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1 Introduction

The AdS,.1/CFT4 correspondence is by now a well-established tool to explore perturbative
and non-perturbative properties of both conformal field theory (CFT;) and quantum gravity
in Anti-de Sitter (AdSg41). Over its 25 years of development, this strong-weak correspondence
has been realized and utilized in several ways. The first entries of the holographic dictionary
were drawn from specific constructions in string theory. The most prominent example is
the relation between type IIB string theory compactified on AdSs x S° and A = 4 super
Yang-Mills theory [1], and several of the early days examples are reviewed in [2]. With
growing numbers of realizations of the AdS/CFT correspondence, it was soon clear that
the physics of asymptotically AdS backgrounds coupled to matter could also be used as an
effective description of CFTs regardless of a specific UV completion in string theory; see for
example [3]. This approach is often dubbed “bottom-up,” since one uses the correspondence to
explore its possible implications, as opposed to the “top-down” realizations of the holographic
dictionary in which the relation is not assumed but rather tested.

The natural observables that establish the correspondence are correlation functions
of local operators. From the CFT, side, the theory is locally defined in terms of the
conformal dimension of the primary operators A; and the OPE coefficients c¢;j;, between
these, appearing as the coefficients of the three-point functions between primaries. From the
AdSgy1 perspective, at leading order in the coupling, the OPE coefficients of the operators



dual to local fields in AdS usually arise from cubic interactions of these bulk fields. If the
cubic interaction has a bulk coupling A;jx, then the dictionary gives

Cijk = Nijk Cije + -+ -, (1.1)

where C;jj;, is the coefficient that arises from the AdSg; vertex integral [4, 5] and depends on
the conformal dimensions A; and dimension d. The dots here denote terms suppressed by the
so-called large-N limit of the CFTy; in gravitational terms, this is the tree-level contribution
at Gy — 0. There are also cases where a matching along the lines of (1.1) is due to boundary
couplings in AdS, which we will mention below.

The coefficients C;ji, which we review in section 2, are meromorphic functions of its
parameters. In particular, one of its most prominent poles occurs at extremality, i.e., when

Ai—i-Aj =As. (1.2)

This indicates a divergence in the AdS;y1 vertex. Our aim is to show how this divergence
is renormalized and the interpretation of the regularized vertex in the CFTy.

Our approach to tame this divergence is bottom-up. The reason is that for all known top-
down supersymmetric realizations of AdS/CFT known to date, one has that cubic interaction
among fields in the appropriate supergravity regime obey!

Aext = )\ijk =0, it A+ Aj =Ay. (1.3)

In this case, the contribution to the three-point function comes from a boundary coupling in
AdS411, and it was extensively studied during the development of AdS/CFT. In particular,
extremal correlators in AdSs x S° supergravity are discussed in [6-9], and for AdS3 x S?
in [10, 11]. The fact that the interaction is located at the boundary of AdS441 also leads
to interesting aspects of the dictionary: field re-definitions play an important role [12],
which is related to mixing among single- and multi-trace operators in the CFT,; that alter
the OPE coefficient [13-15], see also [16, 17]. It has also led to conjectures regarding the
vanishing of couplings in supergravity that lead to extremal correlators even for n-point
interactions [18, 19]. This conjecture has received non-trivial support recently, where tools in
exceptional field theory are used to establish that these couplings indeed vanish for instances
of AdS vacua arising from string theory [20].

The fact that extremal correlators arise from boundary interactions is key for the success
of AdS/CFT from a top-down perspective, which motivates the general conjecture that (1.3)
should always hold. However, the evidence of cancellations is tied to the fact that the
effective theories in AdS arise from supersymmetric compactifications in 10/11D supergravity,
so we do not find a compelling reason to remove these bulk couplings from a bottom-up
approach to AdS/CFT. Moreover, in [21] an extremal bulk interaction was identified in a
non-supersymmetric vacua: when AdSs x S? is embedded in the non-BPS branch of N = 2
4D ungauged supergravity. The cubic interaction involved a massless scalar field in AdS,
and the dilaton field (which is part of JT gravity in AdSs). Although JT gravity is not a

1Ac‘cually the couplings A;jr vanish whenever A; + A; < Ay for the known examples referenced below.



traditional instance of AdS/CFT, the appearance of this interaction motivated us to revisit
what would happen if Ayt # 0 when A; + A; = Ay from a bottom-up perspective.

The bottom-up setup we will use is the following. We will be considering massive scalar
fields in AdSgy1 that interact via a simple cubic interaction, and we will arrange the masses
of the fields such that we have an extremal coupling in the bulk, i.e., Aext # 0. We will show
that the vertex can be regularized using an asymptotic bulk cutoff description in the main
body, and via a finite bulk cutoff description in an appendix. We obtain the same results for
both methods. Our main emphasis will be to show how to renormalize the on-shell action by
constructing appropriate counterterms that follow standard procedures in AdS/CFT [22];
see also [23-25] which share some aspects with the analysis here.

The outcome of holographic renormalization is that the generating functional now contains
a logarithmic three-point function at a finite distance in configuration space for the dual
operators. We show that this corresponds to a non-trivial mixing between operators of the
free theory. The reason is the following. At zero coupling (Aext = 0) we have a degenerate
spectrum where the single trace operator A can mix with the double-trace operator which
has A; + Aj(= Ag). Turning on Aey lifts this degeneracy and the logarithmic term captures
the anomalous dimension of the new primary eigenstates of the system at finite coupling.

After treating the extremal coupling, as a corollary, we will also discuss other peculiar
cubic couplings in AdSg4 that are motivated by the poles in C;j;. These correspond to the
three-point interactions where the fields involved have

Ak:Ai—i—Aj—{—Qn, ’I’LEN, (14)

or

Ai+Aj+Ap=d—2n, n €N, (1.5)

These types of interactions also lead to pathologies in the AdS;y1 vertex. We find that the
nature and interpretation of (1.4) are very similar to the extremal case. Technically (1.5)
shares many similarities to the extremal analysis but the physical interpretation is delicate,
which we discuss. Shadow extremal correlators have been discussed in, for example, [26, 27].
A bottom-up approach of shadow-extremal couplings is considered in [28], which is relevant
to our discussion.

