singularities of the bulk
propagators, and this led us to construct a novel AdS invariant regularization scheme
which we denote as geodesic point-splitting. Its derivation from a regularized action
in AdS and its connection with an IR regulator for the dual CFT is also discussed.

The quantum corrections to the correlators take the form of loop Witten diagrams in
AdS, and we show they obey the conformal Ward identities to all loop orders by
explicitly writing a general loop diagram in the expected CFT form. Direct
computation of loop Witten diagrams is challenging, and we also make progress in
this direction by providing new and exact results for the most basic yet essential loop
vertices in AdS appearing in almost every theory. How these are constrained by AdS
symmetry is also discussed.

As an example of our methods, we work out in detail the case of a scalar P theory in
the bulk, obtaining the renormalized 2-point function of the dual operator to 2 loops
and the 4-point function to 1 loop, for operators of arbitrary dimension A > d/2 and
bulk spacetime dimensionsup tod +1 = 7.
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Chapter 1

Introduction

One of the main challenges of current theoretical physics is the construction of a
quantum theory of gravity, motivated by the study of black holes and perhaps more
profoundly by the origin of our universe. Standard techniques of quantization
manage to elucidate the first quantum effects of gravity at large distances, however as
one forces these methods to smaller distances incurable divergences appear, losing all
predictive power. In modern language of effective field theory, gravity has an
irrelevant coupling resulting in the theory being non-renormalizable. This is exciting
as it suggests gravity in the UV is not simply the Einstein-Hilbert action with a few
tweaked parameters but something radically new, possibly redefining our notions of
space and time. This is also however uncertain, as then how to proceed in this
direction is not clear, difficulted by the lack of access to experimental data and with

mathematical consistency the only guidance.

Current efforts attempt to make progress in the formulation of quantum gravity from
many different angles, but what has proven to be useful is to look at its known
non-perturbative properties, standing out among them its holographic nature

[102, 100]: the information of a gravitational region of spacetime can be stored in a
non-gravitational surface that surrounds it. This is remarkable, as it allows one to map
questions about gravity to a different, usually much more familiar, scenario. This
motivates the study of holography, and in particular the concrete examples where it

has been explicitly realized.

The most celebrated example of holography is the AdS/CFT correspondence [80],
where a gravitational theory in Anti-de Sitter spacetime may be equivalently
described by a non-gravitational conformal field theory living at its boundary. In this
example, the usual UV divergences of quantum field theories present in the boundary
theory are mapped to IR divergences of the bulk theory due to the infinite volume of
AdS, resulting in a UV/IR or strong/weak duality [101]. Foundational work on this

matter has focused on the construction of a renormalized dictionary, known as
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holographic renormalization [44, 98], between these two theories at leading order in
the duality, taking classical gravity on the bulk side and thus describing a
strongly-coupled CFT at the boundary. In this approximation, structural evidence is
found that supports the correspondence, with the divergences renormalized by a finite
number of local covariant counterterms, and with the resulting holographic boundary

correlators obtained from an AdS computation obeying the conformal Ward identities.

Holography may ultimately lead to quantum gravity, and this requires a better
understanding of the holographic dictionary beyond the classical approximation,
where quantum effects of gravity on the bulk side are taken into account. A rigorous
renormalization scheme of AdS/CFT at loop order is currently lacking in the
literature, and this would provide stronger evidence for the conjectured holographic
nature of gravity.

It is the objective of this thesis to fill this gap in the literature and propose a method of
holographic renormalization valid to all orders in the bulk loop expansion. This

material has been organized as follows:

In Chapter 2, we review the standard method of holographic renormalization in
AdS/CFT valid in the classical approximation, introducing the usual IR regulator in
the bulk and boundary counterterms, the renormalized on-shell action, and the exact
holographic 1-point functions once divergences have been renormalized. As an
example, the case of an interacting scalar field with Dirichlet boundary condition is
discussed in detail, obtaining novel and exact formulas for the boundary counterterms
and holographic 1-point functions, for arbitrary interaction terms in the Lagrangian
and values of v = A — d/2 > 0, including the special cases v € IN.

In Chapter 3, we perform the first analysis of AdS/CFT at loop order by studying the
conformal structure of a general loop Witten diagram. The close connection between
AdS and CFT suggests one can write AdS isometries in the language of conformal
transformations. Such language is indeed constructed with AdS isometries seen as
constrained conformal transformations, making the conformal properties of AdS
objects manifest. We use this to show that a general loop Witten diagram obey the
conformal Ward identities by explicitly writing it in the form of a CFT n-point
function. How conformal invariance at the boundary follows from bulk

diffeomorphism in this new language is also discussed.

In Chapter 4, we present the general method of holographic renormalization in
AdS/CFT valid to all orders in the bulk loop expansion. Subleading corrections in the
correspondence also involve UV divergences in the bulk and we construct a novel
AdS invariant regularization scheme, denoted geodesic point-splitting. Its derivation
from a regularized action in AdS and its connection with an IR regulator for the dual
CFT is also discussed. We introduce the counterterms needed to renormalize these

new divergences, the obtention of the renormalized 1PI on-shell effective action in the



bulk, and the modified holographic dictionary at loop order, with the CFT data
renormalized due to quantum corrections in AdS.

In Chapter 5, we show new and exact computations of many bulk vertices appearing
in loop Witten diagrams. These include the convergent integrals [ G [ G [ ---, the IR
divergent integrals [ KK and [ GK for arbitrary and integer values of v, and the UV
divergent integrals [ GV, [ GNK and [ GNKK, including in the latter the terminating
and logarithmic cases. The power of AdS isometries in bulk vertices has not been fully
appreciated, and we show how these constrain the form of these integrals.

In Chapter 6, as an illustration of our methods we consider the example of a scalar ot
theory. Holographic renormalization at loop order is performed for this theory,
obtaining explicit formulas for the counterterms, for the renormalized bulk
parameters, and for the renormalized holographic correlators, with the CFT data
corrected order by order in the bulk coupling. This is done up to two loops in the
2-point function and up to 1-loop in the 4-point function, for dual operators of
arbitrary dimension A > d/2 and bulk spacetime dimensions uptod +1 = 7.

In Chapter 7, we conclude with a discussion of the main points of the thesis, and
possible future directions.

The conventions throughout the thesis are ¢ = i = {545 = 1, unless otherwise stated.






Chapter 2

AdS/CFT at tree-level

The AdS/CFT correspondence dictionary [70, 103] relates quantities that are formally
divergent. At leading, tree-level order in the bulk there are IR divergences due to the
infinite volume of the spacetime, which are mapped to the usual UV divergences of
QFT at the boundary. To construct a sensible dictionary between both sides these
divergences must be renormalized. The relevant object in the bulk and at tree-level is
the renormalized on-shell action SXe [q){o)] as a function the fields 9"%0) parametrizing
the boundary conditions for the bulk fields ®’. This then acts as a generating function
of connected correlators of primary operators O,,. The on-shell equations are
obtained by minimizing the bulk gravitational action, 6SXL /6®! = 0, while keeping
fixed the fields that parametrize the boundary conditions. The construction of a
holographic dictionary that is valid at the renormalized level is known as holographic
renormalization [44, 98], and it is the purpose of this introductory chapter to review
the general methodology valid at classical order. The case for scalar fields is discussed

in more detail, as they will be the relevant object of study in the rest of the thesis.

2.1 Holographic renormalization at classical order

2.1.1 Regularization

Infrared divergences come from the infinite volume of AdS as one approaches its
conformal boundary situated at z = 0 in Poincaré coordinates, with z the bulk radial
direction. We will adopt the usual scheme and regularize the AdS volume by adding a
hard cut-off ¢ < 1 to the bulk radial direction away from the conformal boundary [73]:
z>¢e>0.
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2.1.2 Counterterms

In this regularization scheme, divergent terms are regulated to the surface z = e.
These may then be subtracted with the addition of a boundary counterterm B[®; ¢]
located at this region, where AdS covariance implies it can be written in terms of the
bulk fields ®! and the induced metric at the regulated surface.

2.1.3 Renormalized on-shell action

At classical order, the theory on AdS is approximated by its saddle-point

Zaaslglg)) = e Suasl®], (2.1)

which is a formal expression as it is ill-defined due to the IR divergences. Regularizing
it for instance with the IR regulator ¢, leads to the regularized action Sizgs [(P€0) ;€]
whose divergences can be absorbed with the boundary counterterm B[®!; ¢], leading

to the subtracted action

SR [l €l = Sacl@loyi el + B[@'é]. 2.2)

Once IR divergences have been renormalized, the renormalized on-shell action is then

obtained in the limit of vanishing regulator

Sacsle(o)] = lim Saaslofoy el (2.3)

as a function of the boundary conditions (péo).

2.1.4 Exact 1-point functions

Once SR has been constructed, the holographic dictionary reads

Zerrlplg)] = Zaaslolo) == Werrlofy)] = Shasl@(o)] - (2.4)
where the 90{0) are identified as the sources for some conformal operators O, in the
dual theory. Correlation functions for O, may then be computed from the theory on
AdS by functionally differentiating SR with respect to ¢(, (0)7 , leading to the exact
holographic 1-point function in the presence of sources

(2.5)

q —1 IS3as1e)
<OA1(X)>471 = T (=
© /&) 590(0) (%)

with g(g);; the metric at the boundary theory.
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This summarizes the standard holographic renormalization procedure in very general
terms. In the next section, we will review in more detail the case for scalar fields under
Dirichlet boundary conditions.

2.2 Example: scalar field

2.2.1 Holographic renormalization
Consider the example of an interacting scalar theory in the bulk
d+1 1 m?
Sads|®] = /d 1VZ | 50,000+ 0% 4 V(@) (2.6)

Adding the IR regulator ¢ and boundary counterterm B, the renormalized on-shell
action reads
1 2
SRen (@] =lim [ d''x/g |-9,PM D + =02+ V(D)| + B[®ie],  (27)
e—0 z>€e 2 2
with B properly chosen as to renormalize all the divergences from the action. The

variation of SR consists only in a boundary term

0Spasl ()] = lim 6B[@;e] — [ d'x /g orPoD, (2.8)
e— z=¢
as the resulting bulk term in the variation vanishes given the classical equation of
motion for ®
(~O0+m*)® = -V'(D). (2.9)

There are 2 independent Green’s functions associated to the differential operator
(=0 + m?): Gp and Gg, with A and A the greater/lower solutions to m? = A(A — d).
Imposing Dirichlet boundary conditions for the bulk field @ picks the former,
allowing us to write the equation above as the integral equation

®(x) = Do(x) — / ATy /g7 Galx, X)WV (@(x')) (2.10)

where @ solves the homogeneous case: (— + m?)®y = 0. The full solution for ®
may then be obtained in powers of ®( by recursively replacing the expression for ®
on V' (®)

D(x) = Pp(x) — /ddﬂx’\/? Ga(x, X" )V (Po(x')) + - . (2.11)

In Poincaré coordinates g,y = 6,/ z2, the near-boundary expansion of @ is worked

out in powers of the radial coordinate z. For arbitrary valuesof v =A —d/2 > 0, it
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takes the form

W T(v—mn) (222" . .
@(x) =2 LS (B0 ) g0+ 2@+ 0, @12
T

n=
where |v] is the integer part of v, and 9? is the flat Laplacian. Here ®(0) and @y, are
the 2 linearly independent solutions of the homogeneous equation, and by Dirichlet

boundary conditions one is fixing the value of ¢ at the boundary z = 0. When

v € IN, the 2 series become degenerate and one must add a logarithmic term at order
z% to have a solution

v—1 v—n ZZ 2
Po(x) =274 ;) rl"((v) n!) ( I

+0(z%%), (2.13)

where y is an arbitrary scale.

The explicit form of the Green’s function G (x, x’), also known as bulk-to-bulk

propagator, is given by

, A 5, b1
Ga(x,x') = oar,e 2h A d
2

2z7'

. x2 _
1’C> 4 é_zz_i_zlz_’_(f_f/)Z’

(2.14)

where »F; is Gauss” hypergeometric function, and cp =T'(A)/ [ﬂgf(v)]. It is a function
of the bi-scalar ¢ and as such, it is invariant under simultaneous isometry
transformations of the points x and x’. It has a near-boundary expansion of the form

A

Ga(x,x') = ;—VKA(x’, %)+ 0(z29), (2.15)

where the function K, (x/, X) is known as bulk-to-boundary propagator

/

A
R z

One may readily see the near-boundary expansion of the full solution ® takes the
same form as the expansion for the free case ®y, with the normalizable mode ¢ 3,

replaced by

o o 1 o
go}/zv)(x) = ) (%) — g/ddﬂx’\/? Ka(x, 2)V" (Po(x")) + -+, (2.17)

receiving contributions from the interactions. For scalar fields with this asymptotic,

plugging it in the variation (2.8) leads to a number of IR divergences which are
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renormalized by a finite number of local covariant boundary counterterms of the form

B[®;¢] = ddxﬁ[(d 2P )+ = ch X)) (2.18)

Z=¢€

with y;; = 6;;/ €% the induced metric on the regulated surface. A direct computation of
cn(v) yields

n

r2v—ir
cn(v) 4nr 22 2V_21 ben imj s (2.19)

i=

in terms of the coefficients b, which are determined recursively starting from by

"IT(v—n4i)
bo=1, bysg=— —2b;. (2.20)
0 " g T(v)(n—i)"
For instance, the first few numbers are
ca(v) = L c(v) = L (2.21)
W ow=1) PV T 8w —-12wv—-2)’ '

It would be interesting to solve the recursion formula and find a closed-form
expression for by, as that would lead in turn to a closed-form for the numbers c, (v).
Nevertheless, using the formulas above they may be determined up to the desired

value.

The numbers ¢, (v) have poles at v = 1, and for v € IN the last counterterm of the
series becomes logarithmic

1 ol1-2v

SCly ()@ (x)O @ (x) - —WCD(x)D‘ZYCD(x) In(pe) . (2.22)
In this case, finite additions to B[®; ¢] are possible and these are captured by changes
in the arbitrary scale y, representing the scheme-dependence associated with the
logarithmic subtractions. For special A’s and bulk interaction terms, additional
contributions to the logarithmic terms are present and these are related to conformal
anomalies due to higher-point functions [26]. Once this renormalization process has
been carried out, the resulting boundary term is now finite and the limit ¢ — 0 may be

safely taken, leading to the renormalized variation

655800 = - [ dx 200l (D)0 (), 2.23)

up to local terms in ¢ ) when v € IN, that may be absorbed in the scale .
Functionally differentiating with respect to ¢ o) then leads to the exact holographic

1-point function in presence of sources

(OA(T)) g = 2090 (%) - (2.24)
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Explicit computation of the holographic correlators requires exact (as opposed to
asymptotic) solutions to the bulk field equations, and these will be determined next.

2.2.2 Renormalized correlators

To construct an exact solution for the field ®, boundary conditions must be
supplemented. We will impose Dirichlet boundary conditions at the conformal
boundary and regularity in the interior of AdS

Dirichlet:  ®(z — 0,%) — 2/ 29 (¥), (2.25)
Regularity: ®(z — 00,X) — 0. (2.26)

These conditions completely fix the free part of the field, @y, to be of the form

Po(x) = [ d'y Ka(x )90 (7). 227)

with K, the bulk-to-boundary propagator. The exact solution for @ is then read from
(2.11)

(x) = [ d'y Ka(x,7)900)(7)

— / Ay’ /g Galx, X' )V’ [/ d'y Ka (¥, )i |+ (2.28)

expressed in increasing powers of ¢ ). This is a convenient representation as terms of
a given order in ¢ will contribute to a specific holographic correlator: contributions
to the (n + 1)-point function come from the terms of order Pl in P If one is
interested in lower-point functions, then keeping the first few terms in (2.28) is

sufficient.

To compute correlators we need to expand ® and identify the mode q)}/zy), now as a
functional of ¢ o). The expansion of G was given in (2.15), while for K, it is more

easily derived from its representation in momentum
y

d

d
oo 22 dp . —ip(E-7)
Ka(x, ) = 21T () / ) p'Ky(pz)e , (2.29)

where K, (pz) is the modified Bessel function of second kind. The expression for cpE/ZV)
may then be obtained using the series representation (B.3) of the Bessel function and

computing the resulting momentum integrals using the results of appendix C, leading
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to the identification
() c
(%) /ddy PR OIE)
oo [ K ()Y [ [dyKale Dow@ |+ (230

Naively, this expression seems to be valid for all values of v > 0, however for v € IN a
more careful treatment shows the first term in (pE/ZV) is ill-defined as a distribution, i.e.,
its Fourier transform diverges. This can be seen, for instance, from properly expanding

this term around v integer: v = n + €, n € IN, obtaining an expansion in € of the form

1 1 S - 0
As € — 0, the leading term in the expansion diverges and the LHS is ill-defined as a
distribution at the coincident point ¥ = jj. For a more detailed analysis of this issue,

see the discussion in appendix C.

In the case v € IN, one must use instead the series representation (B.4) of the Bessel

function, which leads to
— c —
(Pé/zv)(x) :/ddy Rm [W—Aﬁ\m] ®(0)(¥)
1 S S -
- @/ddﬂxl\/é? Ka(x', %)V’ [/ d'y Ka(*, o)) | +--- - (2:32)

Here R denotes the renormalized version of the function, defined in (C.24) for a
value of M? = 4p2e¥(M)+¥(+1) and where y is the arbitrary scale introduced before. It
has the property that Ry [f (|X¥ — 1/|)] = f(|X — ¥|) for ¥ # ¥, however unlike the bare
function, it is well-behaved as a distribution including the singular point ¥ = i/ and as

such it has a Fourier transform, which is given by (C.23).

From the exact 1-point function of the dual operator O, in (2.24), functionally
differentiating with respect to ¢ o) and setting the sources to 0, leads to the
holographic 2-point function

2vep
I a—— v¢gIN
. . |71 — 2?2
(Oa(1)On(i2)) = e (2.33)
Rm |:_,_,A2A:| , veNN
i1 — ¥2|

valid for A > d/2. These are precisely the CFT 2-point functions for a scalar operator

of conformal dimension A.
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For higher-point functions, we need the specific form of the potential V(®) in the
Lagrangian. As an example, consider the case of a quartic interaction

V(@)= ot (2.34)

In this case, the mode (p( )( X) in (2.30) (or (2.32) when v € IN) evaluates to

d CA
V)= [y 5 o0 ®

A . . . 3
gy [ &HVE Kal ) [ [dly ke, oo @)| +-+- @39

The leading interaction term results in a contribution to the holographic 4-point

function for the dual operator

(Oa(#1)Oa(12)Oa(3)On(¥a)) = —A / A /g Ka (%, 71)Ka(x, 72)Ka (x, 73) Ka (%, 74)
(2.36)

Diagrammatically, these contributions may be represented in terms of Witten

diagrams (see fig. 2.1) analogous to those in flat space, consisting in lines starting from

the insertion points at the boundary and with the interactions taking place in the bulk.

— —

n Y3

—

2 ?4

FIGURE 2.1: Witten diagrams contributing to the connected holographic 2- and 4-point
functions dual to ®* theory in AdS.

Contact Witten diagrams constructed from bulk-to-boundary propagators are known
as D-functions, defined by the integral

Da,.», = / A e /g K5 (2, 71) - - K™ (x, ), (2.37)

where K(x,¥;) = z/[z? + (% — ;)?]. Since D-functions appear as contributions to
conformal correlators, they must have the expected form of a CFT n-point function.
This is indeed the case, as we will prove in the next chapter using AdS symmetry

arguments.

Of special interest is the case n = 4. A direct treatment of the integral computes this
D-function as a sum of Appell F; hypergeometric functions, which may be written
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more compactly in terms of the function H(w, B, v, 6; 1, v) introduced in [53] (see also
[52])

D ==
Arbofabe TTIT(An)  [T(y2)3 0t 580

i<j

A A
><H<A2,T—A4,A1—|—A2—2T+1,A1+A2;u,v>, (2.38)

where At = Y_ A, and u, v are the conformal invariants (cross-ratios)
n

u_@ U_@ (2.39)

22 T 22

Y13Y24 Y13Y24
This representation for the D-function allows us, for instance, to express the 4-point
function (2.36) as

4T (20— 4 8
(On(71) 0 (72) O (1) O (74)) = ~Ach - (M)f) F(I”(‘;)gm, 8,1,285u,0).

icj Y

(2.40)
recovering its CFT form.
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Chapter 3
AdS amplitudes as CFT correlators

In this thesis we are interested in extending the picture of Chapter 2 to also include the
corrections to the holographic correlators coming from the bulk loops. This is
precisely the content of Chapter 4, with a fully worked out example in Chapter 6. But
before doing this, as a first study in this direction, in this chapter we will look at the
conformal structure of a general loop Witten diagram. At loop order, the AdS/CFT
correspondence could have been invalidated simply due to the breaking of conformal
symmetry in the dual theory. As we will prove here, conformal invariance is
preserved to all orders in the bulk loop expansion thanks to the AdS covariance of the

bulk propagators.

This chapter has been previously published as a paper in [16].

3.1 Introduction

In a theory of quantum gravity there are no bulk local invariants (because
diffeomorpshims act on spacetime points). In spacetimes with asymptotia, we need to
impose boundary conditions at infinity, and one may define local operators at the
(conformal) boundary via the boundary conditions. For example, one may require
that a bulk scalar field takes a prescribed value at the boundary. The gravitational
path-integral computed with such boundary conditions would then compute
observables that depends on boundary points. Such observables may be organized
according to their transformation properties under the asymptotic symmetry group,

the group of transformations that preserves the boundary conditions.

In the case of asymptotically (locally) AdS gravity, the boundary carries a conformal
structure, so this construction naturally produces n-point functions, which we will call
AdS amplitudes, that transform as CFT correlators. The AdS/CFT conjectures

[80, 70, 103] asserts that AdS gravity is equivalent to a local CFT in one dimension less
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and in particular AdS amplitudes are equal to CFT correlators!. The relation between
AdS amplitudes computed via Witten diagrams and CFT correlators has been tested
with tree-level examples already in the foundational papers [70, 103] and numerous
explicit evaluations of AdS amplitudes appeared in the early AdS/CFT literature; see
[61, 59, 78, 14, 54] for a sample of early papers and [49] for a review. In more recent
times explicit loop-level diagrams have also been computed, see, for example,
[87,56,1,6,13,67,105, 21,22, 64,90, 33, 81, 5, 43, 34, 71, 15], and they are all in
agreement with CFT expectations. To a large extent, the community takes for granted
that AdS amplitudes are CFT correlators. It is the purpose of this chapter to provide
an explicit proof that this is the case to all orders in bulk perturbation theory. We will
discuss in detail the case the external operators are scalars, but all steps have a
straightforward generalisation to spinning operators. It would be interesting to spell
out all technical details but we leave this for future work.

In the next section, we summarize the constraints imposed by conformal invariance
on CFT correlations functions. Then in Section 3.3 we show that AdS amplitudes
satisfy these contraints. In particular, this derivation shows that the constants and
functions of cross-ratios that appear in CFT correlators are determined in terms of
bulk data. In Section 3.4 we show how the constraints of conformal invariance emerge
from bulk diffeomorpshisms and illustrate how our results for scalar correlators
extend to spinning ones by considering the case of conserved currents. We finish with
a discussion of our results in Section 3.5.

3.2 CFT correlators

We review in this section the constraints of conformal invariance on CFT correlation
functions of primary operators. This is a topic with long history, see [89, 83, 42] for

some of the original literature and [66, 50, 97, 84] for reviews.

Conformal transformations are diffeomorphisms that results in a Weyl transformation:
under ¥ — X/,
ds?> — ds'? = O%(¥)ds>. (3.1)

1This perspective on the duality has been emphasised early on in [65].
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We work with Euclidean signature and coordinates x*, « = 1,...,d. We will also use a

vector notation, ¥ = {x*}. In flat space, where ds?> = d¥?, these are given by

Poincare: x™ = a”‘ﬁxf8 +a%,, Q@) =1, (3.2)
Dilation:  x* = Ax*, QX)) = A, (3.3)
. Xt o1
Inversion: x* = 72 Q(x) = 22 (34)
o o2
Special conformal:  x'* = x_,+ b a , Q) = - ! ——. (3.5
1+4+2b-X+b2x2 1+4+2b-X+b2x2
The factors Q)(¥) are related to the Jacobian |9%'/9X| via Q(X) = |0%'/9X|'/¢ and
0x"* /9xP = Q(f)R“‘B(f), where R € O(d) is the orthogonal matrix
" " X o "

Raﬁ(x) = {““5, 52, Ig(x), Iy <3?2 +b> Ig(x)} , (3.6)
for Poincare, dilations, inversions and special conformal transformation,
correspondingly, and det R = +1 with —1 for inversions, +1 for the rest, where

iy sa o X Xp
One may check conformal transformations satisfy
(2 — 1)* = Q(X)Q(R) (% — %)% (3.8)
and
Lp (%] — %3) = Ry (X1) R (%2) L5 (%1 — Ta) - (3.9)

For concreteness, and to keep the technicalities to the minimum we will primarily
focus on scalar operators, and we will briefly discuss spinning operator at the end of
this section.

Scalar primary operators O of dimension A transform as

O'(x¥') = Q%) 20(%), (3.10)

(O1(F]) -+~ Ou(®)) = Q&)™ - - Q%) (O1(F1) -+ - On(%n)) (3.11)
Following the presentation in [30], the solution of (3.11) is given by

(Ou(3)...0p(E) = —i)__ G12)
T G

1<i<j<n
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)

where x7. = [¥;|* = (¥ - ¥})? and the parameters Af]ﬁ are related to the scaling

dimensions by the relations,

A .
Al_j;Aij L i=12,...,n, (3.13)
() _ Al A _

where we have assumed without loss of generality that A ji ij oD

The functions C,, (uijkl) are arbitrary functions of the conformal cross ratios,

2.2
XiiXkl

Ui = ——,  1FJFKEL. (3.14)
XX

These functions encode theory-specific information. Cross-ratios exist from 4-point

function on, so C; and Cs are constants. Not all cross ratios are independent. For

instance: 1 , , .
Uijk = Wjitk = Uklij = Uikji = = = = , (3.15)
! J ! ! Uikjt - Ujtik  Ukilj  Uljki

and there are more relations involving product of cross ratios. A simple counting
suggests there are n(n — 3) /2 independent cross-ratios (this is an over-counting when
n > d + 2, see for example [84] — this is not going to play a role here). One may choose
the following combinations as independent cross-ratios,

2 .2 2.2 2 x2
L o XX o X3 < 3.16
Uj = U123;i = 2 .0 7 0; = U321i = 2 .0/ wl] - u231] — 2.2 ( . )
13%2i Y13%9i 2i%3j

wherei,j=4,...,nandi <.

Equation (3.13) is a set of n linear equations that may be used to determine Al(f)

A;. When n = 2, we find

given

A =AY =y, (3.17)

encoding the fact that only operators with same dimension have non-vanishing
2-point functions. When n = 3, the unique solution is
(3) _ Ar

Az’j =A;+ A]‘ -5 (3.18)
where A1 denotes the sum over all dimensions, At = Y_A,.
()
1
(i.e. symmetric with zero in the diagonals) so it has n(n — 1) /2 independent matrix

For n > 3 there are more unknowns than equations: A" is a symmetric hollow matrix

elements and we have n equations to satisfy. It follows that the solution of (3.13) is

determined up to n(n — 3) /2 constants, which is precisely the number of cross-ratios.
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The general solution is given by
A = Al 4o (3.19)

where , A
A L ERAY ..
Al.]. _n_2<A1+AJ n—l)’ i<j. (3.20)
()
Ul
homogeneous linear equations:

is a particular solution and é;;’ is a symmetric hollow matrix satisfying the

n
Z(Sfj”) =0, i=12,...,n (3.21)
j=1

These equations may be solved by linearly expressing any n of the n(n —1)/2
") in terms of the remaining n(n —1)/2 —n = n(n — 3) /2 ones. For

ij
example, when n = 4 we may solve (5$), 5%,), 651), 55(;:) in terms of 5%) and 5&):

parameters &

4 4 4 4 4 4 4 4
5§2) = §4) = _‘5§3) - 5%4)1 553) = 5%4% ‘554) = 5§3) : (3.22)
Then N
(O1h).. Os(7)) = —w)___ Cilinte) 623)
2\Aj 2\AL
H (xij) Y H (xij> Y
1<i<j<4 1<i<j<4
R s 5@ s ' '
where Cy(ug,v4) = Cy(ug,v4)u,® ' v, . Thus the freedom in the solution of (3.13)

just amounts to redefining the arbitrary function of cross-ratios. The same is true for
any n. To have an unambiguous definition of the function of cross-ratios one needs to

choose a solution of (3.13).

The formulas for spinning operators are similar but more involved. Here we will
quote the results for the case of vector primaries as we will needed it later. Vector

primaries J, of dimension A transform
Ji(E) = Q2@RL(X)Tp(3), (3.24)
and this implies that n-point function should satisfy,

(T (@) Th (%) = (3.25)
QF) ™2 QF) ™ RE (1) -+ RE () (T} (F1) - Tf (%)),

where R/ (X) is given in (3.6).
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3.3 AdS amplitudes

The objects of interest are AdS amplitudes, which may be computed via Witten
diagrams. The basic structure is well known [103]: a Witten diagram for an n-point
function is constructed by n bulk-to-boundary propagators which are linked to a
number of bulk-to-bulk propagators connected via bulk vertices, which are integrated
over all of AdS.

As just reviewed, conformal invariance fixes the form of 2-point and 3-point functions,
up to a number of constants, and the form of higher-point functions up to a functions
of cross-ratios. The constants and the function of cross-ratios depend on the specific
CFT but the form of the correlators is independent of it. In AdS/CFT correspondence
the AdS isometries play the role of conformal transformations, so one should be able
to establish the same results using AdS isometries only. We will show that this is
indeed the case, and along the way we will also show the relation of the arbitrary
constants and functions of cross-ratios with bulk quantities. We will establish this
result to all orders in bulk perturbation theory and for scalar correlators. We will
discuss the generalisation to general spinning operators afterwards.

3.3.1 AdS isometries as constrained conformal transformations

We work in Euclidean signature and use coordinates where AdS metric is given by

Oypdxtdx?

2
ds? = gdaidx’ = ﬁz(dzz +d¥?) = 25—

, (3.26)
where / is the AdS radius (set to 1). The conformal boundary is at z = 0 and this is the
place where we need to impose boundary conditions. We will denote bulk point by

x* = (z,x*) = (z,X), where y = 0,1,...,disabulk index, « = 1,2,...,d is a boundary
index and x° = z is the radial coordinate.

It is well known that the AdS metric is invariant under the following transformations

(AdS isometries),

7=z, X" = a"‘ﬁxﬁ +a" — Poincaré (3.27)
7 = Az, X% = Ax" — Dilation  (3.28)
L X" = 2 — Inversion (3.29)
(247327 - (2+7?) '
o b 2 32
7 = _Z e X AR(E A 5 SCT (3.30)
142b-X+b%(z2 4 X?2) 14+2b-X+0b%(z2+X?)

where we have also indicated the conformal transformation they limit to at the

conformal boundary as z — 0.
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It is less known that these transformations can be thought of as constrained flat-space
(d + 1)-dimensional conformal transformations. We will denote these transformations
as in (3.2)-(3.5) but with the parameters carrying a tilde (and the indices being
(d + 1)-dimensional indices): a*g — aty,a® — at, A — A, b* — b*. Under such
transformations

Suydx™dx’ = Q) (x)*6,dxt dx”, (3.31)

where Q)(x) is (d + 1) version of Q(X) in (3.2)-(3.5). For these conformal
transformations to be AdS isometries the transformation of z must cancel the factor of

Q:
7 =Q(x)z. (3.32)

This is indeed satisfied if we impose:
=05, a,=6, @=0, b=0. (3.33)

Thus, altogether and after dropping the tildes we obtain

X' =t x" +at, witha?, = 6%, a, =6, a* =0, (3.34)
X't = Axt, (3.35)
/ x‘u
v =X (3.36)
By phy?
X o with b* = 0, (3.37)

T 142b-x+b2x2’

where x% = Syyxtx” = 224X b-x = Ouybtx¥ = b- % One may readily check that
(3.34)-(3.37) agree with (3.27)-(3.30).

The advantage of viewing AdS isometries as constrained conformal transformations is
that we can immediately inherit all CFT properties that are independent of specific
rotations a’, or translations a*, b*. For instance, the Jacobian of AdS isometries can be

immediately obtained

X't L
= Q(x)RY, (x), (3.38)

where Q) (the one from z’ = Qz) and R, € O(d + 1) are those of a CFT for constrained

rotations and translations

C.Poincare: Q(x) =1, Rh(x)=4d",, a?, =62, d", =6, (3.39)
Dilation: Q(x) = A, R (x) =4, (3.40)
~ 1 - iz
Inversion: Q(x) = 2 R (x) =1} (x) =6 — %, (341)
~ 1 ~ x o
CSCT O = e R = I (5 +0) B, 69



22 Chapter 3. AdS amplitudes as CFT correlators

This implies for example that the inversion property of AdS is inherited from that of
flat space
(x] — x9)% = Q(x1)Q(x2) (x1 — x2)?, (3.43)

and
L (x1 — x3) = R (x1) R (x2) oo (x1 — x2) . (3.44)

We can further obtain useful formulas by taking the limit of bulk points to the
boundary. In this limit, O and the boundary components of R’, reduce to those of an
unconstrained CFT in d dimensions

lim Q(x) = Q(F), lim R%(x) = R%(T), (3.45)

z—0 z—0 p
and thus one also recovers the Jacobian

: ax/oc . ~ DX _ =2 o (2
lg% F llil’(l) Q(x)R%(x) = QF)R%(X). (3.46)

When one of the points in (3.43) and (3.44) are taken to the boundary, one obtains the
useful relations

Q(x)Q(7) (x — 7)?, (3.47)

—~
R\
|
<y
N
N
I

and
Li(x' = §") = R/ ()RE (@) L (x — §) - (3.48)

3.3.2 AdS propagators

The bulk-to-boundary propagator for a bulk field dual to an operator of dimension A

is the regular solution of the bulk equation
(—O+ m?)Ka(x1,%2) = 0 (3.49)
where m?> = A(A — d) and it is given by

Z1 F(A)

A
o) tT o (a-g) o

Ka(x1,X%2) =ca (
2

2 2

where (x; — %)? = z + (¥} — X2)%. This is normalized such that as we approach the

AdS boundary the propagator tends to a delta function

lim Ka(x1, %) — 29726(% — %) (3.51)
Z1*>0

The bulk-to-boundary propagator Ka(x1, ¥;) transforms as a CFT primary field of

dimension A at ¥, under the AdS isometries (3.27)-(3.30) acting simultaneously on x;
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and X
Ka(x1, %) = Q(%2) *Ka(x1, %), (3.52)

where the factors of () are those given in (3.2)-(3.5). This is most easily shown using
the perspective of the AdS isometries as constrained conformal transformations.
Indeed, using (3.32) and (3.47) we obtain

Z/ A ( 1) A
Ka x',f’ =c <1_,> CA< — ) = QX —AK X1, %>
(1 %) = e | 77 Blm)0(m) a — ) O Tl )
(3.53)
We will also explain in Section 3.4 that this transformation rule follows from bulk

diffeomorphism invariance.

The bulk-to-bulk propagator for the same field is the regular solution of the equation

(=O+ m*)Ga(x1,x2) = \}gtS(xl —X2), (3.54)

with normalizable behavior at infinity, Gx ~ z{ as x1 approaches the conformal

boundary (and ~ z5 when x, approaches the conformal boundary). AdS invariance
implies that the propagator is a function of an AdS invariant distance, which we may
take to be the chordal distance

27127
= ) 3.55
: 7+ 25+ (X1 — %2)? (3.55)
The invariance of the chordal distance under transformations (3.27)-(3.30) (or
equivalently (3.34)-(3.37)) that act simultaneously on both x; and x; follows by
inspection upon use of (3.32) and (3.43). By explicit computation
278¢cp oa A A+1 d
GA(xl,Xz) A — dC F <2, A—*-i-l §> (356)
It follows that
Ga(x1,%3) = Ga(x1,x2) . (3.57)

One may similarly obtain the transformation properties for propagators of spinning
tields. We report here the result for the bulk-to-boundary propagator of an (Abelian)
gauge field, as this is a case we discuss later. The bulk-to-boundary propagator has
been obtained in the early AdS/CFT literature [62]. Up to gauge transformations it is

given by
d—2
K‘IJDC (x1,3_(!2) — le}w‘(.xd - .7_(,:‘2) 7 (358)

where C is a constant and [, the inversion tensor, with ¢ and a« bulk and boundary
indices, respectively. Using (3.32), (3.47) and (3.48) one may work out how this
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bulk-to-boundary propagator transforms under bulk isometries

-1 Lya (%7 — %)

_C — R (x1)Ry (X2)Lg(x1 — X2),
[Qx)QF) (61— %2
) N deZ o
0D (@)O7 ()R (1)L (1 — B)RE (),
x| — X2)?]
= @(z,) o1 K /S(xl,f2)Raﬁ(fZ)~ (3-59)

' v
ox,

It follows that the vector bulk-to-boundary propagators transforms as a vector in the
bulk index p and a CFT conserved current in the boundary index & (compare with
(3.24) with A = d — 1). We will rederive this transformation property from bulk
diffeomorphism invariance in Section 3.4.

3.3.3 AdS amplitudes are CFT correlators

We now discuss the computation of AdS amplitudes, i.e. bulk n-point functions with
all legs in AdS boundary. This can be computed via Witten-Feynman diagrams,
involving n bulk-to-boundary propagators connecting the n boundary points to an
“amputated” bulk n-point function G, (x3, ..., x,) and integrating over x, ..., x,. The
amputated bulk n-point function is constructed from bulk-to-bulk propagator
connected via vertices that come from the bulk action, and integrating over the
position of each vertex. As long as the bulk action is invariant under AdS isometries,
the invariance of the bulk-to-bulk propagator guarantees that G, (x1,...,x,) is also
invariant under (3.27)-(3.30) that act simultaneously on all x1, ..., x,

Gu(x], . ., %) = Gp(x1,..., %) (3.60)

This could have been invalidated by short-distance singularities, but as we discuss in
Subsection 3.3.4 we can regulate the short-distance singularities while respecting the
AdS isometries. More generally, (3.60) is guaranteed by diffeomorphism invariance (in
a theory with no diffeomorphism anomalies), and we will discuss in Section 3.4 the
extension to tensorial correlators. When the bulk points x; tend to the boundary, IR
divergences appear. These correspond via the AdS/CFT correspondence to UV
divergences in the dual CFT and lead to conformal anomalies and anomalous
dimensions. This will be discussed in Subsection 3.3.4, but for ease in presentation we
suppress the IR issues in this subsection. We will now show that the dependence of
the correlators on the external positions i; is the same with that of a CFT, without
computing any integral.
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3.3.3.1 2-point function

Let us start with the 2-point function, whch is illustrated in Fig. 3.1,

L(ih,72) = / Ka, (%1, 1) Ga(x1, x2)Ka, (X2, 1/2) , (3.61)

X1 /X2

where we use the shorthand notation, fx = f di+ly, /det g. We can extract all the

FIGURE 3.1: General 2-point function. The blue (outer) circle represents the boundary
of AdS, and the shaded region represents general (loop) interactions that connect the
bulk points x1, x2.

dependence of the external points i/; and i, from the integral by performing change
variables in integration variables x; and x; that account to AdS isometries. First, note

that by using the inversion property of the bulk-to-boundary propagators we find,
L(71,72) = ) (72) > L1, 72) (3.62)
We now shift the integration variables X;, X, by i/ to obtain

I :/ K, (x1,0)Ga(x1, x2)Ka, (x2, 721 , (3.63)
X1 J X2

where i1 = (i2 — i/1). We can now change variables by rescaling x1, x by |i/12| and
use (3.52) to find

1 -

I:ﬁi/ Ka, (x1,0)Go(x1,x2)Kp, (x2,721) . 3.64
2= Famm ) a1 (x1,0)Ga(x1, x2) K, (x2, 1) (3.64)

Thus c

- = 2
L(ih, ) = TP+ (3.65)

with C; equal to
Co= [ [ Kay(0,0)Ga(x,x2)Ka (2, 21). (3.66)
X1 J X

Finally, rotational invariance implies that the integral does not depend on the
direction specified by #)»; and thus it is a constant. Equation (3.65) should be consistent

with the transformation in (3.62) and this implies A} = A, = A, thus reproducing the
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expected CFT answer

L. C
B, 72) = | 2 (3.67)

S
3.3.3.2 3-point function

The general 3-point function, see Fig. 3.2, is given by
Li(ih, 2, 73) = / / Ka, (x1,1)Ka, (2, Y2)Ka, (x3,3) Ga (x1, X2, x3), (3.68)
X1 J X2 JX3

where G3(x1, X2, x3) is the amputated bulk 3-point function. We first shift the

—

Y3
FIGURE 3.2: General 3-point function. The blue (outer) circle represents the boundary

of AdS, and the shaded region represents general (loop) interactions that connect the
bulk points x1, x2, x3.

integration variables ¥, X, ¥3 by i/ to obtain
I3 = / / Ka, (xl/(j)KAz (X2,}721)KA3 (JC3,?31)G3(X1,X2, x3) . (3.69)
X1 JXx2 JX3

Then we make a change of variable that amounts to an inversion on all integration
variables and use the transformation of the bulk-to-boundary propagator (3.52) to

obtain
13:‘]71/2’2A2W1/3|2A3/X /x /x CAlzlAlKAz(XZI]?Z,l)KM<x3/]73<1>G3(x1rx21x3)r (3'70)
1/ x2 Jx3

where here and in the remainder of this section prime indicates a (boundary) inversion

=/

y
=Z. (3.71)
Yo p

After this step, only two bulk-to-boundary propagators depend on the external
positions, so we can proceed analogously to the case of 2-point function to obtain
21 (200|771 |20
PO 71 7V
iyl — il |B2tAs—M
Y31 — Py [P2H5574

///CAlzflKAz(xzf6)KA3(X3zﬁé1,21)G3(x1/xzfxs) (3.72)
X1 J X2 JX3
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where 1%, ,, is the unit vector of ¥/}, — i/,,, i.e.
31,21 31 — Y

—/ —/
iy Ya1 VY y21
Y3121 = (3.73)
V31 — Ynl
Let
C3:/ / / ca 2" Ky (¥2,0)Kag (x5, 931.21) Ga (x1, 32, 33) (3.74)
X1 JX2 JX3

Rotation invariance implies that C3 is independent of 7}, ,; that thus it is a constant.
Using (3.71) to re-express the answer in terms of the original insertion points we

finally get
G
L(1, Y2, 73) = 12| BB B35 [Br+Bs—Ba [y | Ao A5~y /

(3.75)

which is precisely the expected form for a CFT 3-point function.

3.3.3.3 4-point functions

The general 4-point function, see Fig. 3.3, is given by

Ly(i/1, 2, V3, Va) =
/// Ka, (x1, 1)K, (%2, J2)Kas (x3,3) Ka, (%4, Ya) Ga(x1, X2, X3, %4),  (3.76)
X JX3 J Xy

where G4(x1, X2, X3, x4) is the amputated bulk-to-bulk 4-point function. Following the

—

Y1 2

—

Va 3

FIGURE 3.3: General 4-point function. The blue (outer) circle represents the boundary
of AdS, and the shaded region represents general (loop) interactions that connect the
bulk points x1, x2, x3, x4.

same steps” as in the case of 3-point functions we arrive at

2 A3+ A=A =Dy |57 | DA~ D~
12| 13|
| 14204 g3 | A2 A5 A

X/ / / / CAlzlAlKAz(XZI6>KA3(x3/yAéL2])KA4 <x4/ Wﬁﬁﬂgl) G4(x1/x2/x3rx4)
xo Jxz Jxy ‘y14||y23’

%In more detail: we translate the internal coordinates by i/, invert them together with the external
coordinates, translate them again by #;;, rescale them by |74, — 75, |, and finally, write the inverted external
points in terms of the original positions.

(3.77)
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where {13, ,; is the unit vector of j3; — ¥/, J}; 5, the unit vector of i}, — ¥, and

Vi = Vij/ gl%, is the inversion of ;; (and ¥;; = (¥; — ¥/;)). Using the conformal
cross-ratios from (3.16) (and relabeling u4 — u and v4 — v) we find that the 4-point
function takes the expected form for a CFT 4-point function,

oL L Cy(u,v
L(i1, Y2, 3, Ya) = 4(2)&4), (3.78)
H (%’j) v
1<i<j<4
where the dimensions Agf) satisfy the conformal constraints (3.13), and
Ca(u,v) = uAéi) UAS)’A‘* (3.79)

~f
X / / / / cAlzlAl Ka, (x2,0)Ka, (x3, 95121)Ka, <x4, a2 > Ga(x1,x2, X3, X4)
Jxy Jxo Jxz Sy \/5

where in asserting that C4 depends only on u, v we used the fact that rotational
invariance implies that the integral may depend on 3, ,; and #}, ,; only via their inner
product and as we now explain this inner product is a function of u and v. Indeed,
since 73, ,; and 7}, ,; are unit vectors their inner product depends only on the angle
between them and conformal transformation preserves angles. 3, 5, - 741 5, being
conformal invariant that depends on four positions is necessarily is a function u and v.
We can compute this function explicit as follows. Reverting to the original variables

2 — — — —
N N YiYi3yi4 (Y13 Y12 Via VY12
oy = 0 (Vs T (P, 650
st e Y23Y24 y%s y%z y%4 y%z

Expanding the product and using the formula

we find,

L 1
Vi = 5 (y%i + - %2]) / (3.81)
leads to the result 1+
" " v—1u
) = - 3.82
Y3121 Ym21 NG (3.82)

which is a function of u and v, as claimed.

Note that the integral in (3.79) depends on u only through the inner product in (3.82).
This appears to be special to holographic CFT and it will be interesting to investigate
its implications.
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3.3.3.4 n-point function

We now discuss the general case. Starting from

n

In(glr e /gn) = / e KA,-(xi/gi) Gn(xl/ e /xn) ’ (3'83)
X1 1

Xn l:

which is represented by Fig. 3.4, and repeating the same steps one finds:

FIGURE 3.4: General n-point function. The blue (outer) circle represents the boundary
of AdS, and the shaded region represents general (loop) interactions that connect the
bulk points x1, ..., xy.

AT—2A1—2Ay AT —2A1—2A3

[ = Y1 Y13 (3.84)

n Ar—201 v 2A; :
Y23 [Ti—avy;

n .
></x /x CAlzlAlKAz(xz,O)KAs(x3,9§1,21)HKAi (xi, m%m) Gn(x1,-+ , xn),
1 n

i—4 Y1iY23
which may be processed to
. . C(u;, v;, w;j)
I o) = = (3.85)
H (yij) v
1<i<j<n
where the dimensions qu) satisfy the conformal constraints (3.13), and
(n) _ A(m) (n)
o A=A A = B Ay A A, Al
Co=]Tu A | wjl]l (3.86)
i=4 4<j<i<n

n A/
A 3 . Yz
X / / cp, 2y K, (x2,0)Ka, (3, 93101) [ [ K, | %0, = Gn(x1, ..., xn).
X1 Xn i=4 V 0j
The remaining integral is a function of cross-ratios. Indeed, by rotational invariance it
is a function of the inner product between the unit vectors 7/, ,;. A similar

computation as above leads to:

. N 1
Uiz Pjior = 5 (\/”1ij2 + /tji2 — \/u12ij\/u12ji> : (3.87)
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which is a function of cross-ratios, as claimed. For i = j, the product is just 1, as

expected. For j = 3 and i > 3, it can be expressed in terms of u; and v;:

. . 1+0; —u; .
y§1,21 'yé1,21 = ﬁ , 1>3, (3.88)
while for 7,j > 3 also in terms of w;;:
N . Vi + U — Ujw;; .
%,'1,21 'y;‘l,21 = % ,  L,j>3. (3.89)

’01"0]‘

As in the case of 4-point functions, the integral in (3.86) appears to have special
dependence on some of the cross-ratios (u; and w;;) and it will be interesting to
investigate the implications.

3.3.4 Regularization and renormalization

We have just shown that AdS amplitudes can be brought to a form that manifestly
satisfied the CFT Ward identities by a sequence of steps that involved changing
integration variables amounting to AdS isometries. Such manipulations are
well-posed if the integrals are finite. However, the integrals may diverge both in the
UV and the IR. The UV divergences come from bulk loops, while the IR divergences
are due to the infinite volume of AdS. The bulk IR divergences correspond to CFT UV
divergences via the AdS/CFT correspondence.

One can regulate the UV divergences in a way that preserves the AdS invariance. This
is expected as bulk UV divergences are mapped by the AdS/CFT correspondence to
IR divergences in the CFT. Such divergences should cancel on their own and they
should not lead to breaking of the conformal symmetry. The regulator amounts to
separating (bulk) coincident points along a geodesic by affine distance T [15], which
thus acts an UV regulator. This results to modifying the argument of the bulk-to-bulk
propagator by changing ¢ — ¢/ cosh T in (3.56), recovering the prescription in [22, 21].
We will discuss in detail this regulator in Chapter 4, where we will also show that it
can be derived from a regulated action. Since the regulated theory is invariant under
AdS isometries, all steps outlined above are valid in the regulated theory. The
discussion in this chapter is about bulk scalar propagators, but we expect the results to
extend to general tensorial fields (the metric, gauge fields, antisymmetric tensor fields,
etc.).

The issues with the IR divergences is more subtle. These correspond to UV
divergences in the dual CFT and such divergences give rise to anomalous dimensions
and conformal anomalies, and thus the breaking of conformal symmetry is inevitable.
One can regulate the IR divergence by imposing an explicit IR cut-off, z > ¢, as in the
original works on holographic renormalization [72, 44, 98]. In this case the explicit
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cut-off results into additional terms when one follows the manipulations described
above. This has already been discussed in [15] and we will discuss in detail how to
compute such integrals in Chapter 5. The results is that the AdS amplitudes still take
the form of the CFT correlators but now the dimensions may renormalize (there are

anomalous dimensions) and conformal anomalies appear.

An alternative approach is to use dimensional regularization, where the spacetime
dimension d and dimensions A; of operators are shifted as in [25]. For generic values
of A; the correlators may be defined by analytic continuation. For such cases the
analysis above holds unchanged. However, there are also cases where genuine
singularities appear and boundary counterterms and renormalization is needed

[26, 27, 28, 29]. In the case where both UV and IR issues are present one would need to
renormalize the parameters in the bulk action (masses and coupling constants), the
tields that specify the boundary conditions (sources of the dual operators) and add

appropriate boundary counterterms, as discussed in [15] and in the next chapter.

3.4 From bulk diffeomorphism to conformal invariance

In this section we present an alternative derivation of (3.52) that makes clear how
conformal symmetry emerges from bulk diffeomorphism. This derivation also easily

extends to general fields and we discuss the case of gauge fields.

Recall that the boundary field ¢ o) (¥) that parametrizes the boundary condition of a
bulk scalar field ¢(x) is given by
Fva N P A—d
(o) (¥) = lim 22" (x). (3.90)

As we discussed in Subsection 3.3.1 the radial coordinate under the isometry

transformations in (3.27)-(3.30) transforms as,
7 = Q(x)z (3.91)

where Q(x) has the property
lim Q(x) = Q(¥), (3.92)

z—0
with Q(X) the Jacobian factor of the conformal transformations listed in (3.2)-(3.5).
Then, adapting an argument from [24, 98], we find that the source transforms as
follows
#lo)(F') = lim 20/ (x') = lim O ()28 Up(x) = 04 (R)g (), (399)

where in the second equality we used the fact that ¢ is a scalar under bulk diffeos and
equation (3.91), and in the last equality we used (3.92). This is the expected
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transformation rule for a source that couples to a scalar operator of dimension A.

Now, at linearized order in the sources the bulk field is given by

p(x) = [ d'y Kalx 7)90)(7) (394)
Thus,
P = [dly Ka(, 590,
= [y Q' @)Ks (', 70 )10/ (7).

= [y QA )Ka (¥, 7)910/ ), (3.95)

Since this a scalar field, ¢’ (x") = ¢(x), and comparing (3.94) with (3.95) we conclude
that the bulk-to-boundary propagator transforms as a scalar primary field:

Ka(x',§") = Q%(f)Ka(x, ), (3.96)

Another way to see this is to note that (3.94) has the same form as the coupling of the
source to the operator: | dly O(H) (o) (H)-

3.4.1 Generalization to spinning operator

This discussion readily generalises to spinning fields. The higher the spin the more
complex the formulas and to keep the technicalities to the minimum we will present
the details for a gauge field. All the steps, however, are the same in all cases. As in the
case of a scalar, the first step is to establish that the sources indeed transforms as a
source of a spinning primary operator. For a gauge field the source is given by

ﬂ(o)“ (f) = lim Aa(x) . (397)

z—0

We now follow the same steps as in (3.93)

dxH ~
/ =2/N _ 1s A 1 U
H(O)zx(x - Zl,lg}) AlX(x ) - il_l;% ax/aAﬂ(x) - lli% Q (x)Ruc (X)Ay(x)
= QY @RS (R)ag)p(), (3.98)

where we used (3.38), (3.46) and the fact that the radial component of the field, A, is
subleading in z and thus vanishes as z — 0. This is indeed the correct transformation

for a source that couples to a conserved current of dimension A = d — 1.

The bulk gauge field to linear order in the sources is given by

Ap(x) = [ d'y K2 D)aeed) (399)



3.5. Conclusions 33

Following the same steps as in (3.95) we find

A1) = [y KTl () (3.100)
= [dy @K, T DRE Da@)

_ / dly QT GK L, TIRE (H)a (3.101)

=
~~
<y
~—

By diffeomorphism invariance

v
ox .

AL() = 5 Aux) = Ku (', ") = Q@D () o Kop(x, )RS (), (3.102)

and we reproduce (3.59).

A general AdS amplitude of n conserved currents is given by

1061 N yl/ . /yn -
/ / Kylkl xl/yl Hn“n(xn’y”)Gyl Vn( ""x”)’ (3103)

where G"1"'#(xq,...,x,) is the amputated bulk n-point function of the gauge field A,
(to any loop order). Provided it transforms under diffeomorphisms as indicated by its

indices , ,

1
ox{" ax,f "
oxy! Coxn

Gl (xd, .. 1) = S GI U (3, ), (3.104)

a straightforward computation shows that the amplitudes transform as

qu---wn (ﬁ{, ?' =
Q @V@) - QEVGEIRE ) - RE @) g, 5, (T, Fa),  (3.105)

which is indeed the transformation property of a CFT n-point function of conserved

currents, see (3.25).

3.5 Conclusions

We have shown that AdS amplitudes satisfy the conformal Ward identities and we
obtained explicit formulas that compute the constants and functions of cross-ratios
that appear in the CFT correlators in terms of bulk quantities. These are given in
(3.66), (3.74), (3.79), (3.86) for scalar n-point functions. The same analysis can be
carried out for spinning operators and we worked out explicitly the case of conserved
currents. The constraints of conformal invariance originate from diffeomorphsim

invariance in the bulk.
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Altogether these results imply that the AdS gravity is a CFT, but they do not yet imply
that it is a local CFT. Local CFTs have local UV divergences, and thus the
corresponding bulk IR divergences should also be local. This has been established at
tree-level in [72, 44, 85, 26] and for scalar fields in AdS up to two loops in [15] and in
the next chapter. In addition, the conformal anomalies should be that of a local CFT,
and they are [72, 44]. One should contrast these results with the case of de Sitter,
where the bulk isometries also match that of (Euclidean) CFT. The Ward identities due
to de Sitter isometries also take the form of conformal Ward identities, but the IR
divergences of de Sitter in-in correlators and corresponding anomalies only partially
match that of a local CFT [31]. Local CFTs are further constrained by OPEs. These may
be used to express 4- and higher-point functions in terms of CFT data: conformal
dimensions (encoded in 2-point functions) and OPE coefficients (encoded in 3-point
functions, and these should satisfy bootstrap equations. We note that the functions of
cross-ratios that appear in our analysis have special dependence on some of the
cross-ratios (see comments below (3.82) and (3.89)) and it would be interesting to

understand the implication of this in the context of the bootstrap program.