The outline of this paper is as follows. In section 2 we review some standard results from
AdS/CFT and set the notation for the rest of the paper. In section 3 we use a rigid cutoff
prescription to regulate the divergent integral that appears when the extremal condition is
met. The regularized answer leads to logarithmic contributions to the two- and three-point
functions of the boundary CFT. We interpret this result as the first order in a Aexy — 0
expansion of a CFT were single and multi-trace operators mix and acquire an anomalous
dimension. In section 4 we complete our study of the divergencies present in the standard bulk
vertex integral and find that an explanation analogous to the one found for the extremal case
is always possible. We close our work with a discussion in section 5. In appendix A we provide
an independent check of our results in a more controlled set-up by working in a regularized
bulk with exact Green functions. We choose specific examples in which all integrals can be
carried analytically and find perfect match with our results in the main body of the paper.
In appendix B we include a list of many mathematical identities used throughout our work.



2 Preliminaries

This section will introduce the basic concepts and set our conventions, which will be used
throughout. We will be following mainly [5, 29]. Our starting point is to consider a collection
of massive scalar fields ®;(x), propagating on a fixed AdS411 background. We will be working
on Euclidean Poincaré AdS;y; and parameterize the metric as

dz} +dz?

2 I

ds? = gudatda” =
20

(2.1)
where z( is the radial coordinate and the boundary of AdS;,; is located at zop — 0, and 2" are
the boundary coordinates. The AdS radius will be set to unity throughout this work. We will
denote the induced metric at fixed zp as V4 (a,b=1,...,d), and in Poincaré coordinates it
reads Yap = %o 25,5. The Euclidean action for each of the scalar fields is

1
Si=1 / A /g (0,9:01D; + Ai(A; — d)B?) . (2.2)

Here we are trading the mass of the field with A; via the standard relation, m? = A;(A; — d),
where A; > d/2 is the largest root of this equation. In the following, we will quantize the
field in the so-called “standard quantization,” where it will be interpreted as an operator in
the dual CFT with conformal dimension A;. Quantizing the field such that the dual operator
has conformal dimension A =d — A; < d/2 will be called “alternative quantization.”

The bulk-to-boundary propagator for each field is given by

K (20,7,7) = —(2%) )(2 2 4)2>Ai_ (2.3)

WgF(Az—g ZO_'_(E_:L.

In the absence of interactions, each field satisfies a Klein-Gordon equation and we will
consider the solution to be

‘I%‘(Z(],g) = /ddl' KAI-(ZOVa f)¢(f)

__ TAa) T S (2.4)
rir (Ai — %) /ddw (2(2) + (7 — 5)2) $i(7),

which has the asymptotic boundary condition

®i(20,2) ~ 20 () +..., 2 —0. (2.5)

—

We will denote the dual operator to each scalar field ®;(zo,2) as O;(Z), and ¢;(Z) is the
associated source. Using this notation, we write the holographic correspondence as

2d 1 = (e T H@0i@) = | Do, eSi = Zdtl (2.6)

where on the right-hand side the subscript ¢; indicates that the path integral over the fields
®; is performed with the asymptotic boundary conditions (2.5) which holds ¢; fixed. We have
omitted the gravitational degrees of freedom to shorten the notation as they will not play



an important role in this work. The quantities on both sides of (2.6) have to be regulated
before giving them a proper physics interpretation. We will use Ien = I + It to refer to a
renormalized on-shell action, where I is a bare on-shell action and I the counterterms that
render I, finite. Using a saddle point approximation we will therefore have

Zz—gsl = /(j) D@Z e_Si ~ e_Iren X (27)

To leading order, the resulting two-point function for the dual operators O;(%) is

U 5180 2A; — dT(A;) 1
DO =@ Atr(ng) B @Y

For this specific computation, Ir(SIZ is the action in (2.2), plus counterterms, evaluated on-shell

at tree-level. From (2.8) it is manifest that A; is the conformal dimension of O;. To facilitate
the notation in subsequent sections, we denote the normalization of the two-point function as

(2A; = d)I'(A;)

ca; = (2.9)
Ar(a 9
Under these definitions, the connected n-point functions in the dual CFT is
— — 5Ir n
(0i(@) ... 0j(¥)) = 2 (2.10)

0¢i(Z) ... 60;(¥)
As presented here, we are avoiding special values of the conformal dimensions. In
particular, (2.8) applies without drama if

A > (2.11)

N

d
2
is modified in that case [5]. For the sake of simplicity, we will avoid this special value in the

It is known how to modify the analysis to cover fields with A; = §, and the normalization (2.9)

general discussion. Our discussion will also include fields all the way down to the unitarity
bound, i.e., between % <A < %,

range too. We will make the appropriate commentary when that range comes into play.

and the majority of our analysis will apply in that

Taking Af = %, at the unitarity bound, is also possible to analyze although delicate, and
we will exclude it to avoid clutter.

We will be specially interested in interactions among the bulk fields. In particular, we
will consider the following three-point interaction between fields

Sint = A / Ay /G By(x) B (x) (), (2.12)

where \;;;, is a dimensionless coupling constant.? It is also possible to write interactions
that include derivatives of the fields. We will be working to leading order in the coupling of
the fields and focus only on the CFT three-point function, hence any number of derivatives

2The action with the usual conventions of AdS/CFT is —AijkG}\{2€_2 f ®; ®; Oy, where Gy is Newton’s
constant and ¢ the AdS radius. With this convention the coupling constant A;;x is dimensionless.



that we add to (2.12) can be reabsorbed by a field redefinition of ®;; see, for example, [30].
Therefore (2.12) is the most general cubic vertex to leading order in \;jy.

A standard result in AdS/CFT is that the interaction term (2.12) contributes to the
three-point function of (0;0;0O) by the following integral

A(T;, B, Ty) = —/dd“x VI K, (20, 2, 5) K, (20, 7 75) K, (20, 7, )
Con (2.13)
‘xi _ xj’Ai-‘rAj—Ak‘xj _ xk’Aj+Ak_Ai‘xk _ xi’Ak-i-Ai—Aj ?

where K (20, 2, %) is the bulk-to-boundary propagator (2.3) and

r (Aﬁ—A;—Ak) r (Aj-‘rAzk_Ai) r (Ak-i-AQi—Aj) - (Ai FA A d)

i = — 2.14

Cigh 2790(A; — d/2)T(A; — d/2)T(Af — d)2) 2 (2.14)

The convergence of the integrals involved relies on the triangle inequality, i.e.,
Ai+Aj>Ak, Vi, j, k. (2.15)

Provided the conformal dimensions involved do not correspond to a pole of C;ji, a finite
answer can also be found via analytic continuation beyond the triangular inequality; see
for example [31] for a discussion on these cases. In any case, our interest is precisely in the
pathological values that sit at the poles of the Gamma functions.