The connection between CFT correlators and AdS amplitudes depends on the
amputated bulk correlators transforming properly under bulk diffeomorphism. Such
tranformation properties could be invalidated by UV and/or IR divergences. We used
an AdS invariant regulator to ensure that UV issues do not cause any problems, but
full details have only been worked out for scalar fields. It would be interesting to
work out the regularised bulk-to-bulk propagators for general spinning field. At loop
order and for gauge field the analysis would likely require to properly take into
account the contribution of ghost fields. IR divergences do break (part of) the AdS
isometries, but this breaking is linked to conformal anomalies and anomalous
dimensions and it is a feature, not a problem. We also note any AdS covariant n-point
function, irrespectively of how it is obtained would automatically yield a solution of
the CFT Ward identities — here we assumed they are computed by bulk perturbation
theory, but a priori there could be other non-perturbative constructions.
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Chapter 4

Holographic renormalization at loop
order

In Chapter 2 we reviewed holographic renormalization at leading, tree-level order in
the AdS/CFT correspondence. In this case, one has the usual IR boundary
divergences present in holography and the relevant object to construct in the bulk is
the renormalized on-shell action SX1. At subleading, loop-level order in the
correspondence one also has UV divergences in the bulk coming from quantum
corrections, which given the UV /IR relation [101] are mapped to IR divergences in the
boundary theory. In this case, to have a sensible dictionary at loop-level the relevant
object to construct is the renormalized on-shell 1PI effective action in the bulk TR,
where now the boundary operators are dual not to the classical fields in the bulk but
to the true minima 0TX% /5@ = 0 of the full quantum theory on AdS. At tree-level
I'Ags reduces to Sx4s and one recovers the standard AdS/CFT prescription. It is the
purpose of this chapter then to present the construction of the holographic dictionary
valid to all orders in the bulk loop expansion. We will follow the same structure as the
discussion at tree-level: in Section 4.1 we present our regularization schemes to
regulate the corresponding divergences of the bulk theory, while in Section 4.2 we
present the counterterms needed to renormalize them. Once regulators and
counterterms have been introduced, in Section 4.3 we discuss the construction of the
renormalized bulk 1PI effective action, leading to the renormalized dictionary with
the boundary theory in Section 4.4.

Chapter to be published as a paper in [23].
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4.1 Regularization

The physics of IR and UV divergences is different and one needs to be able to
distinguish between them, needing separate regulators. Dimensional regularization is
often a convenient scheme, however it regulates both divergences at the same time
and one would need to devise a way to separate the two before it can be meaningfully
used at loop order in AdS. Of course, if only one type of divergence is present at a
given diagram then dimensional regularization can be used unambiguously. Here we
aim for a setup that is always valid. We shall use the same IR regulator ¢ introduced in
the analysis at tree-level in 2.1.1, while the UV regulator is an AdS invariant
point-splitting method, which we call geodesic point-splitting. This UV regularization
prescription was first introduced in [21, 22], and we showed in [15] that it can be
understood precisely as an AdS invariant point-splitting.

4.1.1 UV regulator

Ultraviolet divergences arise from short-distance singularities due to quantum
corrections in AdS and thus they become relevant in the AdS/CFT correspondence at
subleading order in the 1/ N? expansion. As the short-distance behavior should be
independent of long-distance properties, one expects these divergences to be similar
to the corresponding ones in flat space.

The UV-IR connection implies that the bulk UV divergences are mapped to IR
divergences in the dual CFT!. Now, IR divergences in CFTs do not spoil the conformal
invariance of the theory, and conformal invariance in AdS/CFT follows from AdS
covariance in the bulk. This suggests one should be able to regularize the UV
divergences in the bulk in a way that preserves the AdS symmetry. Here we will show
this is indeed possible by explicitly constructing one such regularization scheme:
geodesic point-splitting. The bulk-to-bulk propagator Ga (x1, x2) is a function of the
invariant (chordal) distance u(x1, x2) between the 2 points, and UV divergences come
from the coincident point x; = x», where u = 0. The idea of geodesic point-splitting
consists in replacing one of the 2 points in u by a geodesic parameterized by its
(Euclidean) proper time T that passes through itat 7 = 0: x — x2(7), x2(0) = x. As
long as T # 0, then u(xp, x2(7)) # 0 and short-distance singularities are effectively
regularized, with T acting as the regulator. As we will see, from all possible geodesics
that pass through the point x;, there is a subset that precisely leaves u(x1, x2(7))

invariant under simultaneous isometry transformations of both points x; and x,

1Originally, the UV-IR connection [101] related UV divergences of the boundary theory with near-
boundary IR divergences in the bulk. However, given the relation between the AdS radial coordinate and
the RG scale of the dual QFT and the monotonicity properties of RG flows, a UV-IR connection must also
hold in the opposite direction with UV in the bulk and IR in the boundary.



4.1. Regularization 37

preserving the AdS covariance in the bulk and hence the conformal invariance at the
boundary.

To discuss the UV regulator in more detail we need AdS geodesics. These can be
derived from the Lagrangian

ds 1 dz\? dz\ 2
L_dT_M(dT) (Y, )

with z, ¥ the Poincaré coordinates, and 7 the proper time as the affine parameter along

the geodesics. The resulting equation for X can be recast in the form

v _ Az |dz (4.2)
dt /1 _ A222 |dt|’ '

where A is an integration constant. Integrating it directly between T = 0 and some

>0
Lo A
X— X = iﬁ (w/l—Azzé— \/1—A222> , (4.3)

where (zo, Xp) is the position at T = 0, and the upper and lower signs correspond to
the cases z > zp and z < zo, respectively. The expression for z as a function of 7 is
more easily derived from the line element, leading to the equation

1
zv/1 — A27?

dz

ol =1 (4.4)

which integrates to
7= 20 (4.5)

coshT Fsinhty/1 — A2z2

Replacing this result back in the expression for ¥ we obtain,

22 sinh TA
coshT Fsinhty/1 — A%z}

Equations (4.5) and (4.6) constitute an infinite family of geodesics x = (z,X) in AdS

J_C’:_’O—‘r-

(4.6)

parameterized by T, one for each value and direction of A, that pass through the point
xo = (20, Xp) at a proper time T = 0. Geodesic point-splitting consists in replacing one
of the points in u(x1, x2) = (x1 — x2)?/(22122), say x», by such geodesics resulting in
the expression

u(x1,x2(7)) = =14 cosht[1+ u(xy,x2)] (4.7)

sinh T S L R,
R <ZZ%A (X =) £ 1—-A2ZE [ -5+ (X — x2)2]> .
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The first two terms are invariant under AdS isometries, however in general the last
term breaks AdS invariance for arbitrary geodesics connecting the points x; and x»(7),
encoded in this term by A. A sufficient case where the invariance of the chordal
distance u is preserved is for the subset of geodesics for which this last term vanishes.
This is achieved for the special value
Ao Senlt- @ -D)[H -5+ G -B)] A (48)
VIZ -2+ E -5 +42d[h (3 — 5

N

where 7 is a unit vector pointing in the direction of X,(7) — X». Note that this value of
A still represents infinitely many possible geodesics, namely one for each direction 7
which can be arbitrarily chosen. For d > 1, a simple choice is where the regularized
position x,(7) is placed perpendicular to the line of ¥; and X>: 71 - (¥; — ¥2) =0,
resulting in the geodesic

A=

_ 22 = -
, x(t)= (coshT' Xp +zptanh T n) . 4.9)

S

The class of geodesics described by (4.8) allows us then to define a regularized version
of the chordal distance

ur(x1,x2) = u(x1,x2(7)) = =14 cosht[1+ u(xy,x2)], (4.10)

which manifestly preserves its invariance under AdS isometries. At coincident points:
ur(x2,x2) = —1+ cosh T > 0, and the regularized distance is strictly greater than 0, as
expected. One might be worried that u; may vanish for non-trivial values of x1, x5, T
producing a singularity elsewhere. However, solving for u; = 0 one finds the
condition 1+ u = 1/ cosh 7. Since u > 0 and cosh T > 1 for T > 0, the LHS is equal or
greater than 1 while the RHS is always less than 1, implying the condition is never
met. The only possibility to have u; = 0 is when T = 0, corresponding simply to the
original singularity at u = 0.

Geodesic point-splitting further allows us to define a regularized bulk-to-bulk
propagator. The propagator being a function of u(x3, x2) can be regularized by
replacing this quantity by its regularized version u(x1, x2), a procedure that is valid
at the level of perturbation theory and Witten diagrams. In terms of ¢ = 1/(1 + u), the
regularized propagator becomes a function of § = 1/(1 + ur) = ¢/ cosh . We define
then the regularized version of G (&) by

¢

Gral8) =Gal6e),  Gr= - (4.11)

Divergences come from the coincident point { = 1. For T > 0, (- is strictly less than 1
and short-distance singularities coming from the bulk propagator are regularized in
an AdS invariant way. For small 7 the regulated ¢, becomes ¢+ = {/(1 + €) with
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e = 72/2, and we recover the scheme used in [21, 22]. This discussion suffices for
perturbative bulk computations: one can check (and we will do so explicitly later on)
that using regularized propagators is sufficient to regulate loop diagrams.

The derivation we presented here makes manifest that this is a bulk UV regulator. We
will now present a different derivation that also makes manifest its connection to a
boundary IR regulator for holographic CFTs. Note that formulas (4.5) and (4.6) for
geodesics can be also be seen to define a coordinate system in AdS, with the bulk
point (z, ¥) expressed in the variables (7, A) around the reference point (zg, %o). In
other words, we label the spacetime points by the geodesic that connects them to

(20, %) (labeled by A) and the affine parameter it takes to go to this point along this
geodesic. We will refer to these coordinates as geodesic coordinates. Introducing ¢
and ¢ via cosht = 1/¢ and Azp = sinyp with ¢ € [0,1] and ¢ € [0, t], we can relate

the original Poincaré coordinates (z, ¥) to the new coordinates (¢, 9, 1) via

B z0¢
= 1T |cosyp|/1— &2 (412)
%o gy 0SPVIZE g (4.13)

n,
° 1F |cosyp|/1 — &2

with the upper and lower signs for z > zp and z < zg, respectively. One can invert
these relations to express (¢, ¢) in terms of (z, |X|)

222
= ’ 4.14
¢ 22425+ (X — %p)? (314
oy l¥ 7
tan | = 4 2201¥ — %o (4.15)

22 —z5+ (X — %)

It follows from (4.14) that ¢ is the chordal distance between the reference point xo and
the point x.

In geodesic coordinates and by writing 7 in spherical coordinates, the AdS line
element takes the simple form

2 _x2
i (e Rt &

independent of the reference point xo = (2o, Xo), as expected for a maximally
symmetric space. This metric can be seen to parametrize AdS space as a foliation of
d-spheres, where ¢ acts as the bulk radial direction with the conformal boundary at

¢ = 0 and the center of AdS at ¢ = 1. From (4.14), one can see that these two regions
correspond to taking the point x( as our center, with the conformal boundary reached

once one is infinitely far from it. Thus, the independence of the metric on xy is
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equivalent to the statement that on AdS taking any point as its center is a valid choice.
Note that the metric can be brought into a more familiar form by reparametrizing the
radial coordinate by ¢ = 4p/ (4 + p?), resulting in the line element

1
2 _
ds—p2 1

2\ 2
do® + (1 - p) dQﬁ] : (4.18)

This is a standard representation of AdS in a Fefferman-Graham coordinate system
when the boundary conformal structure is represented by the standard metric on a
unit d-sphere.

The Laplacian in geodesic coordinates takes the form

1 2
= ﬁay(\/ggwav) = [ + Lﬂsd , (4.19)

O
1-¢2
with g the angular part constructed from the metric of a unit d-sphere, and

Oe = &*(1—8%)9z + (1 —d — 28%)50; . (4.20)

We are interested in the bulk-to-bulk propagator. It corresponds to the Green’s
function of the wave operator —[J + m? in AdS, which in geodesic coordinates can be
formulated as

2 = = = -
(-0 - 500+ ) a6, 0, 0) = Tale -0, @)

2
2 VB
where Q) are the angular coordinates on the unit d-sphere. In principle, one can solve
this equation by expanding G, in eigenfunctions of [g: (spherical harmonics) and
dealing with the resulting radial equation for ¢, however one can simplify the
calculation by exploiting the fact that the propagator is an AdS bi-scalar in (&, () and
(&,Q)), and as explained above ¢ itself is the bi-scalar & (x, xo) (chordal distance)
when expressed in Poincaré coordinates. Since there is only one independent bi-scalar
function of two points, this implies one can always write the propagator as
Ga(&(x, x0)), independent of Q(x, xg) (which is not a bi-scalar, otherwise it would be
expressible in terms of ¢). Thus, the analysis of the Green’s equation is simplified by
changing variables to x, xo, allowing us to completely drop the angular part of the
Laplacian and focusing only in its spherically symmetric piece

(-0 + m)GalE(x,x0) = —=0(x ). 422)

A complete derivation of the propagator from this equation is given in appendix A.1.
This discussion parallels that of the derivation of the Green’s function in flat space and
spherical coordinates, since the radial coordinate r also happens to be the Euclidean
bi-scalar (X, Xo) = |X — Xp| of flat space, and thus one can express the propagator
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solely in terms of this variable, with the equation for G(r(X, X)) corresponding only to
the radial part of the full Laplacian.

The regularized bulk-to-bulk propagator is a function of {; = ¢/ cosh 7. Having
spelled the equation for the bare propagator in terms of ¢ we can now present a
differential equation whose solution is the regularized propagator. Indeed, one can
proceed by replacing ¢ by ¢ in (4.22)

(—Dg—f—mz) — C(C,T)(—D§T+m2), (4.23)

with (g, corresponding to (4.20) with § — ¢, and c(¢, T) a factor (to be determined
shortly) which should be regular in 0 < ¢ < 1. Demanding Hermicity of the
regularized operator completely fixes the {-dependence of this factor up to a constant

T 1-— 2 7

(&) =c(r), |8, g = a-e)r fﬂ) , (4.24)
8 ¢

where | /g7 is the radial part of the determinant /g in geodesic coordinates. Further

imposing ¢(0) = 1 for the remaining constant ensures the deformed Green’s equation

reduces to the original one for vanishing regulator 7, with its solutions continuously

connected to G (&). The regularized equation one is interested then is

c(T) gggg(—DgT +m*)Gea(E(x,x0)) = \}g‘s(" —x0), c(0)=1. (4.25)

The solution to this equation has been worked out in complete detail in A.2. By
construction, it is precisely proportional to G (¢r) with its normalization constant
dependent on the value of ¢(7), with the case G A({) = Ga(¢r) corresponding to the
special value given in (A.38).

The defining equation (4.25) for the regularized bulk-to-bulk propagator can now be
understood as coming from the following kinetic term in Poincaré coordinates

/dd“x\/gcpc(ﬂ ggéT(—DgT +m?)®. (4.26)
\ s

Note that if one writes this term in geodesic coordinates and after a rescaling

¢ — ¢ cosh T (and ignoring unimportant factors of T) one obtains

- 1/ cosh
/ 40y / e g (s + m2)®, 4.27)
0

recovering the standard kinetic term for the scalar field, with all dependence on the
regulator moved to the upper limit of the radial integral. Thus, similar to the IR
regulator ¢, the UV regulator T can also be thought of as a cut-off but now cutting off
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the deep-interior of AdS. In holography, the deep interior of AdS corresponds to the
IR of the CFT, so T acts as an IR regulator for the dual theory at the boundary.

4.2 Counterterms

The bulk theory is a function of the bare sources (pé(o) (X) that parametrize the
boundary conditions for the fields ®!(x), and a number of bare couplings p’; that
describe their masses and interactions. As discussed in the previous section, this
theory will in general be divergent and we will regulate the infrared divergences by
adding a hard cut-off to the bulk radial direction while for ultraviolet divergences we
will adopt a geodesic point-splitting scheme, introducing the IR and UV regulators ¢
and T respectively. At classical level, a boundary counterterm B[®!; p%; ¢] located at
the regulated surface z = ¢ suffices to absorb all divergences of the bulk theory,
however at loop order where one also has divergences in the deep interior of AdS this
is no longer the case. As usual for QFTs, we will absorb these by also introducing

Z-factors for the bare bulk parameters

Pho)(¥) = Z'1(e, T)?{O)(f) . Pe=Z'(eT)p, (4.28)
which, in principle, may depend on both regulators. Note that there is no summation
over the i index, but there is summation over the | index allowing for operator mixing.
In fact, already at tree-level one needs to consider such source mixing to renormalize a
certain class of 3- and higher-point functions [26]. Source counterterms are also
expected for bulk fields receiving mass renormalization: since bulk masses are directly
related to conformal dimensions at the boundary, sources of operators must
renormalize to account for the corrected dimensions, implying (as we will see) the
proper e-dependence for the factors Z I].

4.3 Renormalized 1PI effective action

Having introduced regulators and counterterms, the next step is to obtain the
renormalized on-shell 1PI effective action in the bulk, and consequently the exact
holographic 1-point functions. The theory on AdS is often given in terms of a bare
action Spqs[®!; p%] depending on the off-shell fields ®' and their bare couplings pk,
which in turn defines the (Euclidean) gravitational path integral

[ _ I.,i
Zaas[9p(0) Pl = o DI@I€ Saas®ps] (4.29)
~¥B(0)
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as a functional on the boundary conditions 90113(0) for the bulk fields. When bulk
sources J| for the fields ®! are present, one defines the generating functional of
connected graphs Wags[Ji] = — In Zags[J1], and the effective action is constructed
from this object through a Legendre transform

Caasl@'] = WasslJi] = [ 4@ ()@ (x), (430)

trading the variable J; for ®. Since Wyg4s[J;] is independent of ® and I'y45[P]]
independent of J;, one has the variations

OWaasli] _ 1 OTaas[®]

5T s = - (4.31)

In the weak coupling regime of the bulk theory where W45 may be computed
perturbatively, the first equation above results in the implicit relation ® = ®![]]
which inverted to have instead J; = J;[®!] and replaced in (4.30), allows for the
perturbative construction of I'ygs as a function only on ®! in terms of loop corrections
around the classical action Spg4s. By having set 71 = 1, these corrections are then
controlled by the bulk interacting couplings which in the weak regime are taken to be
small. This leads to their identification with the rank N of the gauge group of the
boundary theory, with the bulk loop corrections corresponding to 1/ N? corrections in
the dual CFT.

In AdS/CFT, the correspondence involves the partition function in the presence of
non-trivial boundary condition but no sources turned on, as in (4.29). We can still
proceed to compute the effective action by adding sources to Z,4g and follow the
steps above, but at the end we should set the sources to zero. One ends up with an

object T p45[®!] in terms of now on-shell fields ®! that satisfy the equations of motion

0lags
A =0, (4.32)

where this equation comes from setting J; = 0 in (4.31). This is reminiscent of the
tree-level holographic prescription, with I's4s replaced by S45 and the fields
satisfying instead the classical equations of motion. Of course, at tree-level

I'ads = Sads, and one recovers the standard AdS/CFT prescription. We now find
however that the same prescription is valid to all orders in the bulk loop expansion
provided we replace the classical action by the effective action?.

Equivalently, one can construct the effective action directly from (4.29) without the
addition of bulk sources using the method of background fields. This method consists
in expanding the bulk fields ®! around on-shell solutions ¢! and their quantum
fluctuations h': ® = ¢! + hl. In principle, any such expansion is valid (the usual

2There is a corresponding discussion in flat space: the effective action contains the flat-space S-matrix
in its on-shell expansion [63, 75].
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choice being taking the ¢! as the minima of the classical theory: 6Sags/6¢! = 0) with
each choice involving a different resummation but leading at the end to the same
results, however this resummation is simplest when the bulk fields are expanded not
around the classical minima but the true minima of the full theory: 6T zg45/6¢' = 0.
This choice also has the advantage of allowing the direct identification of the
background fields ¢! with the on-shell fields (4.32) obtained from the Legendre
transform method. In this decomposition, the ¢! only appear as external lines with the
internal loops run by the fluctuations h!. Therefore, in this expansion the boundary
conditions (Pé(o) for the bulk fields @' are carried by the background fields ¢!. All this
can then be summarized as the change of variables

OlAds _

S¢!

@' = ¢'[gp)] + 1", (4.33)
Performing this change of variables to Z 45 in (4.29), one integrates out h!
perturbatively in the small bulk couplings and the effective action is identified from
the resulting normalized path integral restricted to 1PI terms in ¢! 2

Znds| 950y Ps]

= TS (4.34)

e_rAdS [qoé(o);piB] ' )
Zaas|0; pi]  lipr

The bare 1P1 effective action, derived either from the Legendre transform or the
background field method, is a formal quantity, as it suffers from both infrared and
ultraviolet divergences. Regularizing (for example, as discussed in Section 4.1) results
in the regularized effective action Fizgs [9’)%3(0) ; pi; e, ) whose divergences are canceled
by introducing boundary counterterms and Z-factors for the bare bulk parameters

goé ) and piB, as discussed in 4.2, leading to the subtracted effective action,

T30 [0l P+ 115 e, 1] = TR (20l Zphe, 7] + B[®' Z'p'se 7], (4.35)
where the boundary counterterms B should be expressed covariantly in terms of the
on-shell fields ® and the induced metric at the regulated surface z = e. Here IT' on
the LHS denotes the finite contributions that the bulk couplings p' receive from the
loop corrections, after the subtraction of all divergent terms has been made. This
subtraction comes with a set of arbitrary constants F that parametrize its
scheme-dependence, capturing the fact that subtractions in different schemes may
differ by finite pieces. To fix the scheme-dependent constants F we need to supply
renormalization conditions. These could be provided either by comparing the same
observable with a string theory computation or via the AdS/CFT by comparing with

3The background field method often involves terms linear in the quantum fluctuations h!, which after
integrated lead to non-vanishing contributions to the 1-point functions (tadpoles), and for higher-point
functions in non-1PI terms. Since in the derivation of the effective action one is instructed to restrict
the path integral only to 1PI contributions, these terms linear in h! can be simply discarded or made
to vanish exactly by defining a modified action with the tadpoles subtracted: Spq5[®!] — Sags[®!] —
h'8Sasle’] /09"
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the dual CFT. In the absence of reliable renormalization conditions, one may consider
combinations of observables that are scheme independent. After this process has been
carried out, the renormalized on-shell 1PI effective action is finally obtained by taking

the limit of vanishing regulators

I wHZS R(0)7 PRl = 11_{% E}}) rilfibs[(l’fo)mi +11;Fre, 7], (4.36)
in terms of renormalized sources ¢F, 0) and renormalized bulk couplings p’,. Note the
order in which the limits are taken, first taking T — 0 with ¢ fixed, and at the end
taking ¢ — 0, implying that one should be able to resolve the UV divergences in the
presence of the regulator ¢, leaving the IR divergences for last. In general, dealing first
with the UV divergences through the bulk Z-factors allows for the construction of an
(effective) action in terms of (renormalized) sources and bulk couplings, analogous to
the action in the classical case. With the T — 0 limit taken, this leads to the correct
identification of the asymptotic expansion of the bulk fields, with the remaining IR
divergences being the usual boundary divergences present in holography dealt by the
boundary counterterm B, after which the last limit ¢ — 0 may be evaluated.

4.4 Exact 1-point functions

The standard prescription Wepr = Sifins is modified at loop order to

UK] _ l—vRen

Werr (@0 ks Cr Aets (@R (0) PR (4.37)

with the CFT data that defines the boundary theory (renormalized dimensions AL, and
renormalized OPE coefficients CgK) expressed in terms of the renormalized bulk data
p,. Correlation functions of boundary operators (@) Al dual to the bulk fields ®!, are
computed by functionally differentiating TX% with respect to the renormalized
sources (pR (0)" The variation of Fiﬁ% consists of two terms, a bulk term that vanishes
given the equations of motion for the fields ®/, and a boundary term expressible in
terms of the variations J¢f, (0)" Correlators come from the latter, giving rise to the exact
holographic 1-point functions in the presence of sources

; —1 TR PR (0) PR]
(Onr, D)yt = o b @ (4.38)

with g();; the boundary metric.

To illustrate the method of holographic renormalization at loop order, in Chapter 6 we
work out in full detail the renormalization of an interacting scalar field with Dirichlet
boundary condition on a fixed AdS background. In this case, once the bulk theory has
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been properly renormalized, the scalar field has an asymptotic expansion of the form
D(x) = 2R (B) + - + 28 @) () + -+, (4.39)

where ¢(3,,,) is the VEV term containing the non-trivial information to loop order
about the boundary correlators. The tree-level mass and coupling m2, A of the field
have been renormalized to the values m%z, A, with the conformal dimension Ag
written in terms of the renormalized mass: Az (Ag —d) = m%a The transformation
properties of ¢ (o) and ¢(,,,) under conformal transformations are precisely those of
a source and VEV for an operator of dimension Ag. In this example, the variation of
the renormalized effective action is found to be

ST @R (0) MR, AR] = — /ddx 2UR P(20,) (X)0Pr(0) (%), (4.40)

leading to the exact 1-point function

<OAR(3?)><PR(0) = 21/7290(21/13) (f> ’ (4.41)

up to local terms in ¢ o) when vg = Ag —d/2 € IN. The explicit construction of the
exact 1-point functions requires working out a number of loop integrals on AdS. These
will be analyzed next in Chapter 5, before moving to the concrete example of a scalar
®* theory in Chapter 6.
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Chapter 5
Integrals

Since the early days the computation of amplitudes in AdS, known as Witten
diagrams, have been limited mostly to tree-level graphs, originally by brute force
calculations in position space [60, 62, 48, 46, 45, 47] and with more recent techniques
including momentum space, Mellin space, spectral/split representations, embedding
and ambient formalisms, and the conformal bootstrap, with each approach exhibiting
different but important features of the amplitudes. For a non-exhaustive list of the
more recent treatments of tree-level Witten diagrams, we refer the reader to
[3,4,2,91,92,26,30,29,87,57,95,96, 86, 82,94, 37, 40, 41,99, 19, 20, 7, 68, 36, 74, 77, 10].
In the last decade or so, there have been more attempts to understand Witten
diagrams at loop order using these different methods (see e.g.

[3,39, 38, 22, 21, 15, 16, 33, 34, 35, 104, 105, 32, 1, 6, 13, 12, 9, 8, 11, 67]), however the
progress in this direction has been gradual and one of the main reasons is simply
technical: the expressions for the AdS propagators are complicated, having to deal
with hard integrals. In this chapter we go back to those earlier approaches and make
progress in the computation of loop integrals in AdS directly in position space. We
begin by discussing their convergence in Section 5.1 determining when to expect IR
and UV divergences, while in Section 5.2 before moving to their computation we
briefly discuss a class of convergent integrals relevant for the resummation of the
mass-shift diagrams. Then, in Section 5.3 we study the IR divergent integrals
responsible for the anomalous dimensions in the boundary theory, to then in Section
5.4 move to the computation of the UV divergent bulk loop integrals directly in
position space. We end this section by illustrating our methodology, working out a

number of concrete examples in Section 5.5.