3 Extremal cubic interactions in AdSg4

Having established some of the basic setup and ingredients for massive scalar fields in AdSg41,
the aim now is to quantify and interpret the effects of (2.12) when Ay = A; + Aj, that is
when we have an extremal interaction. Under these circumstances, it is evident from the
divergence in (2.14) that there is a problem with the integral in (2.13). Here we will show
how to extract the contribution to the three-point function (0;0;0)) when an extremal
interaction is non-trivial. To keep the notation simple, we will consider three scalars ®;,
and consider an effective action on AdSgy1 given by

3
S=3"Si+8xt,  Sext=—Aext [ A"z /g1 Py D3, (3.1)
=1

where S; is the free action (2.2), and the conformal dimension of the fields is such that
A3 = A1+ Ag, (32)

without loss of generality. We will call Aext in (3.1) an extremal coupling.

In this section, we will focus on the contribution of (3.1) to the CFT three-point function
to leading order in Aext. To quantify these effects, we will use the asymptotic prescription
along the lines of [5, 22-24]. Here boundary conditions on the fields are set as an expansion
near the boundary of AdS where the leading order is fixed, along the lines of (2.5). Although
this approach can have some drawbacks and ambiguities, we will show that it suffices here.
To address these ambiguities, one can also consider a finite bulk cutoff where 2y € [e, 00),
with 0 < € < 1, and construct appropriate counterterms to remove divergences as the cutoff
reaches the boundary of AdS;y1, see e.g. [29, 32]. We will illustrate how this works in
appendix A.1 for a specific example, and find perfect agreement with the discussion here.



3.1 Renormalization of the three-point function

For the interaction term (3.1), the problematic contribution to the three-point function
comes from the integral
d
Aoe(7,5,7) = — / o K, (10,5, ) K (w0, @, ) K s (w0, 0. ). (3.3)
0
where K, (wo, W, Z) is the bulk-to-boundary propagator (2.3). The simplest way to proceed
is to quantify the nature of the singularity in this integral. From here we will discuss how
to extract the physically relevant information.
The first steps needed to manipulate (3.3) follow from [5], which we will delineate in
detail since certain aspects will be subtle. Following those traditional steps, we can first
profit from the translation invariance on the boundary to put Z = 0 and then perform an

inversion transformation

w’ wy,
7= =0 3.4
v (wp)? + w?’ o (wp)? +w'?’ (34)
which is an isometry of (2.1). For the boundary points the inversion acts as
=
L, X
This greatly simplifies the integrand of (3.3), which now reads
11 f L(A;)
A Xt(f’ v, O) = 1= > Rﬂ(fla 37/) ) (36)
° | 7|28 |g]2A2 1;[1 4T (Ai _ g)
where
Ro(&,7) = /  du / A’ ()" (3.7)
’ o [(wp)? + (@' — &) [(wp)? + (@& — )%

and we have introduced a := Aj + Ag + A3 — (d+ 1), b := Ay, ¢ := Ag. To consolidate
the denominators, it is convenient to introduce a Feynman parameter in this integral. After
performing the integral over @', we have

_ b—l _ .N\e—1 /\a
Ro(f/’ gj/) — 7_‘.d/Q (b tc d/2 / du/ dw (1 U) (wO) , (38)
LT 2 (1= wuld? — 7 e

where we have used (B.1) and (B.2).

Up to this point, we have been very lenient and mainly assumed that a, b and c are
positive and independent of each other; in particular, we have not used the extremality
condition (3.2). However, (3.8) will be divergent if we set Az = A + Ay.? This is clear
as we inspect the integral near the conformal boundary of AdS4.1, i.e., for large values of

w): the integrand grows as (wh)*3~A2—A1~1

, and this will give a logarithmic divergence
at extremality. This UV divergence after inversion translates into an IR divergence in the

original AdS;,1 coordinates, and hence a UV divergence in the CFTj.

3As mentioned in the introduction, there are other special values for which (3.8) is ill-defined. Those cases
will be discussed separately in section 4.1 and section 4.2.



To quantify the divergence at extremality, we will introduce an IR regulator in (3.8).*
The integral we will inspect is therefore

_ 1 1/e b—1(1 _ ,,\c—1 /) Qext
Re(f,,?f) — 7.‘.11/2]‘—‘(1)_'_6(1/2)/ U dw6 u (1 u> (wo) GoxtF1 (39)
L@ Jo — Jo ((wo)* + (A —wulZ — )2

where 0 < € < 1 is the IR regulator, and we defined
Qext ==2(b+c¢c)—d—1, (3.10)

which sets the extremality condition Az = A; + Ay in (3.8). In order to avoid additional
spurious divergences, we also take the restriction (2.11). Carrying out the integral, we find
1/6 (wé)ant

/
0 dwo /N2 1— 2 72
[(wg)? + (1 — wul|Z — 7]

1 - o
sz =~ 08 (17— 7Pull — w)e?)