Chapter to be published as a paper in [23].
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5.1 Convergence

Many bulk loop diagrams are constructed from vertices of the schematic form

/dd+1x2\/87 Gy (x1,%2)Kp, (x2,71) - - - Kp, (%2, ), (5.1)

consisting of N internal legs attached to some other point x; in the interior of AdS,

FIGURE 5.1: General vertex integral of N internal legs in the bulk, and 7 external legs
extending to the boundary of AdS.

and 7 external legs extending to the boundary points i; (see Fig. 5.1). For such general
vertex, we would like to know when to expect infinities. Infrared (IR) divergences can
arise as the integral approaches the conformal boundary z, = 0, while ultraviolet (UV)
divergences are expected at the coincident point x; = x;. Both type of divergences can
be studied with simple power-counting in the appropriate variable. In the case of IR,

this is of course the radial coordinate z;, where each one of the elements in (5.1) has an

expansion near z; = 0 of the form
_ —d-1 A = d—A; A,
V2 =2, Ga(x1,x2) ~ 25, Ka,(x2,Yi) ~zy “(local) 4 z5" (non-local) . (5.2)
For n = 0, that is no external legs, the integrand goes as
22— 0: /22 GN(x1,x0) ~ 2)A7471, (5.3)

and thus the vertex of N bulk-to-bulk propagators between the points x; and x; is IR
convergent as long as NA —d > 0. At loop level where one has N = 2,3,.. ., this
condition is always satisfied by bulk propagators with Dirichlet boundary conditions
(2A — d > 0), hence in this case the vertex is IR finite for any (positive) values of N, A
and d. However, in the case of propagators with Neumann boundary conditions

(2A —d < 0), this condition is not always met and thus additional infinities might be
expected. For instance, when N = 2 the vertex is always IR divergent, while for N = 3
it will only converge in the IR if A > d — 2A.
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For n # 0, the integrand of (5.1) goes instead as

=0 /%2 GIA\](xl,xz)KAl(xz,ﬁl) -+~ Ka, (x2,n) (5.4)
~ zQIA_ATer(”_l)_l(local) + ZZ?AJ”AT_ZAi_l(non—local) ,
i
where At = ) A;. Local terms are in general IR divergent, but dealt with boundary
counterterms through holographic renormalization. We will be more interested in the
non-local terms which survive this process and contribute to the holographic
correlators. Given the exponent of z;, we expect these to be IR convergent as long as
NA + Ar —2A; > 0, for all external legs dimensions A;. A relevant case is when the
dimensions of all internal and external legs composing the vertex are equal: A; = A.
When this is the case, one can factor out the A in the convergence condition reducing
to N+n—2>0,n # 0. The 2 divergent cases of interest are N = 0, n = 2, and
N = n =1, corresponding to the f KaKp and f GaKjp integrals. These will be
analyzed in detail in 5.3.

Moving now to the UV, the appropriate variable to perform power-counting is in the
chordal distance ¢(x1, x2). It is convenient then to recast the general vertex (5.1) in
geodesic coordinates (defined in (4.12)), where precisely ¢ acts as one of the
coordinates identified with the bulk radial direction, the other d boundary coordinates
being the sphere S7. In these coordinates the vertex reads

/ dQy / d2/gz G (K, (x2(x1,8, )71 ) -+ Ka, (02(x1,&,Q),5) . (55)
Near the coincident point ¢ = 1, the relevant terms composing the vertex have an
expansion of the form

d—

Vi~ (1=, GO ~1-)"7, un,&0)~x, (56

and thus the integrand goes as

1 /g GN(QKy, (xz<x1,¢,ﬁ>,m) - Ka, (x2(x1,,0), )
~ (1) RN, (5.7)

Convergence in the UV requires then —3(d — 1)(N — 1) + 1 > 0, or equivalently

N+1
d< N_1 (5.8)
For a given d, the UV convergence of the general vertex (5.1) depends only on the
power N of the bulk-to-bulk propagator. For instance, when N = 1 the vertex is UV
finite for all d, when N = 2 it converges for d < 3, when N = 3 it converges for d < 2,

and so on. Since the UV is independent of the curvature of spacetime at large scales,
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one expects the same convergence criteria to apply for the equivalent diagram in flat
space: at large momentum k, each of the N propagators running the loop contributes
with a factor of 1/k?, integrated over the N — 1 unconstrained momenta d*'k. The
superficial degree of divergence D, defined as the number of momenta in the

numerator minus in the denominator, is then

d+1\N—
/(d(kz’;)jl . D= (d+1)(N—1)—2N. (5.9)

Convergence requires D < 0, or equivalently d < (N +1)/(N — 1), agreeing with the
condition (5.8) found in AdS.

5.2 Finite Integrals

Before diving into the computation of IR and UV divergent integrals, an interesting
class of integrals we will discuss in this section are those composed by a chain of
bulk-to-bulk propagators (see Fig. 5.2), appearing in the so-called self-energy or

mass-shift diagrams for the bulk propagators

Iy (x1,x2) = (5.10)
/ddﬂwl\/gT' x /dd“wn\/g? Ga(x1, w1)Ga(w, wa) - - - Ga(wn—1, Wn) Ga(wn, X2),

where a simple power counting suggests it is IR convergent for A > d/2, and UV

FIGURE 5.2: Integral composed by a chain of bulk-to-bulk propagators Gx.

convergent as long as the chain is not closed into a loop, i.e., x; # x2. One could try
solving for I, directly using the known expression for the propagator, however there
is a more clever way that comes from noticing that this tower of integrals arises as a
perturbative manipulation of Green’s equation in the parameter A. The calculation
goes as follows: consider the Green’s equation for G, under the shift A — A + v

1
(=0 +m? 4 2vy + 9?)Garq (31, 22) = %50(1 —X2), (5.11)
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where m? = A(A —d) and v = A — d/2. The RHS is left unchanged as it is
independent of A. By treating 7y as a small parameter, we can expand the Green’s

function
Gaty(¥1,%2) = Fioy (31, %2) + vFpy (%1, %2) + 7 Fpay (01, %2) + O (%), (5.12)

and solve the Green'’s equation perturbatively at each order in 7, leading to the set of

equations up to order 'yz

O(7°): (=04 m?)Fy(x1,x2) = \}(?5(961 —x2), (5.13)
O(Y): (=04 m?)Fuy(x1,x2) = —2vFy (x1,%2) , (5.14)
O(’)/z) : (—D + mz)F{2} (xl, XZ) = —F{O}(xl,xz) — 21/F{1}(x1,x2) . (5.15)

The leading solution is of course the unperturbed propagator G,, while subleading
terms correspond to the chain of propagators (5.10)

GA+ry(x1, XZ) = GA(xl,xz) — 21/’)/11 (xl,xz) + ’)’2 [41/212(X1, xz) — I (xl,X2)] + O(’)’3) .
(5.16)
Since the exact form of G, is known, we can contrast this expansion with the actual

expansion of the propagator in A, obtaining the values for I; and I,

1 d 1 d? 1 d

—5oaxGalrx),  h(x,x) = Galx,%2) = g5 g8

= SZda Galx1, 32).

(5.17)

In general, the expressions for Iy, . . ., I, are obtained by solving the Green’s equation

L1(x1,x2) =

to order 7" in the perturbative parameter. As a consistency check of these results, note

that the chain I,, must satisfy the equation
(_D +m2)1n<X1,X2) = Iﬂ*l(xllx2>l IO(-xl/xZ) = GA(xlle) . (518)

This can be checked with the formula

d* d*
wGA(Xl, X2) = [A(A — d)GA(xl,Xz)] , k€N, (519)

0 - =
dAk

obtained by acting with d*/dAF on the Green’s equation, and commuting it with [,
When k = 1 and k = 2, one obtains the relations

2

d d d
(—O+ mz)d—AGA = —2uG,, (—0O+ mz)@GA = —2Gpy —4v 3 Ga,  (520)

leading for the cases of I; and I,

1 d

( D+m)[1 Ga Iy, ( D+m)[2 50 dA

Ga=1, (5.21)
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as expected from (5.18).

5.3 IR Integrals

In this section we show the computation of the most basic, yet essential IR divergent
vertices present in every bulk theory at loop order: the [ KyKa and [ GoK, integrals,
relevant for the computation of the anomalous dimension of the boundary theory to
subleading order in the 1/N? expansion. Keeping track of the IR regulator 0 < ¢ < z
needed at tree-level for the holographic renormalization of the boundary divergences,
naturally regularizes the contributions at loop-level by adding a hard cut-off to the
integrals in the bulk radial direction. These integrals will then be computed under
such regulator, for arbitrary values of 4 and A, and for the special case

v =A—d/2 € N. How to proceed in the case v = 0 will be commented at the end.

53.1 [ KaKj Integral

The regularized integral we want to compute is

I(gl, gz} 8) = /Z>€ dd+1x\/§ KA(x,y’l)KA(x,y’z) P (5.22)

(for an alternative computation of this integral with a different regulator, see e.g.

FIGURE 5.3: [ KpK, integral

[67]). Before computing its value, we can study the dependence on ¢ by the usual trick
of differentiating with respect to the regulator, taking the small regulator limit, and
then integrating the resulting expression back. In general, one obtains the
regulator-expansion of the integral in terms of integrals in the non-regularized
coordinates. However, in our case since the bulk-to-boundary propagator is local in
these coordinates at leading order in the radial expansion, the remaining integrals are
trivially evaluated, and this process delivers the exact e-expansion of the integral
almost completely (up to an integration constant). To do this, it is convenient to
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remove the |i/1;| dependence of the integrand through isometry transformations, by
shifting the vertex point x by x +— x + ij>, and then rescaling it by x — |i/12|x

1

I = TS oA
|y12|2A >0

dd+1x\/§ KA(x,ﬁlz)KA(x, 6) . (523)

After removing the conformal factor |i/12|?, the remaining integral is actually a

function on the ratio o = ¢/|i/12|. Differentiating it then with respect to o
d (1= 124 " . =
- (17221) = —/d /8 Ka(x, 912)Ka(x,0)| . (5.24)
do z=0

Evaluating at z = 0, as ¢ — 0, ¢ — 0 and we can use the known expansion of K,
where the Dirac deltas trivially compute the boundary integrals

d /. oy lesn 2c .
i (!ylz\ml) == 2 )+ — 7A + 0> 19). (5.25)
Integrating back in ¢ one obtains
o2
712** T = ——6(912) + - - — 2calnc — cpC + O(¢°%), (5.26)

2v

with C an integration constant. And finally, reverting back to € one finds

I(gl ]72'8) = ﬂé(glz) +---+ ca In |g12’2 + 0(80<) . (5.27)
After very little effort, one obtains the correct expansion of (5.22), where as we will see
next, C = ¢(A) — ¢(v). Notice the leading terms are divergent and local, consistent
with the analysis in (5.4). The non-local term, logarithmically divergent, is the clear

signature of anomalous dimension.

Let us now move to the direct computation of the integral. The distributional behavior
of the result above suggests we should solve it in momentum space. We shall use then

the momentum representation of the bulk-to-boundary propagator for v > 0

z% d?p
7 — VK —ip(¥-¥) )
Ka(x,¥) 21T () / 2n) p'Ky(pz)e , (5.28)
where p = || and K, (pz) is the modified Bessel function of the second kind
(Macdonald function). Replacing it in (5.22), performing the X integral in terms of a
Dirac delta, and using it to trivially evaluate one of the momentum integrals, one
obtains

1 ddp o —iw(in—iy [ dz
— v —llﬂ(yl—yz)/ 2
I 4V_11’(1/)2/(27T>d p¥le S Kipa). (5.29)
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Using (D.13), the regularized z integral can be computed in terms of a Meijer

G-function
dz VT ~ap 2 1
dz VT 4 3 22 5.30
/S <p ) 4 24 v, O/ O, -V $ ( )
thus obtaining
- VT / d’p 2v 540 2 1 pre? | e P (5.31)
41/1-.(]/)2 (271—)11 4 v,0,0, —v .

So far this exact in e. When v is not an integer, the asymptotic expansion of the Meijer
G-function for small argument has been derived in (D.22), leading to the type of
Fourier transforms studied in appendix C (namely formulas (C.10) and (C.18)). Using
these results then, one finally obtains

e W -pre -k (foV o a [l o
- I’(v)Zkgé) (2v+1-2k)k! ( 4 > o) + 71222 o LzelP(A)—t/J(v)] +0(E),

(5.32)
where |v] is the integer part of v. This confirms (5.27) and determines the integration
constant C = ¢(A) — ¢(v), as claimed.

When v is an integer, the asymptotic expansion of the Meijer is given instead by
(D.26), leading to the Fourier transforms (C.18) and (C.35), the latter for the mass scale
M2 = 469 )+ +1) /62 1 this case, one obtains the result

,21/ —1 1" U — r(v - k)2 SZD . 1 o
V)2 E T(2v +1 - 2k)k! ( 4 ) o)+ pripymst S
+Rum L In 12" + O(") (5.33)
|i12/22 e2e9(8)—¢(v) ’

where R s denotes the renormalized version of the function, defined in (C.33). It has
the property that R [f (i/12)] = f(¥/12) for ij12 > 0, however unlike the bare function, it
is well-behaved as a distribution including the singular point jj;» = 0 and as such it
has a Fourier transform, given by (C.35). Note that different definitions for R are
possible, differing only by local terms at j/;, = 0. In this sense, the finite term in (5.33)
proportional to [1V4(/12) is scheme-dependent and absorbable in the definition of R ;.

For the case of v = A — % = 0, the value of the integral [ K %K 4 may be worked out
using the appropriate representation for the propagator K 4 corresponding to (5.28)
evaluated at v = 0 and with the factor 2V ~1T'(v) replaced by 1. This leads to the same
expression for (5.31) up to some numeric factor, with the asymptotic expansion of the
Meijer G-function given by (D.29) and thus for the computation of the integral in
terms of the Fourier transforms (C.18) and (C.38), with the result given by the
renormalized version of the function In?(|i/12|?)/|¥/12|°.
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53.2 [ GaK, Integral

The other important IR divergent integral is

I(xl,gz; S) = ddﬂxz\/g? GA(xl,xz)KA(xz, gz) . (534)

Zp>¢€

Similarly to the [ KK integral, we can study the dependence of the integral on the

FIGURE 5.4: [ GpoKj integral

regulator € with the differentiation trick, and exploiting the fact that to leading order
in the e-expansion the bulk-to-boundary propagator is local in the boundary
coordinates, thus obtaining the exact value of the integral to the relevant order in ¢
almost completely, up to an integration constant. Before doing this, it is convenient to
remove all dependence of the external points x; and j» from the integrand through
isometry transformations on the vertex x;. This is achieved by the following sequence:
translating by x, — x + i, inverting x, — x»/x3, translating again by x; + x2 + ¥/,
rescaling x, — z{'xp, and finally inverting back

= / 45 Gy ((1,8), ) Ka(2,0), (5.35)
Zo 20

where x/ = x} /x> and x| = x; — J». The remaining integral is actually a function on

o = ez{. Differentiating it then with respect to o

(5.36)

Zp=0

d I ] 0

Evaluating at z = 0, as ¢ = 0, 0 — 0 and we can use the known expansions of K and

Ga, where the Dirac deltas trivially compute the boundary integrals

d ry_ —c ~1<
= (zg’A> = — A+ 0). (5.37)

Integrating back in o

I . CA CA 0<
s oo o —22C+0(0%), (5.38)
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where C is an integration constant. Finally, reverting back to € and to the original

coordinates one obtains the result

- 1 . -
I(x1,¥2€) = —EKA(xl,yz)ln [eK(xl,yz)eC} + (’)(20<) , (5.39)

where K(x1,7») = z1/[23 + (%1 — /2)?]. This turns out to be the correct expansion of
(5.34), with a value of C = ¢(A) — ¢ (v) — 1/(2v).

Moving now to the explicit computation of the integral, as for [ KK, we will do it in
momentum space. In addition to (5.28), we also need the momentum representation of
the bulk-to-bulk propagator, given by

d oo | L(pz)Ky(p2'), z < 2/
Galx ) = () [ AP ity JLPDRAPE) <20 g g
(2m) L,(pz)Ky(pz), z > 2/

with I, (pz) the modified Bessel function of the first kind. After performing the ¥
integral in terms of a Dirac delta and using it to evaluate one of the momentum

integrals

d
o / d‘p pveiﬁ(f1ﬁ2)/mC1zzKV(p22) le(pz)Ko(pza), 21 < 2
2v-1r(v) J (2m)4 e 22 L(pz2)Ky(pz1), z1 > 22
(5.41)

Using (D.13) and (D.14), the regularized z; integral can be computed in terms of

p2€2>

pzz%> , (5.42)

Meijer G-functions

21 dzz 1 31 %, 1
=2k I =—G¥
/‘€ Z v(pz2) lv(p22) N 2,4 (v, 0,0, —v

1 1
. 3,1 27
4/t <V, 0,0, —v
1

® dz T 1
/Z 2K3<pzZ>=fG4'°< 2 p2z%>. (5.43)

- 2.4
1 22 4 “*\v,0,0 —v

The 2 Meijers dependent on z; combine together to form 9, K, (pz1) through the
identity (D.51), thus obtaining

d
[ A /ddp y
~ () ) 2t

Kv(le)G3,1 31
4/ " \v,0 0, —v

p2£2> - zlvava(pzl)] e~ -1)
(5.44)

This expression is exact in €. To leading order, the asymptotic expansion of the Meijer

G-function for small argument is the same for both v > 0 integer and non-integer, as it

can be seen from (D.34) and (D.37), leading to the momentum representation of K
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(5.28) and its derivative

1 1 o
I = —5 (—21/+lns+av> Ka(x1,72) + O(%%). (5.45)
By acting with d,, on the position space representation of the propagator, one finally
obtains ,
I'= =Ky (x1,72) In [eK(x1, Fo)e?® 4004 ] 1 O(2<), (5.46)

confirming the claim in (5.39).

Forv = A —d/2 = 0, the value of the integral | G%K 4 may be worked out in a similar
manner, using the appropriate representation for the propagator K 4 the identity for
the Meijer G-functions (D.52), and the corresponding asymptotic expansion (D.40).

54 UV Integrals

We discussed the role of IR divergences of loops in AdS, leading to corrections to the
conformal dimensions in the dual CFT. By how much the dimensions are corrected
however is dictated by the UV divergences of the loop integrals, while for higher-point
functions they also dictate the amount of correction to the OPE coefficients. Formally,
the CFT data is corrected from the UV divergences in AdS by an infinite amount, and a
subtraction scheme (supplemented by renormalization conditions) must be adopted in
the bulk to extract the finite, physical values for these corrections. We shall adopt the
UV regularization scheme of geodesic point-splitting introduced in 4.1.1, and show in
this section the computation of bulk loop vertices under such regulator. We will do so
for the general loop vertex (5.1) of the schematic form | GNK", for arbitrary N and for
the cases of n = 0, 1,2 external legs, where for simplicity no additional IR divergences
are present in the vertices. The strategy will be to solve for these 3 vertices directly in
position space, writing the bulk propagator Ga(¢) in its series representation in ¢ and
compute them in terms of the more fundamental vertices between ¢ and K defined in
(E.1), whose master formulas has been derived in appendix E. When possible, these
series may then be resummed back to find their closed-form expressions.

5.4.1 Series for GIA\]

Many bulk loop integrals involve copies of the bulk-to-bulk propagator between the
same 2 points. We want to write down then a convenient expression for GY for some
positive integer number N. Consider the position space representation of G, in the

variable ¢

GA(E) = =128 F 2 ;&2 (5.47)
A _2A+11/ 241 A—%—Fl’ . .
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By taking its N-th power, we can write it as the following series
CA N &
Gy (8) = (THV) k;)gk,N(:N Atk (5.48)

where we introduced the coefficient g y defined by

2F ' ;6T =) 8kNGT (5.49)
A-§+1 k=0
One can directly check that
A) (Afl
soN=1, g1 = () (), : (5.50)
(a-4+1) K
k

The simplicity of G} boils down to the simplicity of g y. In general, one can work out
the value of this coefficient when a closed-form expression for the hypergeometric
defining it is known. When this is the case, not only GY can be expressed in terms of
known functions but also, in general, the loop integrals that involve this quantity, at
least for the class of integrals we are interested in. More on this at the end of the

section where we study concrete examples.

Divergences are expected at the coincident point { = 1. Checking for the convergence
of GY(¢), from (5.49) one sees that for large k

2k+2 _
S [ (G0 @)

and thus performing the ratio test

2%k+42
lim SEFLN &

_ x2
O e S 552

the series converges for 0 < &2 < 1. As & — 1, the ratio test is inconclusive and one
must look at the subleading term in the expansion of g1 n/ gk N through Raabe’s test

hmk<g"+w—1> 21\1(012—1)_1/ (5.53)

where convergence requires the limit to be < —1, implying in our case d < 1. Since we
are interested in d > 1, the bulk propagator at coincident points is always divergent.
Despite this, bulk loop integrals involving GY (¢) are expected to have a softer
divergence near the region ¢ = 1, given by the convergence analysis in (5.8).

The UV regularization scheme amounts to replace the argument of G, (&) by
¢ — ¢r = ¢/ cosht with 0 < T < 1, rendering ¢ strictly less than 1, and consequently
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the series for the regularized propagator G (&) = Ga(¢r) always convergent, as it
can be seen from the analysis above. The regularized series representation for GY we
will use to compute the UV integrals is then

N cA AN & NA+2k
Gral8) = <2A+11/> I;)gk,z\r (COShT) , (5.54)

with the bare integrals simply recovered for vanishing regulator T = 0.

542 [ GY Integral

The first UV divergent integrals we still study are of the type [ GY, that s, the
bulk-to-bulk propagator to some positive integer power N. Writing it in terms of the

regularized propagator G s, the regularized integral to study is

IN (x1;7) = / A" xa /g2 Gy (%1, x2), (5.55)

where IR convergence requires NA —d > 0. As we will prove now, the integral turns

N
GT,A

FIGURE 5.5: [ GY integral

out to be constant, independent of the point x;
IN(xy;7) = wN (7). (5.56)

This can be shown by removing the x; dependence from the integral through AdS
isometry transformations on the vertex x,. Indeed, by translating x, — x + X1, and

then rescaling x, +— z1x2

Ii\](xl;r) = /dd+1x2\/§ G.IL.\,]A(X:[,XZ), (5.57)
_ / 4" g3 Gy ((21,0),32) (5.58)
_ / d*xy /37 G, ((1,6),x2) ) (5.59)
=1y ((1,6);7) , (5.60)

= "I,IZ’N(T) . (5.61)
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To determine the value of the coefficient y‘i’N (1), we will compute (5.55) using the
series representation of the regularized propagator (5.54). This leads to the
computation of I (x1;7) in terms of the fundamental vertices (E.1) defined in
appendix E

1 NA+2k
IN (x1;7) = (2A+11/> ngN(COShT) Vnasok(x1), (5.62)

where Vya1or(x1) corresponds to the fundamental vertex with no external legs to the
boundary, and whose general solution has been derived in (E.11). Using this result, it

leads to the coefficient

oo I (No=d k) NA+2k
AN _dn 1
WiN () = 7't (2A+1v) ; T (Coshr> . (5.63)

It is represented in terms of an infinite series, however when a simple expression for
gk N defined by (5.49) is known, the series can be computed in closed form, in general
in terms of a generalized hypergeometric function. Note that as T — 0, performing a
similar study as in (5.53), convergence of u" () requires d < (N +1)/(N — 1),

consistent with the analysis in (5.8).

5.4.3 f GIA\] K, Integral

Another type of UV divergent integrals are of the form f GIA\] Ka,, with the
bulk-to-bulk propagator to some positive integer power N attached to a
bulk-to-boundary propagator. The regularized object to analyze is

I3a, (¥, 725 7) = /ddﬂxz\/g»z Gra(x1,%2)Ka, (x2,72) (5.64)

where IR convergence requires NA > A;. In this case, isometry transformations at the

©

FIGURE 5.6: [ GYK,, integral

point x; show that the integral is proportional to a bulk-to-boundary propagator

IN o, (31,92 T) = N (1)K, (21, 72) - (5.65)
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Indeed, by translating x, — xp + ij2, inverting x +— x2/ x%, translating again
Xy — Xp + X', rescaling x, — z{x,, and finally inverting back, with x{ = x/{/ xiz and

/_ —
X1 =X1— Y2

INp, (X1, 725 T) = /dd+1x2\/§ GN A (x1, x2)Ka, (2, 12) , (5.66)
_ / 4 xy /32 Ny (%4, %2) K, (%2, 0), (5.67)
= /dd+1x2\/§ Gi\{A(x’{, xz)cAzz§2 , (5.68)
= /dd+1x2\/§ Gi\fA ((zi’, 6),x2> cAzz§2 , (5.69)
= Z;'Az /dd+1x2\/§2 GQA ((1,6),352) cAzzf2 , (5.70)
— K% (x1,2) / 4"V g G ((1,0),32) Ky (2,0),  (671)
= K™ (x1, 72) N, ((1,0),0;7) (5.72)
= niN (T)Ka, (x1,72) - (5.73)

As we did for the coefficient %™ (), we will determine 172’,]12 () by computing (5.64)
using the series representation of the regularized propagator (5.54), leading to the
computation of [ ZA\{ A, (X1, 72; T) in terms of the fundamental vertices (E.1)

. s 1\ NA+2k
Inn, = Ca, (2A+11/) ngN <coshr> VNa+2ka, (X1,72) (5.74)

where Vi yora, (x1,12) corresponds to the fundamental vertex with 1 external leg
extended to the boundary, computed in (E.13). Using this result, one obtains the
coefficient

x " T (NA+A2 + k) (NAZ—A2 4 k) . NA42k
i = (550) Eg"N T3+ T (M55 +k) <coshf) '

(5.75)
As before, the coefficient is represented as an infinite series and it can be computed in
closed form for simple g n. In the limit T — 0, Raabe’s test shows that qg’ﬁz (1)
converges ford < (N +1)/(N — 1), as expected.

54.4 fGIA\]KA3KA4 Integral

The last type of UV divergent integrals we will study are of the form [ GNKa,Ky,,
with the bulk-to-bulk propagator to some power N now attached to 2
bulk-to-boundary propagators. The regularized object to analyze in this case is

IX{A3,A4(X1,?3,?4; T) = /dd+1xz\/§ GgA(X1,X2)KA3(X2, 3)Ka, (X2, 1), (5.76)
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where IR convergence requires NA > |Az — Ay4|. In this case, isometry

FIGURE 5.7: [ GNKa,Ky, integral
transformations show that the integral is of the form
N — — _ — = d,N .
In g 0, (X1, 3, 545 T) = Kag (x1, 73) Ko, (%1, Ta) X5 7y 0, (X3 T) S (5.77)

with the coefficient XdA'IX3 a, as a function of the combination
X = K(x1,73)K(x1,74)|i34]>. Indeed, by translating x, — x5 + ¥y, inverting
X2 — X/ x%, and translating again x; — xp + %4

IZA\{A3,A4(X1,?3,]74;T) = /ddﬂxz\/g»z Gi\fA(xl,Xz)KA3(x2,?3)KA4(x2,?4) , (5.78)
_ / A xy /g7 GV, (x), %2)Ka, (x2, Taa) K, (%2, 0) , (5.79)

70 [ 4 g GYA (), 02) K (52, Fia)ea, 25", (5.80)
71,12 / A"y /g2 G, (), 1)K, (x2, 0)ca 2, (5.81)

= |y34]2A3f(xi”, 7), (5.82)

where we called x}" = x| — ¥/}, x| = x}/x, x] = x1 — ¥4 and §}, = ¥4/ |/34]*. The

remaining integral is just a function of x{”, which we named f (x{’; 7). Notice that

"

under rescaling of the bulk point x{" or rotations of the boundary coordinates x; X!

f(/\x//l ) AA4*A3f(x/1//; T) , f(Z{l//’ R —»‘//l ) f(Z',]_H, J—C*llll, T) . (583)

Then, f(x}’; T) must be of the form

—‘///
f(xT) = (z1)M g (' ,,,|,T) , (5.84)

Z

_ Z/l// b 1Ay Zﬁ//z
“\7Z i z; 'h m,r : (5.85)
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Putting everything together, and writing back in terms of the original coordinates

N = =1 124 2,1// b 1A Z/l/l2
In pg 0y (X1, 73, 54 T) = |30 < T 2) 2" ( D 2,r> , (5.86)
z{" + %] + 1%
= K% (x1, 3)K™ (1, ) (K(x1, 73)K(x1, 70) |74 T) . (5.87)
= Ka, (%1, 73) Ka, (x1, ) XX N, o, (G T) (5.88)
as claimed. The explicit form of x may be determined from a direct computation of the

integral, in terms of the representation of the regularized propagator (5.54) and the

fundamental vertices (E.1)

NA+2k
cA Lo
IN A, A, = CasCA, (2A+1v> ngN (coshT) VNat2kasn, (X1, 13, 7a),  (5.89)

using the result for the fundamental vertex Vya ok as a, (X1, 13, Ja) with 2 external legs
extended to the boundary (E.16), the expression for XZ'X A, is identified with

NA+A3+Ay—d + k) r (NA+%37A4 + k) T (NA+%47A3 + k)

w T (
d,N . d+1 2
Xangng =702 <2A+1V> ; T(% —{—k)F(NAZ“ +k)1“<%+k)

1 NA+2k As, A,
X ( ) 2h (NA+A3+A4 + ;1 _K(xlz?S)K(xlz]?4)|?34|2> .
2

cosht k
(5.90)

In general, it is convenient to express it as a series in X = K(x1,i3)K(x1, 1) |[734|%
rather than 1 — X. In the case where NA # Az + A4 + 27, this can be achieved using
the linear transformation of the hypergeometric function (B.13), obtaining a series of
the form

X, (5.91)

gk

NA=A3=8y4
XdA/,IXs,Az;(X; T> = [W(T) + bi(T)X 2 ]

0

with the coefficients 4;(7) and b;(T) given by

N (B)i(Bg),T (Noga=ts)
e K
i
[ NA+As+As—d | g (NA=B3—Ay NAiak
s | ey r)«(vgﬂ 0 ), (orz) - G
)N r (A3+A37NA> r <NA+%37A4 i i) I (M N i)

T(Ag)T(Ay) (14 Na=Sa=te) iy

1

d+1 CA
ai(t) =72 (ZA“v)

d+1 CA
bi(t) =72 (2A+1v

(5.93)

r %M) (i) / 1 \NA+2k
(coshr)

< LN T T
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Note that the coefficient b;(T) consists in a terminating sum of finite terms, thus it is
always convergent in the limit T — 0. All divergences in X A A a, are contained then in
the coefficient 4;(7). Indeed, from a Raabe’s test of its k-series, convergence of this

coefficient requires
N+1+2i
_— 94
d< N_1 (5.94)
That is, ao(7) converges ford < (N+1)/(N —1),a1(7) ford < (N+3)/(N —1), and
so on. As a consistency check on the values obtained for 4;(7) and b;(7), note that for

N = 1and T = 0 using the expression for gi ; in (5.50), they reduce to

r (A+A3;A4fd> T <A7A237A4> (A3)i (M)
= T (1 n A—AZS—A4) T (1 + A+A3;-A4—d 4 i) (1 + A3+§4—A>i

T <A+A3-2§—A4—d> T (A3+§4—A) T <A+A§—A4 + l) T (A—A23+A4 + l)

AT(A3)T(Ay)T (A —d14 i) i

) (5.95)

b = , (5.96)

recovering the known tree-level results [52].