Ly (e TN 0 2
o (=) - 3o,

(3.11)

where 9 (a) is the digamma function and ~ is Euler’s constant. Further details of this integral
are presented in appendix B, in particular, in (B.3)—(B.4). Here we have expanded the result
for small € where in the last line we have dropped the convergent O(e?) terms. Any O(e?)
contributions can be absorbed by rescaling e, therefore we get

Tb+e—df2) ;- -
2 2\ — d/2 7 a2,.2
R(Z,y) = —7 o0t In (|3: y'|“€ ) -
___apllte—d/2) |f_g|2€2 (3.12)
2I'(b+ c) 222 )

where in the last line we have reverted back to the original set of coordinates in (3.5). Putting
all the pieces together and recovering z’' with a rigid translation, we get
lZ—g> _ 2
Ae (f :J 2) — L CAchQ lIl <|g‘;‘_§‘|2|g_5‘|2€ )
xR 2md (2A1 — d) (209 — d) |T — 2221 |y — Z|2R2

(3.13)

This result needs a final adjustment, which is to renormalize away the € dependence. This is
made by improving the original action (3.1) with the anomalous counterterm

Aext In (62)

I = — d g, g, O 14

where Ilp, are the renormalized conjugate momentum of ®;, i.e.,

0Sren
Il =
D, 6@1 ’

(3.15)

4This is not the only regulator this computation admits. Still, it is important to emphasize that our
conclusions do not depend on the choice of the regulator. For example, we could have taken Az = A1 + Az +¢€
and inspected the behavior of (3.8) in the limit € — 0. Another route is presented in appendix A.1l, where a
finite cut-off is introduced in the bulk, see [29, 32]. All of these lead to the same conclusions regarding the
non-trivial contribution to the three-point function.



and Syen is the renormalized bulk action improved with all required counterterms to render
the on-shell action finite. To leading order in the coupling, we have

. oA 4.  %i(2)
112101'[@1.(20,3:) = —2; cAi/d z =

0 4 O(Next) s 3.16
i o  O0en) (3.16)

where cp, is given in (2.9). Incorporating the counterterms, the renormalized vertex is then

In (252
—») o 1 CAchQ |$72|2|3772‘2

AN (7. 7 - ’ 317

ext

With these ingredients, we can construct the renormalized on-shell action. Given our
choice of counterterm in (3.14), we will have

O + 1)+ O(N2,), (3.18)

[ren — “ren ren ext

where

3
0= I o (L
B= -y e [ 000 (5 )-
(3.19)

(int) _ Aext cACA, n (5= )

1 [ @i |
ren 2 (2A1 *d)(2A2 *d) ¢1($)¢2(y)¢3(2) ‘5_5|2A1|37— —»|2A2
Here I{2) is the renormalized action of the free theory in (2.8) and AR three-point extremal
interaction term to leading order in the coupling. We have omitted the differentials in the
integrals above; it should be understood that the integrals are over the spatial coordinates
(Z,7, Z) as appropriate. With this, the holographic three-point function to leading order is

o S Len
(O1@)O200s(2)) = = 50
o (5o ) (3.20)

)\ext CAchQ 2‘2‘575‘2
2 (241 — d)(289 — d) |Z — 22| — 220

It is important to stress that we are defining this three-point function when the three points do
not coincide. The appearance of a logarithm and its interpretation in terms of a presumptive
holographic CFT at the boundary will be more clear in the next subsection.

It is essential to notice that from the bulk point of view, the putative counterterm

~ 1
It = c123

/ddzﬁﬂ¢1ﬂ¢2q)3 ’ (321)
CA1CA2

with any finite coefficient c;93 is finite itself and can be freely added to the action (3.1) without
altering the variational problem. These terms generate the same effect in the correlators as
the boundary terms used in [9, 12] and introduce scheme-dependent contributions, i.e., terms
that can be modified by e rescalings [25]. Terms of the form (3.21) shift (3.20) by

(OUDODO() > (OO0 + =—omi ==y (3:22)

which are contributions compatible with conformal symmetry. Our result in (3.20) is the
contribution to the correlator that cannot be removed in any renormalization scheme.



3.2 Anomalous dimensions

The presence of the anomalous counterterm (3.14) and the logarithmic contributions to
CFT, correlation functions (3.20) deserve further inspection. One clear effect of (3.14) is to
introduce an anomaly in the boundary stress tensor, and a rushed conclusion would be to
declare that this theory is breaking conformal invariance. In this portion, we will address
the interpretation of this counterterm by inspecting two-point functions, which will account
correctly for the logarithmic contributions due to operator mixing in the CFT.

We start by taking O;(Z) close to Oz(%) in correlation functions, that is, by looking
at the behavior of the composite operator

Ol_:,_g(f) = 10102 : (f) . (3.23)

Outside of extremality, it is well-known how to analyze and interpret the limit | — §] — 0
from the three-point function in terms of an OPE expansion. For general A;, one can readily
check that regularization of the CFT three-point function (2.13) leads to a vanishing contact
contribution whenever any two of the three points meet. In our case, Ir(érﬁt) in (3.19) receives
a non-vanishing contribution as ¥ — . To obtain such a contact term we can take the
limit ¥ — &’ in (3.7), in which the denominator becomes a single factor. From there, a
similar bulk IR regulation can be introduced producing a finite distance contribution. The

counterterm (3.14) alone is enough to render finite such a vertex. We find

In (17 — 2P)

19 = . %CAz / 7 24

ren - t (2A1 2A2 ¢1+2 ¢3 Z) ‘f — 5’2A1+2A2 3 (3 )

where we defined the ¢142 notation to indicate a source for the : O10s: operator. This implies
6]’1‘01’1
@) £)03(2)) = — int

< 1+2( ) 3( )) 5¢1+2( )6¢3( ) (3 25)

Aext CALCA, In (|£_ 5‘2) ‘

(2A1 —d)(2A2 — d) |7 — Z‘2A1+2A2 )

Not surprisingly we find a mixing between operators. This is a consequence of having a
degenerate spectrum at Aext = 0, where O3 and 0142 have the same conformal dimension.
Adding an interaction term, Aeyxy # 0, lifts this degeneracy which is reflected by the non-zero
answer in (3.25).

To see this explicitly let us introduce a new basis of operators

1
f

with ¢ € R. Making this basis orthogonal gives

OL(7) = (03(%) £ €0142(7)) , (3.26)

(O3(7)03(0))
O142(%)O0142(0)) -

To leading order in the coupling, we normalize the two-point function of O3 as (2.8). For

(OL(HO_(0)=0 = 5:\/< (3.27)

0142 we will fix the normalization from the 4-point function by making the points coincide:

lim_ (O1(@O2()O1OD) ~ (OO D) O2(F)Oo(d)) ~ ,x_;—AAM (3.28)

,10,



The leading terms are Wick contractions of generalized free fields, and this will set the
normalization of correlators involving composite operators.” With this we have

g [|Bathe (3.29)
CA1CA2

Next, if we now inspect the two-point function of O we have

(0£(@)0+(2)) = (05(@)05(2) (1 £ 71n (|7 ~ 2°) + O(N))

3.30)
_ CA1+A, 2 (
|7 — Z2(A1+HARF) +O00xe)
where

:}/ . /\ext r (Al) r (AQ) 1

- qd _d _d)./c CA.C
T (Al 2) r (AQ 2) A1+A2CA1 A, (3.31>
)\ext 1

(2A1 —d)(2Ay —d) ¢’

is an anomalous dimension that corrects the conformal dimension of the operators O+ to
AL =A1+ArF7, (3.32)

in the presence of the extremal coupling Aext.
We can also reproduce 4 by looking at the three-point function. Using (3.20), (3.26)
and (3.28), we obtain

(0L () Os(7) O (7)) = i\/CA1+A22CA1CA2 T Z|21Alﬁ|gj— Pl (3.33)
with 4 as in (3.31), and hence in agreement with (3.30).