The expressions for a;(T) and b;(7) are obtained with the assumption
NA # A3 + Ay + 27, however under the analytic continuation NA — Az 4+ A4 — 2NN,
the series in 4;(7) terminates and one can make the identification

a;(t) = —b, 4 a0y N (T). This leads to a cancellation in pairs of all X'=° terms in (5.91),

leaving only the sum of a finite number of convergent terms (for the case N = 1, see

e.g. [46])
Ag+Ag-NA 4
2

Xnya, (X T) = Z(j) bi(T)X
1=

NA-Ag—

e (5.97)

When NA = Az + A4 + 2Ny, the coefficients 4;(7) and b;(7) become ill-defined and
this can be traced back to the hypergeometric linear transformation performed to
(5.90). In this case one must use instead (B.14), which introduces a logarithmic term

© NA-Az—A )
XN A (XT) = Z (0 +d(0x 7 mx| X, (5.98)
for some coefficients ¢;(7) and d;(7). An important case that falls into this category is

the quartic vertex with the dimension of all 4 legs equal: N = 2, A3 = Ay = A. From
(5.90) and (B.14), one can indeed see XdA’,ZA, A takes the form of (5.98) with
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NA — Az — Ay = 0, and with the coefficients c;(7) and d;(7) given by

r (ZA . +k) (—i)y
T(A+K)T (A+1+k)

a1 ca \2 (D) ¢
o7 =7 (5xy) T L

28+2k
X [p(1+i—k)+ 91 +1i) —2¢(A+1)] <coshT>

Y S I A e b LU
2 R T I ) '

(5.99)

cosht

. d H
d(T) _ _ndzi ( cA >2 (A)IZ i . I <2A -3 +k) (—l)k ( 1 >2A+2k (5 100)
i 2A+1V l|2 = klzl—'(A + k)r (A + % + k) cosht ' '

Similar to the previous case, the series in d;(7) terminates and thus the coefficient
converges in the limit T — 0, all the divergences then of Xi’,ZA, A being in ¢;(7), in
particular from the second series in (5.99) that starts at k = i + 1. From a Raabe’s test
of this series, one concludes the coefficient ¢;(7) converges for d < 3 + 2i, same

convergence as 4;(7) derived in (5.94) for the particular case N = 2.

From the computational side, c;(T) is in general harder to compute in closed form
compared to the other coefficients as it also contains series involving digamma
functions ¢ (x), resulting in more complicated expressions for c;(T) than generalized
hypergeometric functions such as Appell functions, or more generally Kampé de
Fériet functions. For the case of (5.99), a more manageable expression can be obtained

using the digamma property

k—1
¢(1+i—k):¢(1+i)+2£, (5.101)
1=0

being able to express the coefficient in terms of series involving only gamma functions

dr1 2 (A)? . .
ci(t) = 't ( ZACflv) (i!2)l 2[p(1 +1) — (A +1)] (5.102)

j r(zA—g+k>(—i)k< . >2A+2k

X ng,z

=" T(A+Kk)T (A+ 3 +k) \cosht

2 (A2 L @ r 2A—%+k (I—i+ 1)k 1 2042k
+7T%( AC+A1 ) ("2)1 Z(_Z)l Z 8k.2 ( ) I ( )
22/ S T(A+ k)T (A+L+k)

Pyt coshT

with all divergences contained in the term [ = i of the double series.
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5.5 Example: relevant operator O,

To illustrate the computation of the UV divergent integrals discussed in Section 5.4, as
an example consider the case where the internal lines representing the bulk-to-bulk
propagators in figs. 5.5, 5.6 and 5.7, correspond to a relevant operator O of dimension
A < d. For simplicity, to avoid additional IR divergences NA will be taken to satisfy
the 3 inequalities NA > d, Ay, |Az — A4| discussed in the previous section, that ensure
the IR convergence of the 3 coefficients yi’N , 172’,2[2 and )(dA’,IXS, A, Tespectively. For
integer conformal dimensions A € IN and up to d = 6 in the boundary, there are a total
of 6 cases of relevant operators that comply with these constrains

, (5.103)
) (5.104)
, 4, (5.105)

5 (5.106)

7

d=3

d=4,
d=>5,
d=6

7

Since either A = d — 1 or A = d — 2, from the definition of g, 5 in (5.49) one sees that
for all these cases

P a) (e
F ! ; =1F | —; 5.107
oF A—di ¢ 1 0< > ) ( )
N(d—-1

=1F <(2) c2> , (5.108)

*1 <N(d—1)> ok
= — | —— &, (5.109)

kg;‘)k! 2 k
from where we can read the coefficient
1 N(d—-1)

SkN = i <2>k . (5.110)

Then for the 6 cases (5.103)-(5.106), the bulk loop integrals [ GN, i Ggf K, and

i GQI Ka,Ka, encoded in the coefficients ],ti’N , ni’ﬁz and )(dA’,]L, A, 0 (5.63), (5.75) and

(5.91), the latter through the coefficients a; and b; in (5.92) and (5.93), can be computed
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in closed form in terms of hypergeometric functions

NA—d _
D= () ) () (M,
Ha - 28+1y, F(%) coshT 201 o " cosh®t /)’

(5.111)

byt (s LT
Na,n, T)=n7 <2A+ly) F(%)F(%) cosht

N(d—1) NA+A—d NA-A, 1
><3F2< 2 2 Y > (5.112)

7
%, N AZH cosh? T

NI (NA+A32+A4fd> T (NA7§37A4> (A3)i(Ag); ( 1 )NA

a;(T) = ' ( ca
nel 2A+1 ) NA NA+1 As+A—NAY -
o) T T () (1 S

N(d-1) NA+As+As—d NA-As—Ay _ 1
><3F2< e : ) (5.113)

cosht

v
%, N A2+1 cosh’ T

" AN T (NA+§3—A4 T i) T (NA—§3+A4 + i) r (NA+A32+A4—d) r <A3+A£—NA>
bi(t) =m 2 < )

A+1 A .
2 D(A2)T(As) (1+Mag4) T (40) T (N5+1) i
1 NA N(@-1) NA+A+A—d 1
F 2 2 T . 114
% (coshr) o2 ( R cosh21> G119

In the last 2, when NA = Az + Ay — 2N, )(dA”IX& Ay only involves the coefficient b; as in
(5.97), while for NA = Az + A4 + 2INg both coefficients a; and b; become ill-defined
and )(dA’,IXS, A takes instead the form of (5.98), expressed in terms of some other
coefficients ¢; and d; well-defined. For the particular case N = 2 and Az = A4 = A,
these were derived in (5.99) (or (5.102)) and (5.100), which for the current examples
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can also be computed in closed form

cosht

i on 22T (28— 4) (AR[pO+i) —pA+D] /1 1\
( ) (AT (A+3)i < )

d—1,20 -2, —i 1
X 32 7o 2
A A+ 3 cosh” T
+7szj< cA )Z(d—l)r<2A—g+1> (A)l.2< 1 )2(A+1)
28+ 1y T(A+1)T (A+3)i2
o1 (4,20 —4+1,1—i 1, —i 1 1 1
o0 A+1,A+3,2 "1—i"—" cosh’t’ cosh’t

cosht

) . (5.115)

di(t) = — 7 ( A )2 T <2A B %) (A% 1 2
l 284w/ T(A)L (A+1)i2 \cosht

d—1,2A—42, —i 1
X aF ! 2’ ;—— . 5.116
3 2( A,A+% cosh21> ( )

where the function Fg 12(} is known as Kampé de Fériet function, whose general form is
defined in (B.22), and is represented by the double series

301 (A, 20 —2+1,1—i 1, —i 1 1 1
A+1, A+%, 2 "1—i’ =" cosh’t” cosh?t

cosht

. «)(dﬁ+k<2A——%—%1)H%(1——iﬁ+kﬂ)m—4)xlﬂ LN\ 204
B I;Ok;o (A + D (A+5) 1 x (2141 = i) 11K ( > G117)

Noting that the [-series terminates at I = i, by computing the k-series one can express

F33 12 ’01 as the sum of a finite number of generalized hypergeometrics

32 d2A—44+1,1-i 1, - 1 1 1
MO\ A+, A48, 2 "1-i" ~ cosh®T’ cosh’T

i (d); <2A—g+1)l(—i)l< 1 >21
= (A+1)i(A+3),(2); \cosht
N R R N
U A+1+L A+ 241 Ccosh’t)

(5.118)

These results constitute the closed form values for the regularized bulk loop integrals
discussed in Section 5.4, for the particular examples (5.103)-(5.106). When these
integrals are divergent, one requires the explicit expansion in the UV regulator T to
perform renormalization of the given theory on AdS. Take for instance the case of a
single scalar field ® in the bulk with a A®* interaction. Up to order A? in the
self-interacting coupling constant the coefficients appearing in the loop expansion are

ydA’z, WZ’BA and XZ'ZA A (logarithmic case), the first 2 from the eight and sunset diagrams
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in the 2-point holographic correlator, and the latter from the double exchange diagram
in the 4-point holographic correlator. For the current examples, these are given in
closed form by (5.111), (5.112), and the latter through (5.115) and (5.116). To exemplify
the regulator expansion of the divergent integrals appearing in this theory, we will
work them out explicitly for the cases (5.103) and (5.104). For the rest of the cases, they

can be obtained in a similar manner.

5,51 Cased =3, A=2

In this case, bulk renormalization of a A®* theory requires the T-expansion of the
coefficients y;’z(r), 173:23 (1) and XEEZ(X ; T). From the general expressions obtained
above, these are evaluated to

w2 (1) = ﬁ (coslhr>42pl (2, %;g; cos;%> , (5.119)

1ys(T) = 32(1)7T4 <CoslhT)62F1 <g,2; ;; COS;2T> ’ (5.120)

ci(t) = — %(1 +1) (coslhr>41F0 (—i; COS;ZT> (5.121)
* 161712 (1+ i)z (cosllw>6Fll',12’8 (1 ; i; 11,—_1'1‘; 1; cos;ZT' COS;2T> ’

diT) = - 161712 (1+)? (coslhf)411:0 <_i; cos;2T> ' (5122

The T-expansion of the first 2 can be worked out directly

Int 2In2-1
3,2 _
(1) =g ot g
3’3<T>— 1 + 31nT +5—9ln2
22\ = 1087872 T 1287% T 384A

+0(1), (5.123)

+O(1). (5.124)

For the last 2, since the hypergeometric 1 Fy is convergent in the limit T — 0, it can be
seen to have an expansion of the form

1F0 <—i; 1 5 > = 1P0(—i;1) + O(T) = 51‘,0 + O(T) , (5125)

cosh” T

while for the Kampé de Fériet function it corresponds to the case (B.28), being able to
express it as the product of 2 hypergeometrics

1—7 1, —i 1 1 1 1 1
7o P ) =1F <—i; ) F (1,1;2; )
L10 2 1—i — cosh®’t’ cosh’t o cosh? T 2 cosh’® T

= —2In7d;o+ O(7). (5.126)
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When the expression for the Kampé de Fériet function in terms of simpler functions is
not known, its regulator expansion can be obtained directly from its series
representation as a sum of hypergeometrics. For the current example this takes the

form

Fl21 1—i 1, —i 1 1 1
L10 2 "1—i" =" cosh’7’ cosh’T
L(—i) 1\ I—i+1,1 1
F ; . 5.127
; (2+Z (COShT) 2 2+1 Cosh21' ( )

From a convergence analysis, as T — 0 the series is expected to diverge for i = 0 and

converge for i > 0. This is of course consistent with the convergence region d < 3 + 2i
of the coefficient ¢;(7) derived previously, for the particular case d = 3. Consider then

=,F L1 1 (5.128)
i—0 2 2 " cosh’t )’ .

= 2Int+ O(71), (5.129)

separating in these 2 cases: first for i = 0

1,2,1 1 - i . 1, _i . 1 . 1 1
Fl,l/o 7 . 7 v 2 v 2
2 1—i — cosh“t cosh”t

and then for the case i > 0, safely expanding around 7 = 0

pion (101, =i 1 1 1
110 2 "1—i" - cosh’t’ cosh’t i~0

Z (=) (l i+1 1 >+O() (5.130)

= r2+1)° 2+1
11P0(—z 1)+ 0(7), (5.131)
= 0(1), (5.132)

recovering the same expansion as before. Putting everything together, this results in
the T-expansion of the coefficients ¢; and d;

1
ci(t) = =gz (InT+1)30+ O(1),  di(7) = =750+ O(1), (5.133)
and from (5.98), in the expression for Xgﬁ,Z
IntT InX+2
X22(XT) = 52~ 1ez TOM (5.134)

in the variable X = K(x1, 3)K(x1, 1) |i34|?-
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5,52 Cased =4, A=3

In this case, bulk renormalization of a A®* theory requires the T-expansion of the
coefficients yg’z(r), 17;1,’;’(1') and X§:§/3(X ; T). From the general expressions obtained
previously

22(1) = L (1) m(317, 1 (5.135)
Mo N0 = 12072 \cosht ) 27 \7 7 27 cosn2t ) '
1 1\’ 1
4,3
F (4,535 — |, 5.136
153(7) = G720 <CoshT> 2 1( Cosh%) (5.136)
r3+i)3+2) [ 1 \° L7 1
(1) = — b4 —is; ——— 5.137
ci(7) 80772 1! cosht ) 21 X cosh? ( )
LB+ (1 P o1 (51 i1 1 1
1407t2i!?2 \ coshT 210 % 2 "1—i" =" cosh’t” cosh®’t )’
r3+i)2/ 1 \° L7 1
d(1) = — F (4 - . 5.138
i(7) 16072912 \ cosht ) *! Yo cosh? 1 ( )

The first 2 have a T-expansion of the form

1 1
4,2 _

W) = g a2
4/3(1_)_ ]. . 3]. . lnT + 109
133\Y) = 336077878 2016071372 28077% | 1728007

+0(1), (5.139)

+0(1). (5.140)

For the last 2, since the hypergeometric »F; is convergent in the limit T — 0

701 7 15T (=1 +1)
F (4, - — ) =,F (4,—-i=;1 Ot)=-—""22 7 1+ 0(1). (5.141
2 1( b e ) 2 1( L )+ (7) 16T (2 +1) +0(1). ( )

No simpler expression is known for the Kampé de Fériet function, however as
mentioned in the previous example its regulator expansion can be obtained directly
from its representation as a sum of hypergeometrics

p221 (51— i1,—i1‘ 1 1
20\ 22 "1-i" — cosh®t” cosh? T

i 21 .
E 5)(~4) ( 1 ) 3 (5“'1_1“'1; ! ) (5.142)
1=0 (E)l (2)i

cosh T S+, 241 cosh? T

A convergence analysis suggests the series diverges for i = 0 and converges for i > 0
as T — 0. Separate then in these 2 cases: first fori =0

por (5101 =i 1 1 ! -
2,1,0 9,2 "1—i" =" cosh®t" cosh?t ) |;_
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and then for i > 0, safely expanding around 7 = 0

221 51— 1'1,—1'1. 1 1
21,0 %2 1—i" =" cosh®t” cosh®*t /] |;~p

i 7( i g <5+l,l—i+1,1;1>+0(r),

2)° 5+ 241

_105T (=4 +i) (1+1) [4(1+i)* = 5] +O(1) (5.145)
128T (% +i)° ’ |

where we computed the value of the hypergeometric 3F, of unit argument using the
identity (B.19). Putting everything together, this results in the T-expansion of the
coefficients c; and d;

1 29

() = o877 ~ 60072 +0(0), (5.146)
ioo(T) = 3T(3+i)I (—1+1i) (3+2i)
>01F 2567r2T( +1) i!
3T(3+i)2T (=2 +i) (1+i) [4(1+i)2—5
_3TE+DT (c3 ) A+ ) [JI+D2-5] | ) (5.147)
5127°T (5 +1)"it?
3T(3+1)T (-4 +1)
di(1) = 2 o(1), 5.148
2 51272T (§ +1i) i 2 (5:148)
with X§:§,3(X ; T) in the form of (5.98)
X3as(XT) =Y [ 7)InX] X', (5.149)

i=0

In contrast to the previous example d = 3, A = 2 where all non-vanishing
contributions in the limit T — 0 are concentrated in the coefficients i = 0, in the
current case one has non-vanishing contributions at each i > 0. In the example of

d =5, A = 4 a quick analysis suggests the non-vanishing contributions are again
concentrated in the first coefficients, in this case in i = 0 and i = 1, possibly indicating
that the cases where A is an even number are special. It would be interesting to
investigate this further.
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Chapter 6
Example: ®* theory

As an example of holographic renormalization at loop order, in this chapter we work
out in detail the case of a scalar ®* theory on AdS, where as a first approximation the
backreaction with the background metric may be ignored. More interesting theories,
for instance those coming from the low-energy limit of string theory, also include other
type of fields and interactions, however this toy model suffices to show many of the
interesting physics that occurs in the AdS/CFT duality once subleading corrections
are taken into account, such as the renormalization of the boundary CFT data due to
the bulk loops. We begin this study by constructing the renormalized on-shell 1PI
effective action for the A®* theory in Section 6.1, to then in Section 6.2 solve the
resulting exact equation of motion perturbatively in the coupling A. In Section 6.3 we
analyze the first effects of loop corrections to order A, to then in Section 6.4 embrace all
the loop corrections appearing in the bulk theory to order A%. Holographic
renormalization at loop order is carried out for arbitrary values of the bulk mass and

dimension, and we end this chapter by studying a concrete case in Section 6.5.

Parts of this chapter have been previously published in [15], and parts to appear in
[23].

6.1 Renormalized 1PI effective action

Consider a scalar ®* theory with Dirichlet boundary conditions on AdS, described by
the gravitational path integral

ZAdS[qu(O)] e (DN(PE)(S e_SAdS[(I)} , (61)
AB

1 2
Saas[®] = /ddﬂx\/g <2ayq>af‘q> + %@2 + 4'c1>4> . 6.2)
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Our goal is to arrive at the renormalized 1PI effective action for this theory as defined
in (4.36). But before working out this object directly, with the intention to illustrate the
methodology involved we will first compute its bare value. Once these steps are
understood, we will go back and repeat this process introducing the different
regulators and counterterms, to finally obtain its renormalized version. As discussed
in Section 4.3, in the background field method the effective action is derived from the
decomposition ® = ¢[@pg)] + 1, integrating out & and restricting to 1PI terms in ¢.

For the case of (6.1), this decomposition results in
Zads|@500) /Dh e Saasl¢th] — p—Saas[e] /Dh o~ Saaslhl = A [ (34717 +591°) ,  (6.3)

where Sags[¢] is the original action evaluated at ® — ¢ (and similarly for /), and
where for brevity we called [ = [ ddﬂx\/g. In the last equality, terms linear in &
have been omitted as they lead to tadpoles and non-1PI contributions for ¢. The
resulting path integral in /1 can be evaluated perturbatively in the bare coupling Ag, in

terms of the bulk n-point functions

th h(xq)-- -h(xn)e—SAds[h]

Gn(x1,...,xn) = T Di Srasll] (6.4)
By expanding the last exponential in (6.3), one finds for instance to order A%
2o PO _ sl (1- 2y | [1¢2<x>cz<x,x> + 900Ga(x, )]
Zaas[0] 4 6
2 [ [ [ P06k ) + 150000 Cst30.0,0)
PG v x| +00D) . 69)

These bulk n-point functions G,, are simply those of a h* theory, and thus computable
using standard perturbative QFT manipulations: define the path integral Z; of the
theory Sags[h], add a source Jj, coupled to the field /1, write interaction terms in & as
derivatives of J;, and move them outside the path integral, and perform the remaining
Gaussian integral in terms of the inverse of the differential operator —[] + m3,

corresponding to the bare bulk-to-bulk propagator Ga,(x, y)
Zh []h] _ /Dh e—SAdS[hH-fx I’l];, — Nef);l? j (%[ JSL) e% fx fy ]h(x)GAB (x,y)]h(y) , (66)

where N is an unimportant constant. The quantities G, are then computed from the

expression above by normalizing, functionally differentiating with respect to J,, and
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setting the sources to 0

1 0 1 5 Zyllh
Gu(xy,...,x,) = e , 6.7
) = ) VR S Zi | 7
obtaining to the relevant order in Ap
A
Galx,) = Gy (1.3) = 5 [ G, (2 )Gy (0,9) + O0D), 68)
Ga(x,%,4,y) = Gay(x,%)Ga, (v, y) +2 G, (x,y) + O(Ap), (6.9)

Go(%,%,%,v,Y,y) = 9 G, (x,%)Ga, (x,¥)Ga, (v, y) + 6 G3, (x,y) + O(Ap),  (6.10)

with the odd-point functions G,+1 = 0, as expected for a Z,-invariant theory.
Replacing these in the expression above, to order A% the resulting expansion may be
resummed back into an exponential, which restricted to 1PI terms allows for the
identification of the bare effective action as defined in (4.34)

I"AdS[QDB(O)] = Saas(¢ /(,b x)Ga,(x, x) 3 //‘P GAB(X y)Ga, (v, )
)L2
B lzs/x/y"’(x)‘f’( )GR, (v, y) = 16 //4’ (v)Gi,(x,y) + O(A}), (6.11)

with ¢ = ¢[@p()]. Tree-level correlators come from Saqs, while the rest of terms in
I'Ags constitute the loop corrections computed perturbatively in Ag. Now, this bare
object is clearly ill-defined, not only due to the usual IR divergences at tree-level
present in Spgs, but also at loop-level due to the IR divergences of the integrals and the
UV divergences coming from the short-distance singularities of the bulk propagator.
The effective action needs to be renormalized, and we will follow the recipe of
Chapter 4: divergences are regularized by restricting the radial coordinate to z > ¢ and
replacing the propagator by its regularized version G s, and these divergences are
renormalized by adding a boundary counterterm B at z = ¢ and Z-factors for the bulk

parameters. To order A2, the required Z-factors to absorb all bulk divergences are
P50) = Zo@(0), My = Zwm® =m* +5m*>, Ap=ZyA=A+05A, (6.12)

of orders Z, = 14+ O(A), dm* = O(A) and 6A = O(A?). Surprisingly, no wavefunction
renormalization is required to absorb the divergences to this order. This is very
different from the case of ®* theory in flat space, where this counterterm is needed to
absorb one of the UV divergences in the sunset diagram proportional to p? [93]. In our
case, the sunset diagram turns out to be proportional to the mass-shift diagram thanks
to the property (5.65) of the Witten diagrams (later on used to compute the sunset in

(6.51)), being able to renormalize all its UV divergences with dm?.

The computation of the renormalized effective action 'Y follows from the same
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starting point (6.1) as the bare case, but now in the presence of these regulators and
counterterms, and the perturbative problem set in terms of the finite coupling A rather
than its bare value Ap. As before, decomposing ® = ¢ + h, ignoring terms linear in &,
and evaluating the resulting path integral in /i perturbatively in A in terms of the bulk

n-point functions (6.4), one finds

7Sub [(P ] - B 1 1
% — o~ Saas[¢]—B[¢] (1 —(A+ M)/x [4¢2(X)G2(x,x) + 64)(x)G3(x, x,x)}

A? 1 2(1\G 1, G
2 x/y[mfl’ ()97 (1) Galx, %, y) + 15> () (y) G (x, %, 1,1, )

P OGax v x| +00), 613)

where now bulk integrals correspond to the regularized volume element
[ = [s. d“™x, /g, and where the bulk n-point functions G, are computed from

Zh[]h] — Nei%f (%%)2 AXIM (%%) ezf f]h )Gra(xy)n(y) (6.14)

7

obtaining to the relevant order in A

A
Ga(x,x) = Gealx, x) — / G%,A(x,y) {(sz + EGT,A(y,y) +0(A%), (6.15)
y

Ga(%,%,Y,y) = Gea(x,X)Gra(y,y) +2G3 5(x,y) + O(A), (6.16)
Go(X,%,%,9,1,Y) = 9Gra(x,%)Gra (X, ¥)Gra(y,y) +6 G A(x,y) + O(A),  (6.17)

with odd-point functions vanishing. Calling the regularized number

Gra(x,x) = Gra(1), replacing these values in the expression above, to order A? the
resulting expansion may be resummed back into an exponential, which restricted to
1PI terms allows for the identification of the subtracted effective action. Then the

renormalized effective action is simply obtained under the limit of vanishing

regulators
A+0OA
Ren __ 1: : 2
I = lim lim Saas[¢] + BIg] + == Gra(D) [ ¢2(x) (6.18)
A
—4[5m+ =Gea(l ]//(p )GEA(x,y)
A2
1 x/ny(x)cp(y) a2 y) = 16//¢ )Gealxy),
with ¢ = $[Zy¢(0)]- This result followed from repeating the same steps as the

derivation of the bare effective action, but with the introduction of regulators and
counterterms right from the beginning to have a well-defined starting point. Similarly,
we could have used the result for the bare effective action (6.11) as our starting point,
and introduce at this stage the same regulators and counterterms to try constructing
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directly its renormalized version. By doing so, upon use of the results in Section 5.2 to
write the A-expansion of the bare propagator as

Gay(x,y) = Ga(x,y) — om? /w Ga(x,w)Ga(w,y) + O(A?), (6.19)

one can check this alternative derivation exactly reproduces the same expression for
the renormalized effective action.

In the decomposition ® = ¢ + h, the ¢ only appear as external lines with internal
loops run by the fluctuations / and thus responsible of the UV divergences. In the
computation of I'a4s these internal lines of /1 are represented by the bulk n-point
functions G, which are computed from the path integral Z;, of the theory Sags[h].
Once Z;, has been expressed in terms of the bulk propagator G,, the UV regularization
scheme has been implemented as discussed at the beginning of Subsection 4.1.1 with
the prescription Gp — Gz a, leading to regularized internal lines G, constructed from
Gr a but unregularized external lines of ¢ constructed from Kj. As discussed in 5.1,
since external K do not contribute with UV divergences in the bulk, this scheme
suffices to regularize the UV of all loop integrals on AdS. Similarly, we could have
chosen a more symmetric picture and implement the regularization scheme discussed
at the end of 4.1.1, replacing the bare kinetic term of Sa45[®] with the regularized term
(4.26) that has the regularized propagator G 4 as its inverse. In this scheme, one
obtains the same expression for Fif% as (6.18) but with the kinetic term in Saqs|¢]
replaced by the regularized one, leading also to the regularization of external lines
now constructed by some K. 5. Note however this scheme only differs by subleading,
scheme-dependent terms of 7, and the previous scheme can be directly recovered by
simply evaluating the regularized kinetic term for ¢ at T = 0.

6.2 Exact solution

The variation of the renormalized effective action (6.18) consists only in a boundary

term
STRE. — lim lim 6B[g] — / dx J390p|_, (6.20)

e—=071—0

as the bulk term vanishes given the on-shell equation for the field ¢

(—0+m?)p(x) =

A+0OA A

GealD)] 9(x) + 5 |90+ 3G0aD)] 9(6) [ GEalx) (621

— [&nz +

2 2
+A6/y¢(y)G3,A(x,y) - Aj;(mqfﬁ(X) + );¢(x)/y(;b2(y)G%A(x,y) + O,
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This is a non-linear integral equation for the field. It may be solved perturbatively in
the coupling A by expanding the field and the counterterms in this parameter

¢ = ¢ + App1y + APy + O(A%), (6.22)
om* = )\(Sm%l} + /\Z(Sm%Z} +0O(A%), (6.23)
SA = A*6A g, + O(A%), (6.24)

where the subscript {n} denotes the nth-order component in the A-expansion.
Replacing these expansions back in the equation of motion, since the equation must
hold at each order in A this leads to a set of equations for each ¢y,,, in terms of the

previous n — 1 components

O(A%) : (=O+ m?)Pgy(x) =0, (6.25)
O (~O+m?)ppy(x) = — [m%l} + ;GTMU] 1oy (x) — ésb?o}(x), (6.26)

SA 1 1
— [omty + 2604|910y (1) +  [90h + 36240 4101 [ G2l

1 1 oA
+ 5./ 20 @G0y 391 D90 (0) ~ =0y ()

1
+44){0}(9()/y(,l)%o}(y)Gf,A(x,y).

The solution to (6.25) with Dirichlet boundary condition ¢ ~ @) = Zy¢(0), that is
also regular in the bulk interior is given by

Proy(x) = /ddy Ka(x,7)Zo90) () , (6.28)

with Ku (x, i) the bulk-to-boundary propagator. Replacing this in (6.26), the
component ¢y, is found inverting the operator —L1 + m? using the bulk-to-bulk
propagator Ga(x,y). This process is then repeated to find ¢, and all higher-order
components. In this way, the exact solution to (6.21) is constructed iteratively in A
starting from the leading component ¢¢y. The resulting expression for ¢(x) is long as
it explicitly contains, to a given order in the bulk loop expansion, all connected
contributions to every holographic n-point function of the dual theory. Once the
expression for the field has been obtained, it is then convenient to write it in powers of

the source ¢q)

P(x) = ¢y (x) + Py (x) + -+, Py (x) = Olp)) , (6.29)

with the data of each (1 + 1)-point function contained in the term ¢, (not to be
confused with ¢y,,1). To order A? in bulk loops and to order (p?o) in the source (relevant
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up to the 4-point function) we find

Py (x) = /yKux,y)z(pqo(m@*) (630)

| [ 6t [ A<x’,y>z¢go<o><m]
Q[Aém{l}+ =Gra(l }/GAxx [/ NEHV4 ]/G
+ [ Gate) [ Gt [ [ KA<x",y*>z¢go<o>@>]

+ [romy + 3eea] [ st [ st [ [ Kelw' om0 @)

LAy

2 2 2

and
¢[31(X)=—M%/,G (x, %' UKAX V) Ze90) r (6.31)
22 [ G [ [ Kal 20010 @) [, G2 [ [ Kal 020000

A A @)
+2[A5m%1}+2GrA }/GAxx [/KAxy o) y]

X /// Ga(x', x") {[KA(X/’/?)Z¢¢(O)(9)]
x Y
R 3
+% [A&m{1}+ “Gea(l }/ Ga(x, X' / Ga(x',x") [/yKA(x"/?)ZW(O)(?)] ,

where we called fy =/ dy. Diagrammatically, the Witten diagrams contributing to
every correlator can be read directly from the expressions for ¢y, (x) by representing
the propagators K and G as lines on AdS, and with the bulk point x extended all the
way to the boundary. By doing so, the terms contained in ¢};; and ¢3) are seen to
correspond precisely to all connected contributions, including those coming from the
counterterms ém? and 6, to the 2-point function (Fig. 6.1) and the 4-point function
(Fig. 6.2) of a scalar quartic theory to order A2. Holographic renormalization through
the counterterms B in (6.20) and Z,, dm?, 6\ in ¢(x) requires the identification of the
different divergent pieces, and those coming from the loop integrals will be
determined using the results of Chapter 5.

O OO O

FIGURE 6.1: Witten diagrams contained in ¢;) contributing to the 2-point function.
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FIGURE 6.2: Witten diagrams contained in ¢3) contributing to the 4-point function.

6.3 Holographic renormalization at order A

6.3.1 Bulk renormalization

Before dealing with all the loops to order A2, for simplicity first we will deal with
those at order A. To this order, the value of the field computed in (6.29) differs from the

tree-level case only from the terms linear in the source
() = [ Kax8)Zp0 )
[Aém{l}+ =Gra(l ]/GA x, x' [/KA X', ) Zoo( )(g‘) , (6.32)

with @3 being already of order A, the same as tree-level. All UV divergences come
from the regularized propagator at coincident points G (1), which are renormalized
through the component (5171%1} of the mass counterterm. Indeed, decomposing the
propagator in its divergent and convergent parts

Gra(1l) = Div [Gra(1)] +Con [Ga(1)], (6.33)

fixes 5171%1} to the value

1
oy = —5Div [Gea (V)] + Fut, (6.34)

where F,, 1 is an arbitrary constant that captures the scheme dependence of such
subtraction, which in turn is fixed by renormalization conditions. With UV
divergences renormalized, one may safely take the limit of vanishing regulator T,

allowing us to write ¢yy) as

o0(3) = [ Kol D) Zp0i0)@) =11 [ Galo) | [ Kal, D Zepo @] . 639
where we defined the finite mass correction coefficient

IT=1lim A <1
T—0

5Con [Gra(1)] + Fm,l) : (6.36)

The remaining IR divergences in the field come from the | GK integral in the second
term of ¢p;). This integral was studied in Subsection 5.3.2, with its value derived in
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(5.46). Using this, the resulting expressions can be resummed to order A thanks to the

series expansion

EZ;xzx =1+xIn [zew(”)_”’(b)} + x22 (ln2 {zelp(”)_‘/’(b)} +¢'(a) — 1,(/(19)) +0(x*),
(6.37)

where (a), is the Pochhammer symbol and ¢(a) the digamma function, leading to

o) = [ Kool ) (2e7%)7 " Zy00/@), 639

where we defined the renormalized mass and renormalized conformal dimension

=411, Ag=" d—2+m —A+E+O(A2) (6.39)

R= ©TRT 4 2v ‘ ‘
Thus, IR divergences in ¢(x) are renormalized through the source counterterm Z,,
fixing its value to

Zy=Fpet ™, (6.40)

with the scheme-dependence captured by the arbitrary factor F, = 14 O(A). The
freedom of changing the source by a constant factor is already present at tree-level,
allowing us to fix the normalization of the 2-point function. We will use this freedom

to define a renormalized source

o _1\Ar—A B
Pr(0)(X) = Fp (6 2”) P0)(%), (6.41)

allowing us to write the renormalized expression for ¢/;) as

¢py(x) = /yKAR (x, )R (0) () - (6.42)

One can check the renormalized source ¢z ), or equivalently ¢ g (as they only differ
by finite numeric factors), transforms as the source of an operator with dimension Ay,
thanks to Z, carrying the precise factors of &: under a bulk rescaling x* — Ax#,

¢ — Ag, using that the bare source ¢p(o) = Zy¢ o) has conformal weight d — A

P0)(AX) = Z, ' (Ae) @0 (AX) = AAR*AZ;l(E)/\f(de) ®p(0) (¥)
= A" TAR) g (%), (6.43)

which is the correct transformation.

With the bulk field completely renormalized to order A, one may write it then to this

order as

3

/KAR X, ) r0) () — */ Ga(x, x' [ﬁ A D)o@ - (6.44)
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From this point on, we can continue the analysis in complete analogy with the
classical case: for generic values of vg = Ag — d/2 the field has a near-boundary

expansion of the form

p(x) = 27 Rppo) () + - + 2Py (B) + -+, (6.45)
with the normalizable mode ¢,,,) as a functional of the source

(@) c o A o 3
P (205) (%) /|x AyRPAR =) (Y) ~ 15, KA x', ¥ UKA X' y)qo(o)(y)} . (6.46)

Since this is the same asymptotics as tree-level but for a shifted value of the bulk mass,
the IR divergences coming from the boundary term (6.20) are renormalized with the
same structure of boundary counterterms as (2.18) but with A — Ag

(d—A
Blg) = | d'xyy [ R) g2 (x) + 1 2 ea(v)9 24>(x>] , (647)
and with ¢ the renormalized bulk field to loop order A, leading to the finite variation

TR (pri0)] = = [ d'x 2R (00 (F)o0R(0) () (6.49)

6.3.2 Renormalized correlators

Differentiating with respect to the renormalized sources ¢ o) and setting them to 0
results in the quantum corrected holographic 2- and 4-point functions to order A

. . 2vuRCp
< AR(yl) AR(y2)> ’]/1 —]/2’2AR ( )
(Oag (1) Ong (2) Ong (73) Ony, (7)) = —AcaDaaan - (6.50)

To this loop order, the effect of the bulk quantum corrections are seen to renormalize
the dimension of the boundary source and operator from A to Agz. Note however, this
renormalization is not reflected by the expression of the 4-point function. This is
expected, since this term being already of order A does not see the effect of loops until
A2. As we will see next, this is precisely what happens to the correlator when one
starts considering the contributions from the next loop order.
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6.4 Holographic renormalization at order A?

6.4.1 Bulk renormalization

Having studied the effects of loops to lowest order in A in Section 6.3, we will move to
the next order in the loop expansion with the full solution for the bulk field derived in
(6.29), expressed in terms of the quantities ¢(;) and ¢z in (6.30) and (6.31),
respectively. We will being the analysis by simplifying the expression for ¢;] noting
that the integrals at the bulk point x” of the terms represented by the eight and sunset
diagrams (3rd and 4th lines of (6.30)), being IR convergent for the Dirichlet case

A > d/2, can be computed in terms of the coefficients y and 7 introduced in
Subsections 5.4.2 and 5.4.3

/x G, = (), /x G, K (K §) = 1A (DKA(K, ), (651)

properties that were proved for these bulk loop integrals exploiting only the AdS
covariance of the measure and the propagators. In terms of these coefficients and the
component 5711%1} of the mass counterterm fixed from the UV renormalization at order
A in (6.34), making a similar decomposition in divergent and convergent parts as in
(6.33) the remaining UV divergences in the 2-point function of order A? are
renormalized by the component 5m%2}, fixing it to the value

1. 1_. 1
5m%2} =— EDIV [5A{2}GT,A(1)] + EDW {(ZCon [Gea(1)] + Fm,1> ‘udA’Z(T)}

1.
+ 6D1V [172’/‘1(1’ )} + Fup, (6.52)

with F;, » the arbitrary constant that captures the scheme dependence of the
subtraction to this order. With UV divergences in ¢};) renormalized, one may safely
take in this quantity the limit of vanishing regulator 7, allowing us to write it to order
A% as

o0)(3) = [ K 9)Zpi0@ =11 [ Gali ) | [ Ka(w'9)Zo000/9)
12 [ Galx, ) [ Gal¥, ) | [ Kald' 2000 @] (659
x/ x// y‘
where we defined the finite mass correction coefficient

1
II=ImA <2C01’1 [GT,A(l)] + Fm,1>

7—0

+A? (;Con [6A(2Gra(1)] — %Con [(;Con [Gra(1)] + Pm,1> yi’z(r)}

1
—gCon [qi’i(’c)} + Fm,2> . (6.54)
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IR divergences in ¢;; come from the bulk integrals of the last 2 terms, which from the
study at order A are expected to be renormalized by the source counterterm Z,. These
integrals can be evaluated using the results of Sections 5.2 and 5.3.2, and the resulting
expressions can be resummed to order A? thanks to the series expansion (6.37), leading

to
o (x) = [ Ko () (e ) Ze00/@), (6.55)

where we defined the renormalized mass and renormalized conformal dimension

mer =m>+11, Agp

g R = =A+———+0N). (6.56)

g d? 2 Im 112
2 v 83

Note that this resummed expression has the same form as the one obtained at order A
in (6.38), where now m%, or equivalently Ag, has been explicitly computed to order
A2. Thus, IR divergences are renormalized with the same form (6.40) for the source
counterterm Z, as before, leading to the same definition for the renormalized source
¢R(0) as (6.41), and consequently to its correct transformation rule as a source now to
order A2, as ensured from the analysis in (6.43). One then obtains the renormalized

expression

¢py(x) = /?KAR(% Peoro () - (6.57)

Moving now to ¢3), the UV divergences coming from Gra(1) of the integrals
represented by the tadpole diagrams (last 2 terms of (6.31)) are renormalized with the
mass counterterm fixed from the analysis of the 2-point function. Then writing the
remaining UV finite factors in terms of IT, computing the [ GK and | GG integrals
allows for a resummation to order A? of the tadpole diagrams and the contact
diagram, with the IR divergences renormalized by the source counterterm fixed

previously. In terms of Ag and ¢ /), this resummation reads

A B RE
~ 5 [ Gate ) [ [ Ka¥, 920000

A
+Z [Aé’m{l} +2Goa(1 } / Ga(x, x’ [/ Ka(x', 7)Zyg( >(y)]

< [ 6 | [ Kalo5)Zogi0 9]
x 7
/\ 3
1z [Aém 2+ GTA } / Ga(x, ¥’ / G, x") [ / Ka(x",7)Zo9(0) (g’)}
Y
A 3

= =% [ o) | [ Kael, Domo )] +0(0). 659)
This is the renormalization of A in the 4-point function as a A? effect, not seen by the
previous analysis at order A. At this order, one also has the contribution to ¢3 coming

from the double exchange/bubble diagram (2nd line of (6.31)), which being IR
convergent can be computed in terms of the coefficient x introduced in Subsection
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5.4.4
//, G2 (¥, X" Ka (X", 73)Ka (", a) = Xi'aa (X 73, a; OKa (¥, §3)Ka (¥, a) , (6.59)
X

which is represented as the infinite series
XX (X, 373,54 T) Z 7)In X] X¢, (6.60)

with X = K(x',73)K(x', 74)|734]%, and K(x', ;) = 2’/ [z"* + (%' — ¥;)?]. UV divergences
of x come from the coefficient ¢;(7), which in the limit T — 0 converges for d < 3 + 2i:
co(T) converges for d < 3, ¢1(T) converges for d < 5, and so on. For instance, for d < 5
with divergences coming only from ¢o(7), these being of order A% and proportional to
the contact diagram are renormalized through the component 6A(,, of the coupling

counterterm, fixing it to the value
3.
(5/\{2} = EDIV [Co(T)] +Fy» (d < 5) , (6.61)
where F) 5 is the scheme dependent constant. With UV divergences in ¢j3

renormalized, one can safely evaluate the limit T — 0. The bulk field completely

renormalized to order A2 may then be written as

0= [[KonwDomo @ 5 [ Gould) [ [ Kosl@Bono @] 662

B /\2?,2 /x, Ga(x, ¥ [/yKA(x’ Ve }
+A42/ Ga(x, %) UgKA(x’,y } Vy (<, 73)¢ (yg)} [ . KA(x’,%)qo(o)@)]

(Con [ci] + diIn [K(x', 73 K(x', ) [§734]?] ) [K(x', §2)K (¥, §) 7] -

.Mg

0

The proper renormalization of the bulk field allows for the correct identification of its
near-boundary expansion, taking the form of (6.45) where now A has been
computed to order A? in bulk perturbation theory. As such, the remaining boundary
divergences of the effective action which can be seen from the variation (6.20) are
renormalized with the same structure of boundary counterterms as (6.47),
corresponding to the standard counterterms of a scalar theory with Dirichlet
boundary conditions under the replacement A — Ag, and with ¢ the renormalized

bulk field to loop order A?, leading to a finite variation in the form of (6.48).
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6.4.2 Renormalized correlators

Differentiation with respect to the renormalized sources ¢r o) leads to the 2-point
function 2
= - VRCA
(Opg (1) Opg (i2)) = m' (6.63)
For the case of the 4-point function, it can be expressed as a sum of contact terms
represented by the D-functions defined in (2.37), upon writing

In [K(x, 3)K(x, 7a) | 734l*] = 0a [K(x, 75)K(x, ) |Faal*]"

) (6.64)
0

K=

leading to the expression

(Ong (1) Ong (72) Ony, (73) Ong (7)) = —Ach, D an.anae — A Frz2cADaaan
2

A > Y Y
+ fci ) {COH [ci] Daaasiasiliaal® + did (DA,A,A+i+a,A+i+a|y34|21+2“>

L } X3,

a=0
(6.65)

where the factor x3 at the end denotes the 3 permutations (12,34), (13,24) and (14,23)
of the double exchange diagram (s-, t- and u-channels). To this loop order, the effect of
the bulk quantum corrections are seen to renormalize the conformal dimension of the
boundary source and operator from A to Ag, computed to order A? in the bulk
coupling. This renormalization is now also reflected by the 4-point function through
the resummation of the contact diagram, which being already of order A only sees A
renormalized to order A. The scheme-dependence F, » and the double exchange being
of order A% do not see the renormalization of A, however the latter renormalizes
instead the OPE coefficients by introducing a new dependence on the external points
through a function of the cross-ratios. One way to see this is by conveniently writing
the D-functions appearing in (6.65) as

d A
_ w2 (uv)s .
Danaatpaspliaal® = s(u,v), (6.66)
153y i 21—' A 2 2 A
(&) 15)*

where we defined a normalized version of the function H

r(2a—4+p)
(A + B)?

A

Hg(u,v) =

H(A,A1—B,20;u,0). (6.67)

This is obtained by evaluating in (2.38) Ay = Ay = A, A3 = Ay = A+ B, and
rearranging. Performing the O(A®) manipulation of replacing every A in (6.65) by Ag
and using the representation above for the D-functions, allows us to express the
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resummed 4-point function in the expected CFT form

(Oag (711)Ong (72) Ong (#3) Ong (7a)) = , (6.68)

with the function of cross-ratios F(u,v) determined to order A? in bulk loops

7'[% Ci
F(u,v) = S TALE R

oy (o) < — (A +A2Fy2) Hy

;i[ConczH+da (Fiva) o] ><3>, (6.69)

where Hy(u, ) is the tree-level structure of cross-ratios.

The fact that the UV divergences of the 4-point function depend on the coefficients
ci(7), and the divergence of these in turn depend in the number of spacetime
dimensions, highly constrain the renormalizability of the bulk theory and hence in the
construction of a possible dual theory. A priori, it seems that only the divergences of
co(T) can be absorbed in the coupling counterterm dA, being able to renormalize the
theory only up to d + 1 = 5 bulk dimensions. However, the D-functions satisfy many
nice identities among which is found [45]

. o . 4N — d
Daantiastlizal> + Daariaait|ioal® + Daariasialfosl® = (2A>DA,A,A,A ,

(6.70)
allowing us to also write the contributions from c; (T) proportional to the contact term
and therefore absorb its divergences through JA, extending the renormalizability of
the theory up to d + 1 = 7 bulk dimensions, upon fixing

(4A —d)

3
Ay = 5Div[eo(T)] + =7

Div [Cl (T)] + F)\,Z (d < 7) . (6.71)

The contributions from the coefficients ¢, (7) and higher are no longer expressible only
in terms of D a,a and hence their divergences cannot be absorbed through /A,
rendering the theory for bulk dimensions greater than 7 non-renormalizable. This is
consistent with the computation of the double exchange/bubble diagram from the
conformal bootstrap equations, where for d > 7 it is found that additional

counterterms are required to renormalize its divergences [1].

The holographic renormalization of the theory to loop order has been carried out in a
very general way, thanks to the possibility of encoding all the contributions from bulk
loops in the abstract coefficients y, 77 and ;, the latter through c¢; and d;. We will end
this chapter by considering a concrete case of this procedure, discussing one of the
examples at the end of Chapter 5 where the values of these coefficients have been
explicitly computed.
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6.5 Example:d =3, A =2

Consider the example of a scalar A®* theory with a mass m? = —2 in a fixed AdSy
background, describing in the CFT3 at the boundary a relevant single trace operator of
leading dimension A = 2 in the 1/N? expansion (for a previous treatment of this case
at loop order, see [21, 22]). At order A? in bulk perturbation theory, the bulk loop data
is encoded in the value of the propagator at coincident points G (1) representing the
contribution from the tadpole diagram

1 1

Gr2(1) = 22 T T O(t), (6.72)
together with the value of the coefficients y3*(7), 172’; (1) and )(2 5 2,(X;7) (ci(t) and
d;(T)) representing the contributions from the eight, sunset and double exchange

diagrams, which have been computed in Subsection 5.5.1

Int 2In2-1
() =gt e O, 6.73)
3,3 . 1 311’1T 5 — 9 11'12
12 (7) = 1287T4T2 s T s O (6.74)
ci(T) = —8—2(lnT +1)6i0 + O(7), (6.75)
1

From these, one can read directly the renormalization of the UV divergences of the
bulk theory from the expressions for the mass and coupling counterterms derived in
(6.34), (6.52) and (6.61)

1
3IntT 1 1 InT 1
2 - —_—— _
3Int
SA = A2 ( 16n2 + FAQ) , (6.78)

leading, from (6.54) and (6.56), to the renormalized value of the bulk mass

1 15In2—-8 F,1(1—-2In2) F

2 2 m,1 A2

=-2+A F A : — == F

R + ( 242 T 1) + ( 2304 T 3 242t ’”’2> '
(6.79)

and consequently, to the renormalized conformal dimension of the boundary operator

_ 1 5 (5In2—4 Fm/1(11—6h’12) Fyp 2
AR—2+/\( S 2+Fm1>+)\ < 76878 + 9672 A2 —F, 1+Fm2
(6.80)
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In turn, renormalization of the IR divergences of the theory can be read from the
expressions for the source and boundary counterterms derived in (6.40) and (6.47),
which are written in terms of Ar. With the counterterms taking these values to make
the bulk theory finite, the resulting renormalized boundary correlators are given by
the 2-point function (6.63) and the 4-point function (6.68), precisely corresponding to
CFT correlation functions for an operator of dimension A, the latter in terms of the
function of cross-ratios (6.69)

n o

Fu9) = =5 rapyr ) [<A+A Frat qg ) Hot g0 (F) g 3]
(6.81)

Determining the running of the bulk couplings, and their effect on the boundary

correlators, requires a more deeper analysis of the renormalization group equations
for the bulk theory under the regularization schemes chosen. Nevertheless, since the
UV should be independent of the curvature of spacetime at large scales, for energy
scales much larger than the scale set by the AdS radius one expects to reproduce the
standard beta functions from flat space. For instance, the divergent part of (6.78)

suggests
372

Br= 5, (6.82)
167t

which is the expected 1-loop beta function for the quartic couplingind +1 = 4

dimensions.
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Chapter 7

Discussion

In this thesis, progress has been made in the context of holography and the AdS/CFT
correspondence. More concretely, the previous dictionary that related the quantities
on both sides of the correspondence at leading order in the UV /IR duality has been
extended to systematically incorporate all the subleading corrections. This has been
achieved in a way that mimics the prescription in the classical approximation, with the
role of the renormalized action played by the renormalized effective action. This
allowed us to identify the dual of the boundary operators to be not the fields
minimizing the classical theory but the full quantum theory in the bulk. The
near-boundary expansion of these fields also decomposes in non-normalizable and
normalizable modes identified with sources and VEVs in the dual theory, and these
may be written in terms of the renormalized bulk parameters computed
perturbatively in AdS loops around their classical values. This leads to the
renormalization of the usual infrared divergences present in holographic theories
through the standard set of boundary counterterms, but expressed in terms of the
renormalized bulk fields and couplings. The resulting renormalized holographic
correlators manifestly obey the expected conformal Ward identities with the CFT data
renormalized order by order in the bulk loop perturbation, providing further evidence

for holography and in particular for the AdS/CFT correspondence.

Our methods have been applied to the example of a scalar ®* theory, finding perfect
agreement with the expectations from the general methodology developed in Chapter
4. Interestingly, no wavefunction counterterm is required to renormalize the UV
divergences appearing in the holographic 2-point functions up to two loops, as
opposed to the case in flat space. This might be understood from the resemblance of
Witten diagrams as scattering amplitudes, which are invariant under field
redefinitions thanks to the equivalence theorem. In the case of AdS/CFT, since the
external legs are extended all the way to the boundary of the spacetime where the
bulk fields have a prescribed value due to the holographic boundary conditions, one is

computing the scattering of states which are well-defined asymptotically, analogous to
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the computation of scattering amplitudes. Since this computation is indifferent to such
counterterms, this may hint to the un-necessity of wavefunction renormalization
perhaps to all orders in the bulk loop expansion. It would be interesting to understand
this better and investigate its implications. Instead of wavefunction renormalization,
what is found to be required is source renormalization to absorb the IR divergences
that appear on AdS loops as the external legs are pushed to the boundary. This is
completely expected for bulk fields receiving mass renormalization, since the value of
the mass is directly identified with the conformal dimension of the dual operator,
sources must also renormalize in a specific way to account for the corrected
dimensions. Consistency here of AdS/CFT at loop order intimately links source
renormalization with mass renormalization in a non-trivial way, and this is indeed

found to be the case for the example studied.

In this work we have initiated a more rigorous study of the subleading corrections in
AdS/CFT with a special focus on scalar fields, however for gauge fields there are
additional subtleties (gauge choices, ghosts, etc) that we have not addressed. For
instance, already in the example of a scalar ®* theory the backreaction with the
background metric would involve the propagation of gravitons in the bulk, and these
would contribute to the energy-momentum tensor of the dual theory and to the
dimensions and OPE coefficients of the dual scalar operators through graviton
exchanges and loops. A more complete description of the bulk theory must account
for these and it would be interesting to spell out the details. Another interesting
direction is to look at bulk fields with different boundary conditions. In the example
of the scalar field, we focused exclusively on the case of Dirichlet boundary conditions
with leading dimensions A > d/2, however for A = d/2 or for scalars with Neumann
boundary conditions A < d/2, additional IR divergences appear at loop order in the
bulk, and a priori it is not clear how these are renormalized by the current set of
counterterms nor their implications for the boundary theory.
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Appendix A

Bulk-to-bulk Propagator

The objective of this appendix is to work out the properly normalized solution to the
deformed Green’s equation defining the regularized bulk-to-bulk propagator on AdS.
But before doing this, let us first remember how this is properly done for the

unregulated case.

A.1 Bare propagator

The equation for the bare propagator was given in (4.22)

(—O + 1) G(E(x, %)) = —=(x — &), (A1)

V8

with the explicit form of [z in (4.20). Its functional form can be determined away from
the coincident point x = x’. In this region, the delta at the RHS of the equation

vanishes and one is left to solve the ordinary differential equation
[52(1 — )32+ (1 —d—2§2)§a§—m2} G(¢) =0. (A2)

Modulo a factor of ¢ to some power, this is the hypergeometric differential equation in
the variable &2. To see this, rewrite the propagator as G(x) = X2 F(x) in the variable
X = ¢2. Then the function F(x) satisfies

{X(1—X)a§+[A—Z+1—<A+§>X} aX—A(Ajl)] F(x) =0. (A.3)

Compare this with the hypergeometric equation

z(1—z)y" +[c—(a+b+1)z]y —aby =0. (A.4)
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We make the identification

A A+1 d
a—E, b_T’ C—A—§+1, z=%x, y=F. (A5)
The equation has 2 independent solutions, however we still need to impose
appropriate boundary conditions. Demanding regularity of the propagator at the
interior of AdS, and a Dirichlet fall-off near the conformal boundary, picks in the
interval 0 < z < 1 the single solution y = >F; (4, b; ¢; z). In terms of the original

variable ¢, this then implies for the propagator

A SR S
G(¢)=C¢ 2F1(A—g+1 ,C>/ (A.6)
up to some normalization constant C. This remaining constant is determined by the
discontinuity introduced by the delta, which can be captured for instance integrating
the Green’s equation in a region that contains the coincident point x = x’. The integral
of the delta just becomes 1, and on the LHS of the equation one has to integrate

(=0 4+ m?)Ga(€). The computation of this integral however is subtle for the
following reason: away from the coincident point, the integrand for the solution
found is just 0, so the only region that contributes to the integral is the infinitesimal
one that encloses the point x = x’. In this region, the integral proportional to >
vanishes given the continuity of G(x, x), and one is left to integrate its Laplacian.
Now, since this is a total derivative one is tempted to use Stokes” theorem, however
the volume region being integrated contains the non-regular point x = x’, and one
first has to assert whether there is an extra contribution coming from this point. It
turns out, ignoring the singular point and assuming that the only contribution to the
integral comes from the boundary of the infinitesimal region, a naive use of Stokes’
theorem leads to the correct normalization constant. This is, however, unsatisfactory
as this unjustified assumption is only validated by prior knowledge of the constant.
As soon as we deform the equation, this assumption may no longer be valid and one
would be led to conclude an incorrect normalization.