This analysis shows that the logarithmic contribution to the correlation function is tied
to lifting a degenerate spectrum when we turn on an extremal coupling. To this order in
perturbation theory, O4 are the appropriate basis of operators which should be used in
the presence of this coupling.

4 Other peculiar cubic interactions in AdS;1

In this section, we explore other “peculiar” interactions between massive scalar fields in
AdSg41 for which the naive tree-level three-point function (2.14) contains divergences. There
are two cases we will consider, which correspond to cubic interactions of the form (2.12),
where the conformal dimensions of the fields obey

Super-extremal: Ai+A;j=Ap—=2n, neN,
Shadow-extremal: Ai+Aj+Ap=d.
In the following, we will show how to obtain a renormalized on-shell action for each case and

discuss the resulting three-point functions. For both scenarios, we will see similarities with
the extremal coupling in section 3, and we will make the appropriate comparisons.

5This correlation function can be found from e~ re» since the leading contribution is disconnected.
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We should mention that the special cases
Ai+Aj+Ak:d—2n, TLE[N,

also lead to divergences. The underlying mathematics needed to regulate this divergence is
very similar to the logic used for extremal interactions. However, unitarity heavily restricts
the number of physically relevant examples that comply with this condition. Shadow-extremal
couplings (n = 0) themselves can only happen in d < 6 and super-shadow-extremal couplings
are forbidden for n > 1 and only allowed for n = 1 for d < 2. As such, we do not discuss
these last cases further.

4.1 Super-extremal couplings

In this peculiar case, we will consider again three massive scalar fields ®;, and an effective
action on AdSg4q given by

3
S=>"8i+5c,  See=-Xe [ AT 2/gD Py s, (4.1)
i=1

where S; is the free action (2.2), and the conformal dimension of the fields is such that
A3:A1—|—A2—|—2TL, neN, (42)

without loss of generality. The coupling constant Age in (4.1) will be referred to as a super-
extremal coupling. One can see that our analysis up to (3.8) follows identically as for the
extremal case. Regulating the integral once again with a cutoff in wy, i.e., wj € [0,1/¢] with
0 < e <« 1, leads to power-law as well as logarithmic divergences in the cut-off that can all be
removed via counterterms; this leads to a renormalized on-shell action. The procedure of
section 3.1 applied here then tell us that the appropriate counterterm is given by

(=1)"T (A +n)T (Ay +n)T (A1 +Ay4n— g)
2mdnIT (Al — %) r (A2 — %) T (Al + Ao+ 2n — %)

It = Ao ln(eQ)

< e s @)
|7 — Z2A1+n)| 5 — Z]2(Ba+n) 3
(=1)"F (n+ AT (n+ A9)T (A1 + Ag 40 — §)
2n! (d = 2A1) (d = 289) T (A1) T (D) T (A1 + Ag + 20 — §)

(4.3)

= dee In (62)

X /dd«z\ﬁq)iS(Z) (ﬁ Dﬁ;ij[n¢1(g)an¢2(g)]> ’

=0

where in the second line we have rewritten the counterterm in covariant form with the aid
of the ad-hoc notation for the bilinear operator

aQ(Z)DVal (5) + ax (E)D’\/CLQ(Z)
(2(A1 +14))?

Gual(é’) 8,,@2(2’)
2(A1 +14)2(Ag +14)’

D41 a1 (2), aa(2)]) =

W%
Aoti 2y

(4.4)
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where recall that v* = €259 is the metric at the boundary and O, = €20,0, is the Laplacian
induced at the boundary. The operator above is defined so that when acting on the conjugate
momenta Ilg,(Z) it yields
n = —12n,
. . . T —y
[ 04! il (2), T (2)] = > 12T

Ao+1
=0

’f—5|2n’g—5|2nﬂél(g) Hq)z(g)‘ (45)
One can rewrite the counterterm (4.6) in many ways by using integration by parts, but we
have chosen its form to compare it with the extremal case in (3.14).
The renormalized action Ii$" can be constructed by the steps in section 3.1 and using the
counterterm (4.3). The three-point function at finite distance, to leading order in Age, reads
oLie"
061 (Z)0¢2(4)dd3(Z)
(—)"T (A1 +n)T (Ay+n)T (A1 +Ag+n— g)
se
2l (A1 = 9) T (82 — )T (A1 + Ay + 20— §)
= _ ~2n ‘f—gP
il e ),

|f_ 2—"2(A1+n)|g‘_ —’|2(A2+n) ’

(01(2)O02(9) O3(2) )se =

(4.6)

Much like the extremal case, the logarithmic divergences reveal an anomalous dimension
in the spectrum. However, for a cubic super-extremal bulk coupling of order n, there are
now n(n + 1)/2 CFT operators of the same dimension of O3z, which are all possible scalar
descendants of O142. However, only one of these gets mixed up with Os, at least to leading
order in Ag. This can be seen from the fact that there is a single finite distance logarithmic
correlator resulting from Mg # 0. The operator coupled to O3 can be spotted by profiting
from translation invariance by coming back to (4.6), to obtain

(0" 0102(0)0s(#))se = H((V5)"O1(5) O2(0) O5())se

(~1)"T (A1 + )T (Ag +n)T (A1 + Ay +1— 9)
Tondnil (A1 — 4)T (A — 4)T (A1 + Az + 20— &)

—2(2n)!n (|7]?)
|72 B+ Az+2n)

(4.7)

The anomalous dimension computation now follows an analogous path as in the extremal
case and the general result is not very illuminating, involving combinatoric coefficients related
to the normalization of the descendants of the A; and Ay primaries. Thus, we leave this
computation implicit.