The correct way to proceed is acknowledging the fact that one is dealing with a
distributional equation, and thus translating the problem to the language of
distribution theory. One only needs the very basic ingredients, so let us introduce
them briefly. By definition, a distribution d is a continuous linear functional on the set
of test functions f € CZ°, that is, functions that are bounded, have compact support,
and are infinitely differentiable in the whole domain. For our purposes, we will be
interested in the linear mapping (4, f) : C=° — R, and we will be thinking in the

distribution DG,/, subject to the distributional Green’s equation

1
DGy = ﬁax,, = -0+ m?, (A7)
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where J, is the Dirac delta distribution with support at x’. Derivatives of distributions
are defined by their action on the test functions f. Given the Hermicity of the
differential operator D, the action of DG, on f is defined by

(DGy, f) = (G, Df), (A.8)

where the boundary terms are discarded given the nice properties of f. For solutions
of the Green’s equation, the distribution on the LHS is equal to a delta, and one obtains

the test function evaluated at x’. Thus, explicitly the expression above becomes

Fx) = / d™1x, /g G(x,¥')Df (x). (A9)

Consistency with this formula for any well-behaved test function f is what properly
fixes the undetermined constant in G(x, x’). Let us then proceed to this calculation.
We would like to use Stokes’ theorem, but as we argued, the integrand contains the
singular point x = ¥/, or { = 1 in geodesic coordinates. Separate then the integral in 2
regions, one “ball” of chordal radius 1 — é < ¢ < 1 containing the singular point, and
the rest of the AdS volume 0 < ¢ <1—6

A d+1 ! d+1 !
f(x)—/1_5<§d /g G(x, X' )Df (x) + §<1_5d x /g G(x, X )Df(x). (A.10)

Focus on the first integral. Since by definition the test function f is bounded and
infinitely differentiable

< sup [Df(x)|
1-5<¢

., (A1)

dx /e G(x, X )Df(x / Ay /e G(x, x’

[, 4 evE Gl )Df () 4R G )
where sup; ;.. |Df(x)| < o denotes the maximum value the function [Df(x)| takes
in1— ¢ < ¢. Writing the integral in geodesic coordinates and performing the angular

integrals

/1 L 4TeVE GlxX)Df ()

< sup |Df(x)[Qq
1-6<¢

1
/ ez G(g)‘ . (A12)

The divergent factor of the propagator can be extracted from the hypergeometric after
an Euler’s transformation (see (B.12))

A Ad 4 A—dtl
G(é‘)zc(l_ngﬁ (AigH 2 ;§2> : (A.13)

Then to leading order in &

< sup |Df(x)|Qq[C]|
1-6<¢

d+1 / AT_d +1 A_gﬂ
d G(x,x)D F ;1019.
J & xVE Gl x)DF () Al 7,
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We see then that the contribution from the singular point is proportional to §, and it
vanishes as we take the limit § — 0. This explains why the naive computation of the
constant C described previously leads to the correct value. In this limit then the first
integral in (A.10) vanishes and one is left with

N o 1: d+1 /
f(x') = lim §<175d x/g G(x,x')Df(x). (A.15)

Now with the singular point removed, one can safely use Stokes” theorem. This is
done by noticing that, since DG(x, x’) = 0 in the region { < 1 — 4, the integrand
corresponds to a total derivative

G(x,x")Df(x) =V, [f(x)VFG(x,x") — G(x,x") V¥ f(x)] , x#x'. (A.16)

The contribution from the boundary ¢ = 0 at infinity of AdS is zero given the compact
support of f. Thus, Stokes” theorem only picks up the contribution from the boundary
ati=1-9¢

f(x") = (lsig(l) -y A%/ ny [f(x)VFG(x, %) — G(x, x')VFf(x)] . (A17)

In geodesic coordinates this expression becomes

d+1

f(x') = lim /de ¢ (1= 8" [f(0)9:G(S) — G(£)aef ()] ‘@‘:1—5' (A.18)

Without loss of generality, from the set of test functions we can choose bump functions
that are constant inside the ball ¢’ < &, for some ¢’ < 1 — §, which smoothly transition
to 0 away from this region. Under this choice, the second term above vanishes. For the

first term, a direct computation for the derivative of the propagator yields

@ —ca T p 0 ST A19
¢ ((?)— m 1 A—%—kl ,C 7 (- )

leading to

A—d A—d+1
) = li /dQ ¥)CAEA 2 2. @ . A.20
f(x) lim a f(x)CAG (A—SH g \521_5 (A.20)

All these terms are regular at { = 1, thus the limit § — 0 can be evaluated directly

A—d A—d+1
F(x') = Quf (x')CAF, <A—§+1 2 ;1> . (A21)
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This fixes the normalization constant C to the value

! e )
C=———1»F ;1 . A22
QdAZ 1 A—%—f—l ( )

A more familiar expression can be obtained using

&+l — - A _d d+1
O R Mt R

resulting in

(A.24)

A.2 Regularized propagator

In the previous section we reviewed the derivation of the bare bulk-to-bulk
propagator. Now we want to repeat this calculation for the regularized propagator. It
is the solution of the deformed Green’s equation constructed in (4.25)

DyGe(E(x, 1)) = \}gé(x ~¥), De=c(t) g;g(—mgr + ). (A.25)

As discussed in the bare case, the functional form of the propagator is determined
away from the coincident point. Repeating this calculation for G.(¢), the equation to
solve is exactly the same as before, but with every ¢ replaced by ¢.. Then after

imposing the same boundary conditions, the solution found is:

A A+1
G(8) = 22 2R ( 2 2 ;§%> , (A.26)
-2

A +1

for some normalization constant C.. As we argued, the proper way to determine it is
in the language of distributions. The regularized Green’s equation in the sense of
distributions is

1
DGy = —0x, (A.27)

V8

where, since by construction the operator D is self-adjoint, its action on the set of test
functions is defined as

<DTGT,x’/f> = <Gr,x’/ Drf> . (A.28)

For solutions of the Green’s equation, explicitly the formula above is

F&) = [dx 8 Ge(@)Def (). (4.29)
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In the undeformed case, the bare propagator is non-regular at { = 1 and one has to
treat the contribution coming from this point carefully. In the current case however,
the propagator has been regularized at coincident points (as long as 7 is non-zero) and
thus this point is no longer singular. This would seem to suggest there are no longer
issues at § = 1 in the expression being integrated and we can safely use Stokes’
theorem. This is of course not true, and it can be seen from the fact that the deformed
Green’s equation is still equal to a Dirac delta, divergent at x = x’. The previous
divergence of the bare propagator has been moved to the factor of 1/, /gz in the
expression for the regularized operator D-. In fact, it is precisely this factor what saves
the day and leads to a non-vanishing constant C;. Thus, in the current case one still
has to be careful with this point. As before then, separate the integral in a chordal ball

containing this point, and the rest of the AdS volume

)= [ d B G@Df () + [ dT i GODeS () (A30)

E<1-6

Focusing on the first integral, writing it in geodesic coordinates

1
/15<g d*"hxy/g Ge(@)Def (x /de/ d¢./8z G<(¢)Df (x). (A.31)
Since the propagator G-(&) has been regularized, it is bounded inside the ball

1 — 4 < ¢. Moreover, since f € CZ° and ,/gz D ~ 1, then ,/gz D f (x) is also bounded
in this region. Then, to linear order in §

< sup | /82 Ge (&) Do f (x)]| Q46 (A.32)

[, 41 eV GO ()

As in the bare case, the contribution from the coincident point is proportional to J, and
it vanishes as we take § — 0. In this limit then

) =1i a D:f(x). A.
fle) =tim [ d"r /g Ge(@)Def(v) (4.3
Since D:G+(¢) = 0in the region ¢ < 1 — J, the integrand corresponds to a total

derivative

G(§)Dg f(x) = iﬁ%a@ (Ve 63(1—23) [f(x)9¢, G (&) — Ge(8)0e, f(%)]) ,  x #x'.
(A.34)

Then after using Stokes’ theorem and ignoring the contributions at § = 0 given the
compact support of f, the boundary term at ¢ = 1 — ¢ in geodesic coordinates is

F() = lim e(7) [ dO4 /&E 861~ &) [£()2,Ge(?) ~ Ge(©)z, f(x)] |

50 g=1-0

(A.35)
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For the same class of test functions used in the previous section, the second term
vanishes. The first term is completely regular at { = 1 and the limit can be evaluated
directly. In terms of the derivative (A.19), the resulting expression is

f) = c(T)Quf (x")CrA F (A b4 bt 1) ) (A.36)

(coshT)A=d=1 "1\ A _ 441 " cosh? T

fixing the constant C to the value

-1

A—-d—1 A—d A—d+1

CT:%ZH 2 2 . 12 . (A.37)
c(T)A A-5+1 cosh” T

Note that for T = 0, Cy = C, and one recovers the undeformed normalization constant.
By conveniently choosing ¢(7), one can fix C; = C for all values of . Under this
choice, the regularized propagator is just the bare propagator in the new variable ¢:
G:(¢) = G(&r). This is achieved by picking

A—d—1 axd A_SH 7 A_Tdﬂ !
c(t) = (coshT)* %", F ;1) /2F 7
(1) =( ) 251 A—%+l 2H A—%-f-l cosh? T

(A.38)
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Appendix B

Useful formulae

B.1 Modified Bessel functions

The modified Bessel functions I, (z) and K, (z) are the independent solutions to the
second-order ODE
2202 + 20, — (22 +v%)] f(z) = 0. (B.1)

The modified Bessel function of the first kind I, (z) has a series expansion of the form

w0 = o (3) Saram (3 ®2

while the modified Bessel function of the second kind K, (z) has a series expansion for
v#Z

00 -1 B 07526 e () 09

k=0 k=0

For v = n € Ny, the series expansion of K,(z) is given instead by

Ky (z) = % (Z>nni:1 (_1)k(” —k—1)! (E)zk (B.4)

2) = k! 2

S B ()7 [ s

where for n = 0 the first term is discarded. From these, one can read the asymptotic

series of the functions for small argument z < 1

I(z) = 1) (%)V [1+0(z2)], (B.5)

Ky(z) = 2) (3) n+oE)+ ) (E)V [1+0(2)], (B.6)
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where in the latter, a In(z) term appears at order z" for v = n. In turn, the asymptotic

series of the functions for large argument z > 1 correspond to
o1, 1 _ [ 1
I,(z) = \/ﬁe [1 + 0O (Z>] , Ky(z2)= 226 [1 + 0 (z)} . (B.7)

B.2 Hypergeometric series

Hypergeometric functions are represented by the series
ai, ..., a ® (ay)g - (ap)y 2F
o F; < 1 7 z) =Y —Pf (B.8)

with (a)y =T'(a+k)/T(a) the Pochhammer symbol. When one of the upper
coefficients is a non-positive integer a; = —n, n € Ny, the series terminates at k = n.
Instead, when one of the lower coefficients is a non-positive integer b; = —n, the
denominator becomes 0 and the series is ill-defined. Outside these cases, for p < g +1
the series converges for all finite values of z, while for p > g + 1 it only converges at

z = 0. When p = q + 1 the series converges for |z| < 1, diverges for |z| > 1, and at the
unit value |z| = 1, for real parameters it converges for }_b; — Y_a; > 0. From the latter

case, of special interest are the binomial series
1Fh(z)=(1-2)"", (B.9)

and Gauss’ hypergeometric function > F; (a, b; ¢; z). It can be shown to satisfy many

relations, of which relevant for this work are Pfaff’s and Euler’s transformations

2hi(a,b;cz) = (1 —2) "k (a,c —b;c; zil) , (B.10)
=(1- z)’szl (c —a,b;c; Z> , (B.11)
z—1
=(1—2) " %FR(c—a,c—bcz), (B.12)
and also its expansionin1 — z
2Fi(a,b;c;z) :F(c)F(c 4z b)zFl(a, byl+a+b—c1—2z) (B.13)

I'(c—a)T(c—Db)
I'(c)I'(a+b—c)

_ \¢c—a—b o 1. g _h1 —
T(a)T (b) (1-2) 2Fi(c—a,c—bl4+c—a—b1—z).
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If c — a — b € Ny, this last one becomes

oy LT —a—b) = (a)i(b); i
2hi(a,b;c;z) = [(c—a)l(c—b) ; (1—|—a+b—c)‘i!(1 ~7) (B.14)
+ r(£)<;)(b) ) Z CC__aa_ br ll;,) 7 [-In(l—2) + (i +1)

+p(i+1+c—a—b)—pli+c—a)—yp(i+c—b)](1-z2),

where for ¢ — a — b = 0, the first series is omitted. Atz = 1, for c —a — b > 0 which
precisely corresponds to the convergent region of »F; (4, b; ¢; z), from these last 2
formulas the Gauss” hypergeometric function can be seen to take the value

I['(c)T(c—a—b)

h(@bie1) = F e —n)

(B.15)

In the main text also is required the formula at z = 1 for the generalized
hypergeometric function 3F, when one of the 3 upper coefficients has value 1 and
when one of the other 2 is related to one of the lower coefficients by an integer:
sFy(e+mn,b,1;d,e;1), n € Ny, with convergence requiringd —1 —b —n > 0. Its value
can be derived from the known relation [55]

a, b, c c(e—a) a,b+1,c+1 d—c a,b+1,c
F ;1| = F. ;1 + F, ;1]
32<d,e ) de 32<d+1,e+1 ) d32<d+1,e )

(B.16)

which for b = 0 where the LHS is just 1, after a relabeling

d—1-b a, b, 1 b(e —a) a,b+1,1
——— 3F ;1] =1-— E ;1. B.17
T 32<d,e ) e(d—1)32<d,e+1 ) (B.17)

This formula relates 3F,(a,b,1;d,e;1) to 3F(a,b+1,1;d,e + 1;1). The relation to
sFy)(a,b+n,1;d,e+ n;1) is obtained after iterating it n — 1 times

d—1-0 , b, - b e—a)k

(b)n(e—a)n d—l—b—nP a,b+n,1_1
@nb+2—d)y, d—1 >\ desn |-

+

Whena =e+nwithn =0, 1, 2, ..., the generalized hypergeometric on the RHS
becomes a Gauss” hypergeometric o F; at z = 1 whose value is given above, resulting in
the nice identity

e+n, b1 d—1 -n, b1
F 1) = -2 .F 1) . B.19
32( d, e ) d—l—b32<b+2—d,e ) (B:15)



106 Chapter B. Useful formulae

This expresses the quantity we were after in terms of a terminating series of n + 1

terms. For instance, for the casesn = Qandn =1

e+mn, b1 _d-1 -
3F2< d, e '1>_d—1—b (n=0), (B.20)

d—1 b

:d—l—b{l_M (n=1). (B.21)

Generalizations of the hypergeometric series to 2 variables are known as Kampé de

Fériet functions, represented by the double series

ar (Gp by G & (@)1 k()i (E)k x'y
Fs’ftl,iur (f, _,q; —r; X, }/) = Z Z (f) : (—»q) _’r) llzl ’ (322)
ds & fu 1=0 k=0 (ds)l+k(€t)l(fu>k e

with Appell hypergeometric functions being special cases. For compactness it is
understood @, = ay, ..., ap, (@p)14x = (@1)14k - - - (ap)14k, and similarly for the other

coefficients. From exchanging the order of the 2 series, the function is seen to satisfy

i, b, ¢ i, ¢ b
Ff;qb’lr f; j; _.r;x,y :ng’tq P j;y, x| . (B.23)
" ds ¢ fu ,, ds fu et

Moreover, by computing one of the series it can be expressed as a single sum

involving generalized hypergeometric functions

Gy by C ()1 (by)r ! ip+1, ¢
FPar (T y ) = Y A R (T Ty ) (B.24)
i (ds e fu Y =0 (ds)i (@) ! PIST\d 4+ 1, £ Y

From this expression, one can see the Kampé de Fériet function reduces to a

generalized hypergeometric when either x = 0 or one of the coefficients in Eq is 0

i, b, ¢ i, 0,b,1 i, ¢
AT 00, = FPAm T T T = pirF A .
s,tu ds gt fu y s,tu ds _’t fu Y p+ris+u ds/ fu Y

(B.25)

By the symmetry of (B.23), same can be said for y = 0 and ¢, = (0, ¢,_1). Meanwhile,
when one of the coefficients in @, is 0, the Kampé function simply evaluates to 1

0, @4p_1 by ¢,
Erar (0T ey ) =1 (B.26)
" ds et fu

There are many other cases where the Kampé de Fériet function reduces to
hypergeometric functions. A particularly useful case is

b d—b d—b, f—
F11(}12 <2; ;C/ ; ;x,x) =(1-x)"%E (ﬂ, . ff C; xf1> , (B.27)
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which for the special case f = a, using (B.11) it further reduces to

a b c,d-b> _
Fllglz (d; K . ;x,x) =(1-x)"%F(a—cbd;x). (B.28)

For a more comprehensive list of properties and special cases for the Kampé de Fériet

function, we refer the reader to [79].

B.3 Differentiation

Consider the function in d dimensions

(m2x2)a

x«

, (B.29)

where x = |X| > 0. Acting on it with [J results in

0 {(mj;z)q _ (W;iﬁ) [4a> +2(d — 20 —2)a+a(a +2—d)] . (B.30)

Expanding both sides in 2 and matching orders leads to

1 ala+2—4d
- <x“> _ (xm) (B.31)
0 [m(,jjg)] - xf+z [a(x+2—d) In(m?x®) +2(d — 20 - 2)] , (B:32)

O

In (m2x2)] 1

x® T2 [“(“ +2 — d) In* (m®x?) + 2k(d — 2a — 2) In" " (m?x?)

ak(k —1) 1nk—2(m2x2)] (k>1). (B.33)

The first formula may be iterated to give

(1) _FTGEET (2 +14m) B.34
w) r(ﬁ)F(UH) xetan .
2 2

The second one may be iterated more easily by first rewriting it as

In(m?x?)] _ a(x+2—d) 2o+t 1)
O |: x% :| - a2 In e¢(7+1)+¢(a7d+2) , (B.35)

where we used the property of the digamma function ¢(z +1) — ¢(z) = 1/z. Then

8041)

2,2 AT (S 4+n)T (%2 +1+n m2x2eV(5)+
Dn[ln(mx)} (3 +n) (2 >ln[¢( e?(2
e

¥(
= . (B.36)
T (%) T (Td + 1) xa+2n §+m)+p(252+1 +")]

xﬂl
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The case k = 2 on the third formula can also be iterated more easily if we first rewrite
it as

O

Py 42 () Tp(55042) + ( ) -y <%>

+y <d+2> e <"‘;d+1)>, (B.37)

where we completed squares for the logarithmic term, and used the property above

In (mzxz)] ala+2—4d) <ln2 [m x2e¥(3) T +)

for the digamma together with the property for the polygamma function
¢'(z+1) —¢/(z) = —1/z2. Then

5041)

|:|1’l
xD(

In? (m2x2) 4”F(%+ )T(”‘z;d+1+n) L2 [ maer
T (%) V(51930 +14n)

)
e () v (8) v (S50 ) e (54)).

The rest of the iterations of (B.33) for k > 2 can be obtained in a similar manner.

] (B.38)

—
S
+
—_

B.4 Integrals

In here we list a number of useful integral formulas used in our work:

* Solid angle integral in 4 dimensions

/de—l _ 27

10}

(d eN). (B.39)

¢ Integral 5 in 3.915 of [69]

/On do sin® (0)efs? = \/7r <z)vr <1/ + ;) Jv(B), [Re(v) > —;] . (B.40)

¢ Integral 14 in 6.561 of [69]

1+v+pu
2

. r(
/ dx x"J,(ax) = 2ka# 1~ 2L
0

()

, —Re(v)—1<Re(y)<1,a>0 :
| o)

2
(B.41)
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¢ Integral 3 in 6.576 of [69]
v v—A+pu+1 v—A—pu+1
RPN G Ll G
0 XX plax)jy(ox) = 2)‘+1a"7/\+1r(1+1/)
v=A+pu+l v—A-pu+l b2
X F 2 ’ 2 eyt ’
21( v+1 ﬂ)
[Re(a £ib) >0, Re(v—A+1) > |Re(u)|] . (B.42)
¢ Integral 11 in 6.578 of [69]
0o (ab)*"*10"3_(V*'%)mQM%1 (u)
dx xV 1K, (ax) L, (bx) ], (cx) = L D B.43
I ()L (6) ], (ex) Vo (B.4)

[2abu = a> + b* + ¢*, Re(a) > |Re(b)| + |Im(c)|, Re(v) > —1, Re(u +v) > —1]

¢ Page 303 of [76]

/de In(a+bx) 1 In (ae—bc) In (c+ez>
0 c+ex e e

c

T [M] TR ( be > . (B.44)
e bc —ae e bc — ae
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Appendix C

Fourier transforms

We are interested in computing integrals of the following form

dd v g —ip-X
F”"‘:/(zn;;d p? Ink <512>e PT, (C1)

for k € Ny, and v > 0, including the special values v = n € IN. All these cases are

contained in the integral

d 2N\
F(a) = / (27-:)){1 p? <Z€IZ) e P, (C2)

as a Taylor expansion in the parameter a

ooak

Fla)=) —
= k!

Fl/,k . (C3)

Our goal is to find a closed form expression for F(a), and then expand it in a to obtain
the results for F, x. We will start by considering a coordinate system for j where the

z-axis is aligned with —X. In this frame the resulting integral to compute is

1 " 00 T . N
F — 2v+d—1+2a/ ; -2 szcose/ Q- 4
(a) (ZH)d(MZ)a/O dp p [ do (sin o) % A0y 5. (C4)

where we have introduced spherical coordinates. Using formulas (B.39), (B.40), and

(B.41), the integrals can be computed in closed form to give

Fla) = 4v ( 4 )ar(§+v+a)' 5)

4 yd+2v \ M2x2 I'(—v—a)
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To expand this result in the parameter 4, the following expression for the gamma
function becomes useful

T(x+a) =T(x)exp [i ‘::wl)(x)] , (C.6)
k=1""

where (") (x) is the polygamma function of order n. This expression can be easily
derived from the exponentiation of the series for In[I'(x)], together with the definition
of the polygamma. With this, we can represent F(a) as

4T (4+v) » p
_ _ 2.2 a k-1 (4 _ ko (k=1)/
Fle) T (—v)xt+2v oF ( in(Mx )+k;2 k! [IP <2 +V> A V)} '
(C.7)
where we defined
_ M?
M? = (C.8)

4e¥ () (=)
Taking the series of the exponential, the Fourier transforms F, ; are found by matching
orders in a with (C.3). Here we list the first four

4T (4+v)
Fo=—F——"t, (C.9)
2l (—v)xd+2v

4T <% - 1/) In(M?x?)

F1= 7 , C.10
! el (—v)xd+2v ( )
4T <% +V> 2/342..2 / d /
fua = AT (—v)xd+2v [ln (M) 4 <2 +v> ¥ (_V)} ' (1D
L _ 4T <% +V) 1 3 MZ 2 3 / d ! 1 MZ 2
R Y [“( vt [lp (2”) _l”(_")] n(M)

-y <”21 1 v) - lp”(—v)} : (C.12)

While the derivation of these formulas relies on using the integrals listed in B.4, which
only converge for parameters satisfying specific inequalities, one may extend the
validity of the formulas by using analytic continuation. With this understanding then,
the formulas (C.9)-(C.12) are valid for any v such that v # —d/2 — n, with n € N,
which always holds in unitary QFTs.

We would also like to understand these formulas when v = 7 is a non-negative
integer. At these values, the gamma function I'(—v) has a pole and naively
(C.9)-(C.12) appear to go to zero. However, we will show that the function 1/ x+2v
also has a pole at these values, and both poles conspire to give a finite, non-vanishing

d—+2v

value for the Fourier transform. The pole of 1/x when v = n is directly related to
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the divergence of its Fourier transform, reflecting the fact that it is not well-defined as
a distribution.

We want to determine the expansion of 1/x4% around v = n + €, with n € Ng and
0 < € < 1, in the whole domain x > 0. At leading order, this seems to be given by
1/x%+2 = 1/x%+2" + O(e), however it turns out this expansion only holds for x > 0.
The correct expansion with the point x = 0 included can be obtained with the help of
(B.34), which forn = |v] +1and a« = d — 2+ 2{v} allows us to express the function
as:

d_
1 r(4 1+{V}>r<{V})DLvJ+1( K ) | 1)
xd+2v 4lv]+1T (%+v>1’(v+1) xd—2+2{v}

Here v = |v| + {v} has been decomposed in its integer and fractional parts. The
above expression is valid in the whole x > 0 region, as long as {v} # 0. In particular
for [v] = nand {v} = ¢, the expansion of the function becomes

d
1 1 T2 .
xd+2n+2€ =T Z DH(S(X)

1 L eV (3 Hm)+p(nt1)
In -
e¢(§_1)+¢(1)

) +0(e), (C14)

where we used the known result:

D( 1 ) AT ). (C.15)

2

We see from the first term in (C.14) that the correct expansion of the function has a
pole proportional to a Dirac delta with support at x = 0. We also see from the identity
above that acting with boxes on the second term is subtle. Of course, for x > 0 the
delta vanishes and now we can easily act with the boxes recovering the naive

expansion:

1 1

xd+2n+2€ - xd+2” + 0(6), (X > O) . (C16)

The Fourier transform F, g is then constructed from F, o, formula (C.9), by taking the
limit v = n + € properly:

47T ($ 4 n+e)
Fuo = lim Fyieo = li = (=00)"(x) . :
no = lim Fyep ;E%7T%F(—4z——e)xd+2”+2€ (—0)"(x) (C17)

This result is consistent with the integral definition of F, o, where each factor of p? in

its integrand can be moved outside as (—J), with the remaining integral being the



114 Chapter C. Fourier transforms

representation of the delta:

d

_ dp 2n ,—ip-X __ (__\n ddp —ipX _ (_r\ns(3
Fn,o—/(zn)dp e iPT — (—0) /(27T)de P (—O)"8(F) . (C.18)

Let us now move to understand F, ;. As we mentioned, the presence of the pole in
1/x%+2 at v = n is the failure to understand this quantity as a distribution. This
motivates to define a renormalized version of the function, where the pole has been
subtracted [88] (the divergence being local may be renormalized using a local

counterterm, see for instance [26]):

d
R( ! >El' 11 T 0"s(%) | , (C.19)

xAd+2n eli% xd+2n+2e g4n1“ (

r (% - 1) w1 L ¥ (3 Hm)+p(nt)

— - 0 [ |25 ), (€20
4n+1T (% + 7’1) n! e (5=1)+p(1)

[NTEW
_|_
S
~——
=

where in the second line the limit has been evaluated. This renormalized function has
two key properties: it reduces to the bare function away from x = 0, and it is
well-behaved as a distribution, i.e., it has a Fourier transform. To find what Fourier
transform it corresponds to, one simply has to replace in its definition above the

function written in momentum space:

d
1 2l (—n —€)
_ Eovo, c21
xdnize © o n <% s 6) n+e0 (C.21)
d
- ELD@(;{)
4T (§+n)n
4, 1\n+1 d 2 L
+ (=) / d Pd pznln[ - P ]e—l?"x+(’)(e). (C.22)
4nT (% + n) ard (2m) 4e¥(5+n)+p(n+1)

Plugging this expansion in (C.19) and introducing an arbitrary scale M, one obtains

the expression for F, ; in terms of a renormalized function:

ddp 2n pZ —ip-X n+lqn. —4 d 1
i :/(2n)d pin (z\/p)(3 = T zr(z”) R <xd+2> /
(C.23)

where we defined
d
r (5 — 1) ,

R <1> _ D"“( ln[ M?x? D (C.24)
M xd+2n An+1T (%+n> n! xd—2 4e¢(g—1)+¢(1) .

The same analysis can be done for the Fourier transforms F, ; and higher. In general,

what one finds is that they can be expressed in terms of a renormalized function of the
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schematic form:

2 o 1 M2y2
Pn,k:/(d’;dpzﬂlnk<]\’jp> PR [ch (Mn )] (k>0), (C25)

for some coefficients c;, and where the renormalized term is understood similarly as in
(C.24) in the sense of differential regularization [58], with the property that

Rumlf(x)] = f(x), for x > 0. Now, we can continue in the same way as before to work
out the explicit form of the next case, F, >, however there is an easier (and equivalent)
way to proceed. It comes from the simple observation that (—O)F, y = F, 1. For

d > 2, the Fourier transform F_ ; is well-defined, thus we can construct all the F,, x
from it by acting with enough boxes:

Fur= (0" F 4. (C.26)

Then acting on (C.9)-(C.12) with (—[)"*! and evaluating at v = —1 we obtain:

T (% B ) n+1 1
Fn,O = ?(—D) * (xd_2> ’ (C27)
r(4—1
p = -T2 gy st =
r(4-1
L ) PR (s o)y (§-1) —va]) . e
472 X
r %_1> 11 2.2 d / 2.2
Fia= = (<O (g [0 43y (§ -1) =0 maad
-y (i - 1) —t/f”<1>]> : (€30)
where 5
M2 =M(v=—-1)= M (C.31)

4e¥(5-1D)+y(1)
Once again, for F, o using the identity (C.15) in (C.27), we recover the previous result
(C.18). Similarly, for F, ; we identify in (C.28) the definition of the renormalized
function (C.24), recovering (C.23) as well. Now, the expressions for F, > and F, 3 are
also explicitly given. To what renormalized quantities do (C.29) and (C.30) correspond
to? This can be determined from the resulting functions after the action of the boxes in
the region x > 0. For F, 5, upon using (B.31) and (B.33) for x # 0, one obtains after the
action of 1 box

0 (xdl . [m (M22) + ¢/ < > _lp/(l)]) _ _Ad-2) [szzel;b(gl)

Xd ew(i)

(C.32)
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The rest of the boxes can be acted with the help of (B.36). This leads to the definition

meee)] -1 TE-Y o (i ,
RM[ i ]:_24n+1r <%+n) n!D i (xH [ln (W*x%) + v (2—1>—¢(1)D,

(C.33)
where for simplicity we called

, ebGEmEpnl) -
w= (51 +p(1) M. (€39)

In terms of (C.33), the Fourier transform F, > can be expressed as
A o (PP i _a(d
Pn,ZZ/ (Zﬂ)d p" In (]\42)6 Pr=2(-1)"4"2T §_|_n n!

1 M?2x2
x R (xmn In [4€¢(g+n)+¢(n+1)]> . (C.35)

We can repeat the same analysis for F, 3. Using (B.31)-(B.33) for x > 0,

0 (o [ +3 ]y (£-1) -y moaest) -y (1) - y')])

_ (3-1)
__6(d-2) <1n2 [W] +f <”21> _¢'(1)> . (C36)

xd elp(%)

Then with the help of (B.38), one can define

R (xdiz [mz (M?x%) + 9 <g + n) +¢'(n+1) - 2¢/(1)] ) (C.37)

ot (o el (1) v oo
v (¢)-val)

In terms of (C.37), F, 3 takes the form:

dd § —ip-X n n,_—4 d
Fus = / (m’;d 2 In? (512) e~ IP% = g(—1)H1gn i <2+n> n! (C.38)

1 ’ M?2x? ,(d ) )
X Rm [xd+2n <ln {4e¢(g+n)+¢(n+1)} Ty (2 + ”) +y(n+1)=2¢9'(1) )| .

The rest of the Fourier transforms F, x can be obtained in a similar manner.
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Appendix D

Meijer G-function

A general definition of the Meijer G-function is given in terms of a Mellin-Barnes type

integral

x) =54 /; ds — =1 lzlq x°, (D.1)
; IT T(1—0b;+5)
] =m+

where @, = (ai,...,an;8n41,--.,4p) and Eq = (b1, bw; by, - .., by) are p- and
g-dimensional lists of real or complex entries, respectively. The integration path L
separates the poles of I'(b; — s) from the poles of I'(1 — a; + s). There are three possible
paths, see [51, Figure 16.17.1]. When more than one of these paths lead to a convergent
integral, they all agree on its value (for more details, see for instance [17, 18]).

The Meijer G-function satisfy many properties. For instance, from its definition we see
when one of the 4;in 1 <i < nis equal to one of the b; inm + 1 < i < g, or similarly
when one of the g;inn +1 < i < pis equal to one of the b; in 1 < i < m, then the
respective Gamma functions cancel and the Meijer reduce to another Meijer:
c, Ay _ - dy_1, C _ -
G (* " x) = G (E:_j x) Gy <Cp B:_l x) =Gy (E:_j x) '
(D.2)

bq—l , C
More involved manipulations of (D.1), together with known properties of the Gamma

function, lead to a large number of identities for the Meijer G-function. The ones that
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x) , (D.3)

will be relevant to us are:

a i, +o
Gyt (J’ x) = Gy (J’
b, by +0o

N ‘ZP ap+1
GZZ]H (%P x) (zn)%—m no 2‘7+1+Zb ZQJG§Z122qn (Zi/ E‘qi_l ’4p—qx2> , (D4)
q 2772
d a a iy
x—Gm (P x| = -G P x| +b0iGy Flx (m>1),
dx 71 (bq ) P (bl +1, by, ..., b ) b
(D.5)
=G iy x| +b,G 5:1;, x (m<gq).
P \by, ..., by, by 1 TP\ By
(D.6)

Many functions can be represented in terms of Meijer G-functions. In our particular
case, we will be interested in the representation of the incomplete gamma function,

and the product of two modified Bessel functions:

1
0, a

I'(a,x) = Gi’g ( x> , (D.7)

VT 4,0 g, ot
xaKV(x>KV <x) = TGZA o+v+p 0'+sz 3'71/4*]4 o—v—p x? ’ (D.8)
7 s 2 T2 T2
20 g 5 2
xUIV(x)KV( ) G24 otv+p o+ : —v+ —v—p | X . (D.9)
2\F Ax A e
For o = 0 and y = v, the last two reduce to:
1
K%(x) = ﬁc’s"O 2 K2, D.10
1/( ) 2 13 v, O, —v ( )
I (x)Ky (x) = Les)) 2 x2 (D.11)
A N Ci v, 0, —v '

In our study of loops in AdS/CFT, we encounter two Meijer G-functions in the
computation of the [ KK and | GK integrals. These are of the form:

G0 2 1 x G! 2 1 x (D.12)
24 v, 0,0, —v ’ 24 v, 0,0, —v ‘ ‘
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where v > 0. From (D.5), (D.10) and (D.11), we see these are related to the product of 2
Bessel functions via:

Ki(x) _ Vmd _up 31 2
x T4 dpe v, 0,0, —v | )" (D13)
L(x)Ky(x) 1 d 3 21 X2 (D.14)
x 4/mdx #*\v, 0,0, —v ' '

We would like to know their series representation in x and, if possible, their
expression in terms of elementary functions. With this objective in mind, let us start

analyzing the first one.

FIGURE D.1: Contour L for the computation of the Meijer G-function in (D.15) for an
arbitrary value of v. The red dots are position of poles integer spaced from —v, the
blue ones integer spaced from v and the black ones integer spaced from 0.

By definition:

1 [(—s)’T(v—8)[(—v—s) .
x) = E/Lds % ST(1—s) x”, (D.15)

where the path L starts at infinity on a line parallel to the positive real axis, encircles
once in the negative direction the poles of the Gamma functions in the numerator and
returns to infinity on another line parallel to the positive real axis, see Fig. D.1. In

virtue of the residue theorem:

11
G4,0 27
24 v, 0, 0 —v

where Res [f(s), s¢] is the residue of f(s) around the pole s (inside the path L) of order

x> = —) ‘Res[f(s),s4] , (D.16)
k

" n—1
Res [f(s),sk] = ( L lim d [(s—sk)"f(s)] , (D.17)

n—1)!s=s ds?—1

where in our case the function f(s) is given by

[(—s)’T(v—8)[(—v—s) |
I(3—s)T(1-5) i

fls) = (D.18)
The pole structure of f(s) depends whether v is: (1) v > 0 real but not an integer, (2)
v=mn € N, and (3) v = 0. Even though the Gamma functions in the denominator of
f(s) do not contribute with poles, they can (and in fact, they will) change the order of

the poles contained inside the contour L.
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In case (1), the poles are

sy =0 — double,
sk=14+k keINyg — simple,
sk =v+k keNg — simple,
sk =—V+k ke Ny — simple, (D.19)

with the corresponding residues:

Res [f(s),0] = F(v)j%‘” n [46w(v)ﬁ w(_v)] , (D.20)
1 T(2v—Kk)T(v—k)2(—1)? (x) —utk

VT T(2v +1— 2k)k! 4

Res [f(s), —v+ k] = (D.21)

The other 2 residues yield a contribution that vanishes as x — 0. This implies that the

small x series representation of the Meijer G-function is given by
19 1 W T(2v — k)T (v — k)2(=1)k /xy—v+k
4,0 27 _ x
~TW)I(=v) n x
\/E 4 (v)+

where |v] denotes the greatest integer less than or equal to v.

w(_v)] +0() (v>0,v#N),

In case (2) (v = n is a positive integer), the pole structure is instead

sk =-n+k ke{0,...,n—1} — simple,

sp =0 — triple,
sk=1+k, ke {0,...,n—2} — double,
sy =n+k, ke Ny — triple, (D.23)

and the corresponding residues are given by

1 T(2n— KT (n — k)2 (—1)k+1 xy -k

Res[f(s), =n+K = =10, 1 20m (Z) ' (D.24)
_1\n+1 x

Res [f(s),0] = (2;;)\/; <1+n21n2 {WWD , (D.25)

with the other two residues yielding a contribution that vanishes as x — 0. Thus, in
this case the small x series representation of the Meijer G-function is given by

11
G4,0 27
24 n, 0,0 —n

T (2n —K)T(n —k)?(=1)F /x\-n+k
x) Z(:) T(2n +1— 2k)k! (Z) (D-26)
(=" x

21,42 0<
+ N <1—|—n In [4e¢(n)+¢(n+1)]>+0(x ) (meN).
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Finally, for case (3) (i.e. v = 0) the pole structure of f(s) is

s =20 — quadruple,
sk =1+k keINyg — triple, (D.27)

and the corresponding residues are

Res [f(s),0] = —éé:%) + 6\1/5 In [462’; (1)} ) (D.28)

with the other one yielding a contribution that vanishes as x — 0. Thus this case the

small x series representation of the Meijer is given by

X

11 47(3) 1
GO ¥ = — 13[ } O(x%<) . D.29
24 (o, 0, 0,0‘x> sy evn g TOGT) (B-29)

N[—=

FIGURE D.2: Contour L for the computation of the Meijer G-function in (D.30) for an
arbitrary value of v. The blue dots are position of poles integer spaced from v, the

black ones integer spaced from 0 and the red ones, outside of L, integer spaced from
1

7.
Moving now to the second Meijer G-function of interest, we will perform an identical

analysis. By its definition:

11
G3,1 27
24 v, 0,0, —v

where the path L starts at infinity on a line parallel to the positive real axis, encircles

1 I(—s)T(v—s) (3+53)
x) =2 T 80

once in the negative direction the poles of all the gamma functions in the numerator
except those of I' (3 + s) and returns to infinity on another line parallel to the positive

real axis, see Fig. D.2. The function to analyze in this case is

I'(—s)T(v—s)I (+53)

flo) = Ta—sdtvrs) ~° (D.31)

Its pole structure will depend whether v is: (1) v > 0 real but not an integer, (2)
v=mn € N, or (3) v =0, and as before, the order of the poles will be affected by the

Gamma functions in the denominator of f(s).
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In case (1), the poles are

sy =0 — double,
sk =14k ke Ny — simple,
sk =v+k, ke Ny — simple, (D.32)

and the corresponding residue are

Res [f(s),0] = —\f (1 —vIn [%;CWD , (D.33)

with the other 2 residues being subleading in x in the x — 0 limit. The resulting series
representation for the Meijer G-function is

11 L x
3,1 2/ _ Vvt o 0<
Gy, (1/, 0,0, —v x| =3 <1 vin [4321/1(1/)]) +0(x") (v>0,v#N).
(D.34)
In case (2) (v = n is a positive integer), the pole structure is instead
sp =20 — double,
sk=1+k ke{0,...,n—2} — simple,
sy =n+k, k€ Ny — double, (D.35)
and the corresponding residues are
_r x
Res [f(s),0] = — 1—nln 2 | ) (D.36)

with the other 2 residues being subleading in x in the x — 0 limit. In this case, the

series representation for the Meijer is

1,1 g
Gg;i(ﬂ,ofo,—n Ozﬁ(l—nln[ : ]>+O(XO) (neN).  (D37)

4e2%(n)
Finally, for case (3) (i.e. v = 0) the pole structure of f(s) is

sp =0 — triple,
sy =14k, k€ Ng — double, (D.38)

and the corresponding residue are

Res [f(s),0] = —\/f <4¢’(1) +In? [4629; <1>]> , (D.39)
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with the other one being subleading in x in the x — 0 limit. In this case then, the series
representation of the Meijer is:

11 & x
31 2 _ / 2 0<
Gy <O, 0.0, 0 ‘ x) = (41,[1 (1) +1In {4621/](1)]) +0O((x7). (D.40)

Having answered the question about the series representation for the Meijer
G-functions, we would now like to address whether it is possible to write them in
terms of known, simpler functions. It turns out that the simple pole structure of the
Meijers in the case where v is not an integer, allow us to perform the sums of residues

in terms of hypergeometric functions:
1 2 _ 1
51 L) (x\~ v, vl
G0 2 x| = = F ’ 2 x|+ (v— —v
2A<m0AL—v ZVJH(4> Plvat, v, —2v 41 ( )

T'(v)[(—v) ( X > x 1,13
_ R | E ;
v M et ) Taa - 0,2, 240, 207

and

11
G3,1 27
24 v, 0,0 —v

, (D.41)

3
x :ﬁ 1—ln o — G, Ll ;X
v v 42¢(v) 2(1—12) 2,2,24v,2—v
T(—v) /x\v v, v+
_ 2 (ZY JF 2 X
Hv+H<4)23(M+LU+L2v+1 )

For integer v however, the pole structures become more complicated and this is no

. (DA42)

longer possible. Nevertheless, given the nice identities satisfied by the Meijers (in
particular (D.5) and (D.6)), one can relate the Meijers of parameter v with those with
v+ 1L

1 1
19 2

v+1)G30 2r 'x =G 'x — G 2

( ) 2,4 (V + 1/ 0/ 0/ -V — 1 1,3 v + 1/ 0/ -V — 1 1,3 V’ 0, —v

x), (D.43)

N|—=

)

1 1 1
= 1 5 b
v+1)G3 2/ x| =G 2 x| + G2 SR
(v +1)Gy <V+1, 0,0 —v—1 Blv+1,0 —v-1 P A\v, 0, —v
11
+vGyy, ) 02'0 IEIE (D.44)
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Iterating these n — 1 times and using (D.10) and (D.11) one obtains

1 1
*,1 V(—l)n 40 *,1
G0 2 x| = Gy 2 x D.45
2,4 (V—'I_n/ 0/ 0/ —vV—n 1/+n 2,4 1/, O, O, —vV ( )
2 Y ) [ (VR - K V)]
+ (=) [Kn—i (V) = K1 i(VX) ]
(V"i_n)\/E,‘:o v+n—i v+n 1
u( b v b1, i
v+mn,0,0, —v—mn v+n 24 v, 0,0 —v

Thus, one may restrict the study of the Meijer G-functions to the window 0 < v < 1, as
the other cases can be brought to this window through the use of these relations. For
instance, the lower bound v = 0 relates the Meijers of positive integer parameter n to
the sum of product of Bessels of the form:

1 n—1
2 (n, 0?,0,1 1 x) - n\z/ﬁ z:O( D' [Ki_(Vx) = Koy (VX)] (D.47)
1 n—1
G%i( 02,01 x> _2ym (L i (V) K i(VE) 4 L1 (V) Ky 1-i(V/X)]
n, Y, v, —n h i=0

(D.48)

As a last remark on Meijer G-functions, it turns out that the two Meijers of interest are
closely related to 9, K, (x). This can be seen by writing down the equation satisfied by

this function:

[a§+ L, - <1+ ﬁ)] K, (x) = K, (x), (D49)

obtained from the Bessel equation for K, (x) by differentiating it with respect to v.

Solving this equation using variation of parameters, one finds

3,K, (x) = aK, (x) + bl (x) — 20K, ( /dx ) 4 oul( /dx . (D.50)

Matching the asymptotic of both sides fixes the integration constants a = b = 0, while
the integrals of Bessels are solved precisely in terms of these Meijers through (D.13)

(D.51)

and (D.14), resulting in the identity:

1
=1
2 4,0 27
x“ | — vl (x)Gy
) \/7 l/( ) 2,4 (V, 0’ 0’ _1/
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valid for any v > 0. For v = 0, the RHS has a well-defined value, however the LHS
becomes 0/0. Then using L'Hopital’s rule:

1 11 11
207K, (x)],_, = ﬁKo(x)ng (O (2) 0 0 x2> — Vthy(x) Gy (O (2) 00 xz) :

(D.52)
The same result may be obtained by taking one more derivative of the inhomogeneous
Bessel equation (D.49) with respect to v, and repeating the same steps as we did when
v > 0 but now for v = 0.
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Appendix E

Master formulas

In this paper, our strategy to solve many of the bulk loop integrals is to deal with them
directly in position space, by writing the bulk-to-bulk propagators in their series
representations, and expressing the resulting integrals in terms of the fundamental

vertices

-----

FIGURE E.1: Fundamental vertices Vj, Va 5, and Vp a, o, with 0, 1 and 2 external legs
extended to the boundary, respectively. The bulk point x; and the boundary points ¥;
are fixed, while the bulk vertex point x; is integrated in the whole AdS space.

out, for vertices involving any number of internal legs between the same 2 points in
the bulk, and at most 2 external legs extended to the boundary, can be solved in terms

of the master integral

a

= = d+1
Lob.c(w, §1,52) = /d /g NN R e A (E2)
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We will proceed then to give a closed form for I, ., to then compute VA, . a, for the
cases n = 0,1, 2 (see Fig. E.1). With the use of Feynman parametrization

I T(Xw) /1 5 (Cu— 1) [Tuf 'du E3)
HA?i Hr(‘xi) (Z MiA,')ZM ‘
after completing squares in ¥ and translating, one obtains
I'(b+c -
Lype :Fi/ d?u 6(uy + up — 1) u2 !
X /ddﬂx\/g — Zaﬁ : (E4)
(22 + |X|? + wyuz|ij12)* + uyw?)b+e
The integral in ¥ can be performed in spherical coordinates after a rescaling
X— 5(\/22 + u1u2]]}’12|2 + uyw?
[({b+c—35
d
Lo :7'[2<r(b>/ d?u 8(uy + up — V)ultug™!
LA—d—1
/ dz . (E.5)
22 + u1u2|y12]2 + lez)lH_C 2
The integral in z can be done in a similar fashion after a rescaling
z w5 zy/urug|if12]? + uyw?
4F<ﬂ) (b+c g—c=1 -1
us: 2 2 uj us
Iope = = /du5u+u—1 - (E6
ab,c 2 F(b)r(C 1 2 ) (u2|y12]2—|—w2)b+c_i ( )

Evaluating the Dirac delta in uy = 1 — uy, the resulting integral in u; can be identified

in terms of the integral representation for the hypergeometric function ,F;

/ dy X' 11— x) (1 —2x) = r(b)ll:((cc)_b)zl-"l(a,b;c;z), (E.7)

finally leading to the master formula
AT ()T lre-r(-o
2 T(B)T (5) (w2 + o) 2

b+c—% 4—c w?
X oF 272 ;11— . E.8
21( w2+|y12‘2> ( )

I, bc(w yl/]ﬁ)

NI

Consider the fundamental vertex (E.1) with no external legs to the boundary. Writing
the chordal distance explicitly, it can be expressed in terms of the master formula (E.8)
as

Va(x1) = (221)*Ian0(z1, %1,0) . (E.9)
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Using the binomial series 1Fy(4;z) = (1 — z) %, and Legendre duplication formula
[(z)[(z+1/2) = 21722/ T(2z), Ip a0 can be evaluated to the simple form

Ina0(z1,%,0) = @A T (3 (E.10)
2
resulting in the vertex
T (24
a1 2
Va(xy) = 7'z PEA“? (E.11)
2

Notice it is independent of the point x1, i.e., a constant. Moving now to the

fundamental vertex with 1 external leg to the boundary, written in terms of I}, .

Van, (x1,72) = (221)*Iasapan, (21, 1, 72) - (E.12)

Again, using the binomial series and Legendre duplication formula, the vertex is

evaluated to

QT (),
JONCY

Lastly, for the fundamental vertex with 2 external legs to the boundary, it can be

Van, (x1,42) = 7 (x1,12) - (E.13)

expressed in terms of (E.8) by first translating by #/4 and then inverting every point

=/ |2A
4l

Vi aons (X1, 373, a) = (220) 275175 It ag 4 agn80 (21, %1 34 » (E.14)

where x{ = x| /x7?, x| = x1 — Ja, and 7}, = ¥54/ |ij34|*. Using Legendre duplication
formula and Euler’s transformation (B.12), In 1, 44,44, takes the form

i T <A+A3;A4fd) r <A+A237A4> T <A+A§7A3>

211 =1 T2
I(§)T (5521 (A

NN (2/1// X1 ,y34) = (22/1/)A

x K% (2, 4,) 21 ™ o Fy Do B4y 7 . (E.15)
BEBle” T 207 4+ (X — F3y)?

Replacing this result in the vertex and expressing it back in terms of the original

coordinates

[ (Atdatd=d ) (Atda=0s | T (A+di=2
a4 ;@)2 <A5“)r2 ()() |

. . Az, A . o
x K% (x1,3) K (x1,¥1) 2 F1 <A+3A3+§4 ;11— K(x1,y3)1<(x1,y4)\y34!2> . (E.16)
Y
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These vertices suffice to perform the study of Chapter 6, however at higher-loop order,
for higher-point functions or for other type of interactions, generalizations of the
master integral (E.2) are required. Useful extensions include, for instance, replacing its
second factor in the denominator by [z2 + w2 + (¥ — 2)?]¢, or adding a third factor in
the denominator of the form [z2 + (¥ — i/3)?]°. These possibilities have not been
explored, and it would be interesting to do so in future work.
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Appendix F

®*4 in six flat dimensions

In Chapter 6 we found that four-point functions in ¢* theory in AdS can be
renormalized by renormalizing the parameters in the action up to d = 6. While this
result up to d = 4 is expected, the d = 6 case is surprising. The UV structure of the
theory should be the same as that of the same theory in flat space, and while ¢* theory
in flat space is renormalizable up to d = 4, it is not renormalizable when d > 4. The
purpose of this appendix is to show that 4-point one-loop scattering amplitudes in

d > 4 are indeed renormalizable with only renormalizing the parameters of the ¢*
theory in any odd dimension and in d = 6. The result for odd dimensions follows
trivially from the fact that we may regulate the theory with dimensional
regularization and with this regulator there are no divergences at one-loop order, thus

there is no need to renormalize. In the following we will focus in the case of even 4.

Let us consider the action of a ¢* theory in a flat d dimensions in euclidean signature.

1 1 A d
_ d 252 2\2—5 14
S = /d X [2ayc1>aﬂq>+ SR+ ()0 (E1)

where A is dimensionless and u has dimensions of mass.

There are three diagrams that contribute to the 4-point function at 1-loop, see Fig. F.1.

Each diagram gives an identical Feynman integral,
P P3 P P3 P P
A K + + N
P2 Pa P2 P P2 Pa

FIGURE F.1: One-loop 4-point functions of ®* theory.
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[ 1)&( 2)4_d/ 4] 1 (E2)
2" W @ (2 1 n2)(T— P+ n2) |
where p stands for either p1 + p2, 1 + P3 or p1 + P, depending on the diagram.

P1, B, 3, Pa are the external momenta (which we take them all as incoming) and [ is
the momentum flowing in the loop. After standard manipulations (see, for example,

[93] for a pedagogical account of this computation) we arrive at

[ = /\:wz)%d /01 dx {F (2 B %) 1 g] (E3)

2 (47)% (2 + p2a(1 - x)*

where x is a Feynman parameter. The tree-level diagram has the dimension of

(42)>~%, then we will keep this term unchanged. So, we have

a2zt ) A ! 1"(2—%) 1
= {Z(y ) /O dx { (4m)? [m? + p2x(1 —x)]z_g =

In d even there is a pole in the Gamma function, which we regulate using dimensional

regularization. In d = 6 — 2e and expanding in € — 0 we find

A 1 /1
[=A(p?) ! (W (—e /O dx(m? + p*x(1 — x)) (E5)

4 (e =) [ e 4 px(1 - )
+ /01 dx(m?* + p*x(1—x)) log <(m2 (- x))>>>

4rtp?

The integrals are given by

1 2
/0 dx(m2 + pZX(l _ x)) —m? 4+ % -
AP ) = /01 dx(m® + p*x(1 - x)) log ((m2 +Z:;(zl - x>)>

d | m? + p?x(1—x)\"*
— 27
= 4y P [/0 dx ( Pree > - (E7)
Then,
I=A( 2)‘:_17/\ 1 mz—i—ﬂ2 +(ye—1) mz—kii2 + A(m?, p?, u?)
H 1082 \ e 6 E 6 b
(E.8)

Thus, (as one may have expected based on power-counting) there is a p? divergence.
which suggests that we would need a counterterm of the form P2t Cba}ﬁb to remove
this divergence, making the theory non-renormalizable already at this order.
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However, upon adding all three channels we obtain,

) ) A 1 s+t+u
(4) = —p*? T 1287082\ e I
I'(p1,...,pa) H /\[1 128n3;42( € <3m T )

t
e =) (3024 ) A1)+ A1)+ A 0)) | 9
where
s=(P1+72)° t=(F+p)’ u=(P1+p) (F.10)
In scattering amplitudes external momenta are on-shell, p? = —m?, where p; = Jﬁ?,
thus
s=(P1+P2)’ = pi+p3+ 201 P = —2m* +2p1 - 2. (F11)

A similar relation holds for ¢ and s, and we find the (well-known) relation
S+ t4+u=—4m? (E12)

where we used momentum conservation, 1 + p2 + pz + pa = 0. Thus,

3 - A 7 (p2+ p3+ pa)
(4) _ 22 . 2 . 2, P1{p2TP3T P4
T (py,...,pa) i All 128702 <3€m +(ye—1) (Zm + 3 >

+ A(m?,s, y?) + A(m?, 1) + A(m?, u, y2)> ] (F.13)
and the divergence is now independent of the momenta and may be renormalized by
renormalizing the parameters of the original Lagrangian.

A different way to understand this result is to note that the counterterm
Lo = $?0" P9, may be removed by a field redefinition. Indeed, up to a total

derivative,
1
L = —§q>3D<1> (F.14)
and the redefinition 1
d = ch>/3 (F.15)

removes L (While modifying the coefficient of the ®* term and adding higher order
terms in ®). Thus, since scattering amplitudes are invariant under field redefinitions
the one-loop 4-point scattering amplitude may be renormalized without the need of

this counterterm.

Note that this conclusion is special to the one-loop 4-point scattering amplitudes. The
¢* theory in d = 6 is non-renormalizable — there are other scattering amplitudes that
do require adding new counterterms to the action. If we consider d = 8 (and higher)
then even the one-loop 4-point scattering amplitude would require require adding

new counterterms to the action.
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