4.2 Shadow-extremal couplings

Finally, consider again theory with an extremal coupling as in (3.1), where now one or more
bulk fields lie in the double quantization window [33]. In this scenario, one might try to avoid
the logarithmic correlators from section 3.1 by quantizing in the alternative quantization
scheme, i.e., the dual operator for the appropriate field will now have A = d — A;. We now
study this set-up, where now the extremal interaction will turn into a shadow-extremal one.
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Before doing so, it is important to discuss some of the properties of the shadow-extremal
degeneracy and its tension with unitarity. In particular, notice that the condition

AL+ Ar+ Az =d, (48)

is forbidden by our definition of A; > d/2 in (2.11), but it can be met if one or more of
the A; are replaced by A? < d/2. However, a physical unitary operator with A? < d/2
quickly becomes in tension with the unitarity bound (d — 2)/2 < A in the CFT4. One
can readily show, for example, that the shadow-extremal degeneracy for a cubic bulk vertex
only consistent with CF'Ty unitarity bounds in d < 6. Without loss of generality, let us
arrange the masses of the fields such that

d—AgZA%SAQSAl, Az = A1+ Ay (49)

Since A2 > d/2, the equations above force A§ < 0, hence the QFT on AdSg4; is unstable
and incompatible with unitarity in the CFT. This implies that any unitary example of
a shadow-extremal cubic bulk interaction requires at least two of the three fields to have
masses in the double quantization window.

However, we will ignore constraints from unitarity bounds to show how a bulk shadow-
extremal coupling leads to operator mixing and anomalous dimensions. We will therefore
study a toy model where

A1+A2+A§:d = Az = A1+ Ay (410)

We stress that this is a QFT on AdSgz4q that is in tension with unitarity, and therefore
with limited scope if pushed further. An example compatible with unitarity is presented in
appendix A.3 showing that our conclusions here are physically sound regarding the anomalies
we see in the on-shell action.

Our choice of spectrum (4.9), and its cubic interaction, is described by the same bulk
action as for the extremal case defined in (3.1), which is

3
S=>5i+Sshe,  Sshe= —)\she/dd+1$\/§ Py @ 03, (4.11)
i=1

where S; is the free action (2.2). The difference here is that we will now quantize the field ®3
in the alternative quantization scheme. For that reason, we have relabeled Aext — Aghe tO
differentiate between the extremal and shadow-extremal cases. The coupling constant Agpe
in (4.11) will be referred to as shadow-extremal coupling. We will keep ¢3(Z) as the notation
for the source corresponding to the standard quantization scheme, but now interpret the bulk
field ®3 as having a dual operator OF of conformal dimension A§ = d — Ag with source ¢5(Z).

Having the same bulk action as in section 3, the regularization of the shadow-extremal
case then follows an analogous path as the extremal case, up to the renormalized on-shell
action (3.18). At that point, one needs to functionally invert the relation between the
sources using standard techniques of the AdS/CFT dictionary [27, 33]. The alternative
quantization scheme is defined via a change of boundary data in (3.18) by complementing
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the on-shell action I.., with
Iren — Isrﬁg = Iren + /ddxﬁn3 (I)3
(4.12)
= ren+/ddx¢3 ¢3(f)

Since Iyen itself defined a well posed variational problem in terms of ¢3 (keeping ¢ and
¢ fixed), it follows that

511‘611 S S
5<Iren+ [ s ¢>3> -/ < o +¢>3> 563+ [ 9665 (4.13)
Thus, a well-posed variational problem is defined in terms of ¢3 as long as
— 5Iren[¢3]
(D) = —— 4.14

where this equation is to be functionally inverted to obtain ¢3[¢5(Z)]. The result is non-local,
and we will be solving it order by order in Ag,e and the number of sources, which we collectively
denote O(¢") with integer n. To leading order we therefore find

S0 = g gy [ Aw i <|* APAS)

+ >\she r (f - Al) r (§ - A2) (Al + AQ — d)
A7 (A~ 4) T (A — )T (4 - Ay - g+ 1) s

. In (=5i-=7)
X / ¢1(ﬂ7)¢)2 (y) |£.’ _ Z“d—QAQ |g’_ _"d—2A1 |.fz.’ _ g’|2(A1+A2)—d
£ 003 +0().

The on-shell action defined in (4.12) then becomes
2 CA 1
she Z—E 5 /¢i($)¢z‘(y) <|f_y~|m>

QACSAS_ /¢3 )3y < —»|2A§>
A F(%*Al) (8= 22) 0 (A1 +42 - 5) (4.16)
dF(Al_g>F(A2—%)F<%—Al—AQ—i—l)

< [ 1@ n@52) In (5
1 2(Y)Ps3 |7 — Z|d-282 | — Z]d—201|F — ]2(A1+A2)—d

+ O()‘she) + O(¢4> :

The two-point function for O3, at leading order, reads

NN = gz st )- a1m

| T — i
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This differs from the normalization used for O3 due to inverting the boundary conditions,
which is standard in AdS [27, 29]. For the three-point function, we get

(O1(2)O02(7)05(2)) = G )6(;?;2) ¢ (%)
Ashe ( (7 B AQ) (AI The - %)
e (4.18)

(Al—ﬁ) (- 9T (§-21-As+1)

=k
In (=l

X |f _ Z"’d*2A2|?j_ _"d72A1 |f _ g‘|2(A1+A2)—d

The mixed two-point function can be obtained, as we did for eq. (3.24), by regularization
of the three-point function whenever the points meet. We get,

5[1‘611 CS
O142(2)03(9)) = — she  _ \g 12 4.19
< 1+2( ) 3(y)> 6¢1+2(l’)6¢§(y) hy |IE — y|d ( )
where ( > ( )
d d
. 2 L(5)T(A)T (Ag)T (A1 + A — 5
Clio = g (4.20)

(d 2(A1+A2))F(A1—|—A2)F(A1_g)F(A2_%).

Our result in (4.19) requires some explaining. A first comment is that despite looking
quite different in configuration space, the correlators (3.25) and (4.19) show a logarithmic
behavior in momentum space. In section 3, we found the momentum space correlators

(O3(p)O3(—P)) ~ (O142(F)O142(—p)) ~ [p1** 77,
(O3(P)O142(—P)) ~ Aext Log([p1)[p1*2 7%,

and provided a unitary interpretation of the correlators by reading the Aext log(|p]) factor

(4.21)

in the mixed correlator as an anomalous dimension expanded to first order in Aeyxt. In the
same vein, in this section we have found

(O3(MO3 (=) ~ (O142(F)Or2(=)) ~ [51°.

4,
(O3(D)O142(—P)) ~ Asne log(|B]) |71, (4.22)

which now parallels the extremal case. Here O is the shadow operator of O, i.e., it is a
projector in the CFT over the conformal block of O, see e.g. [34, 35].” This implies that,
formally, the projector O has many properties similar to a primary of dimension A® =d — A,
but is fundamentally different in the sense that, as a projector, it is a non-local operator
and not part of the spectrum.

At this point, a direct extrapolation of our results in section 3.1 would imply that a
mixing between Of and 61+2 is taking place, but this is not possible. The reason being that,
despite notation, (51+2 is not formally an operator on the Hilbert space of the theory and
thus it cannot be allowed to mix with proper local operators of the CFT.® It would then

6See appendix A.3 for more details of this limiting procedure.
"In particular, the shadow operator O of O satisfies (O(Z)O(%)) = 6*(Z — 2) and (O(P)O(—p)) = 1 = |p|°.
8We thank O. Aharony for pointing out this to us and for fruitful discussion.
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seem that the proper interpretation of the shadow extremal case is the one given in [28§]
in which an anomaly is computed from (4.16) and given the interpretation of a S-function
for the composite operators.

In a more speculative line, one could argue that our pathological results in (4.16) are
a consequence of trying to use standard tools such as inverting sources on an already non-
conventional renormalized action (3.19). If the proposed spectrum A in (3.32) is consistently
incorporated into the quantization of the system, then one would use its sources in (4.12)—
(4.14) rather than ¢3. We expect that this should lead to a unitary CFT, thus mirroring
our analysis from section 3.1.

However, it is unclear how to introduce independent sources for Oy in AdS. As it
stands, the holographic dictionary prescribes clear rules on how to incorporate multi-trace
sources coming from composite operators dual to fundamental fields in the bulk [27, 33].
However, notice that our operators O in eq. (3.26) combine single- and multi-trace operators,
so a more sophisticated holographic prescription would be needed to perform this “source
inversion”, at least beyond a linear analysis.

5 Summary and discussion

In this paper, we have studied an effective theory of three massive scalar fields on a fixed
AdS441 background in the presence of a cubic extremal coupling controlled by Aexy. In our
bottom-up model, the conformal dimensions of each field are arranged such that

A1+ Ay = Ag. (51)

The cubic interaction (3.1) leads to a divergent vertex, and we have shown how to construct
the appropriate counterterms that render a renormalized (finite) on-shell action (3.18)—(3.19).
Our interpretation of the renormalized theory is that degenerate operators of the free theory
are being lifted by this coupling. In particular, the new basis of primary eigenstates, to
leading order in Aeyt, is

1
V2
with ¢ defined in (3.29). Here O; is the operator dual to the scalar field ®; and, in the jargon
of AdS/CFT, single-trace, whereas 0149 = :0102: is a composite (double-trace) operator.

O0+(7) = —= (03(7) £ ¢ O142(7)) , (5.2)

The resulting three-point functions we obtained in this new basis are

. , o 1
(O1(2)02(7) O+ (7)) ~ 7 — AT A= AL [F — ZA1—BatAr | F-Ai+AatAr

(5.3)
where we have
Ar=A1+A2F7, (5.4)

and 4 depends on Aex which is given in (3.31). This expression should be understood as
perturbative in Aext, and here we have just computed the leading order term. Our conclusion
is that extremality is an artifact of the free theory when a bulk coupling is turned on, that is,
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extremality is fragile from a bottom-up approach to AdS/CFT. Analogous analyses were
made for the super-extremal coupling in section 4.1, and they are immediate extensions
of the extremal ones.

We have found some obstructions in framing the shadow-extremal interaction in the
same fashion as we did in section 3. At this point, the only consistent interpretation is
that the shadow-extremal interaction is breaking conformal invariance, along the line of the
analysis in [28]. If we could perform an alternative quantization procedure on O, it might be
possible to retain a CF'T interpretation that would mirror the extremal case. This claim can
only be tested upon providing a more complete holographic prescription on how to consider
alternative quantization of operators that are a mixture of single- and multi-trace operators.

It is worth comparing the extremal interactions in AdS with the cases where extremal
correlators are persistent in the CFT. In this case, we would expect

o s A\ Cext
(01(2)02(7)03(2)) = FEENE el (5.5)
with cext the appropriate OPE coefficient for this extremal correlator. For a CFT with a
large- N limit, where the leading order contribution to correlators are Wick contractions,
we can consider the redefinition

Og—)@3=03—0€xt:0102:+..., (5.6)
which at leading order in N would give
(01(2)O2(§)O3(2)) =0+ ... . (5.7)

These are the field redefinitions discussed in, for example, [12-15]. Although (5.2) and (5.6)
look very similar, the context is very different. In this quick CFT derivation, we are illustrating
that one has to be careful with the choice of basis when reproducing cext from quantum fields
on AdSg41, as highlighted in the literature. Our new basis (5.2) is not a choice.

There are some simple generalizations of our results. For example, one could consider
extremal interactions that involve n-fields. It would be interesting to confirm that one reaches
the same conclusions here. We only considered massive scalar fields in our analysis, and hence
another generalization would be to have extremal interactions that involve fields of higher
spin. It would also be interesting to inspect the fate of extremality if one goes beyond the
tree-level analysis: can loops in AdSg41 cause corrections that affect (5.1)?7 For supegravity
fields on AdSs x S°, which are cases with Aex; = 0, a discussion on a fate of extremality
at the loop level in the bulk is discussed in [17, 36].

Another odd feature of our example is that O, and O_ do not map to two separate
fields in AdS. To further test our analysis, it would be interesting to evaluate the interacting
four-point function (O1020103). In the CFT, we should have that both O; and O_ can be
exchanged, among other operators. In AdS the field exchanged at tree-level is only ®3, hence
it would be good to check that it is compatible with the CFT interpretation we are advocating.
It would also be interesting to contrast this with the analysis of the four-point in [7, 11, 37].
In that work, an extremal boundary coupling is re-incorporated as a total derivative in the
bulk (or alternative, a field redefinition), still, the analysis of the vertices should be similar.
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It would also be of interest to re-derive our results in the language of a Hamiltonian
analysis AdS/CFT as in [38, 39]. Using an operatorial dictionary and canonical quantization
tools in AdS may help clarify the role of multi-trace operators for our specific setup. We
expect that to leading order in Ay the chosen Hamiltonian becomes non-diagonalizable and
a Jordan block emerges, indicating an anomalous dimension 4 with respect to the spectrum
at Aext = 0. It would be interesting to check whether 4 obtained in this fashion matches our
predictions in (3.31). Although agreement between wave-function prescriptions as in (2.6)
and operatorial dictionaries in AdS/CFT is expected, see for example [40], the arguments
there have caveats whenever single- and multi-trace operators mix.

Finally, we mention that in top-down examples of AdS/CFT, extremal correlators are
part of the CFT data and hence it is key that the bulk couplings are zero. Still, it is
somewhat mysterious why these couplings vanish from a gravitational perspective. It would
be interesting to understand the rules of constructing EFT in AdS4,; that lead to proper
CFTs. In the context of our work, is it possible to make our toy model a UV complete
example of AdS/CFT? We plan to investigate this by considering the case in [21]: it is a
top-down setup with an extremal bulk coupling. Since this system also has to be confronted
with backreaction effects of AdSs, we expect that there will be multiple competing effects,
which might have an interesting interplay with extremality [41].
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A Examples in AdS; via e-prescription

In section 3 and section 4, we have derived the renormalized correlators and actions by
introducing a regulator in the problematic integrals. In this way, some of our results use
analytic extensions that go beyond the formal region of convergence. In this appendix, we
would like to provide a different approach to regulate these divergences. We will show how
to obtain a renormalized action by using the so called “e-prescription”.

In the e-prescription one provides boundary conditions for the fields at a finite bulk
cut-off zp = € and build exact Green functions for the regularized bulk space accordingly.
From there, covariant boundary terms are constructed in order to have a finite ¢ — 0 limit,
i.e., one implements holographic renormalization. The majority of this analysis is done in
momentum space, and we will follow the procedure as done in [32].

Implementing this prescription at extremality for generic values of the conformal dimen-
sions of the fields or arbitrary dimensions of the spacetime is not simple. This is mainly
because the bulk integration of the vertex demands an exact result in the regularized space
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for an integral involving three Bessel-K functions, whose result is only known for special
cases; see for example [42]. We selected concrete examples where all computations can
be carried analytically.

We will be working in AdSs and have chosen three specific combinations of matter
content that lead to the different type of interactions:

A.l1. Extremal: Al = 1, AQ = 1, Ag = 2,
A.2. Super-extremal: Ai=1, Ao=1, A3=4,
A.3. Shadow-extremal: A =1/3, Ay =1/3, A3 =1/3.

These examples will provide an independent check for our results in section 3 and section 4.

A.1 Example: 1+1 =2

The first example covers the case of an extremal interaction and the appropriate comparisons
are with the results in section 3. This example is motivated by the extremal interaction found
n [21], although, for the purposes of this work, the action below is just a toy model.

We will consider two scalar fields ®(z) and ¥(z) living on AdS2, whose masses (in units
of AdS length) and conformal dimensions are

d(x m2 =0, Ap=1,
(@) v ? (A1)
The effective action for these fields will be
S =S¢+ Sy + Sext , (AQ)
where the first two terms are the kinetic actions for each field,
1
Sp == /d21‘\/§8u(133“(1>,
2
(A.3)
1 2 2 2
Sy = 5/d 2y (8, 00" 0 + my0?) |
and we also have a cubic interaction given by
Sext = —Aext / &z /g 32 . (A.4)

This is an extremal interaction, with coupling constant Aext;. Relative to the notation
in (3.1)-(3.2), we have Az = Ay and A; = Ay = Ag.
Our conventions for the metric on AdSs follow those in section 2. The main difference
is that now we will be placing a cutoff at a finite distance ¢ > 0, i.e.,
dz2 + dy?
ds? = g, datda” = #, yeR, 20 € [€,00). (A.5)
20
The boundary metric is defined at 29 = ¢, and in particular, we will use \/y = e~!. The
finite e-cutoff will render all relevant integrals regular. In the following, we will study the
action (A.2) perturbatively and build the renormalized on-shell action to first order in Aeyt.
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A.1.1 Equations of motion

We will work mostly in Fourier space for the boundary direction z. To make the notation
explicit, we define the Fourier transform and inverse as

dp . d <
fz0) = [ e fpz). fz0) = [ e ). (A0)
It will be convenient to introduce the notation
On = —200x, , 0, == 25(82, — p*). (A.7)

With this notation, the equations of motion coming from the action (A.2) in momentum
space become

dk
7(1)(/@ Z())\I/(p — k, Zo) s
V2m (A.8)

dk
B (k, 20)®(p — k, 20) -
Tk )20 — . 20)

The defining property of the e-prescription is that Dirichlet boundary conditions are

qu)(p7 ZO) = 2)\ext

(DP - 2)\I/(p, ZO) = Aext

D(p,e) =d(p),  V(p,e) =€ "P(p), (A.9)

with no subleading pieces in €. This is of great help in renormalizing the action, since the
map between the source and bulk field evaluated at the boundary greatly simplifies.”
The equations of motion can be recursively solved by introducing a Green’s function

for each field. This is done as follow. For each massive field ®; of mass m? we define
the Green’s function
(B = m)G (9, 20,¢) = +/g (20 — )., (A.10)
and
(O —m})K5(p, 20) = 0. (A.11)
The boundary conditions for these funcions are
Zlolgegz (p7 ZO)C) = zgli;noogz (pa ZOaC) = 07 (A 12)
ZlggeICZ(I% ZO) = +17 z(:)lll}noolcl(p7 ZO) = 07
and ]
; angf(l% 20, C)‘ZOZG = \/’7 angf(pa 20, C)’Zo:e = ICE(Z% C) . (A13)
For ®(z) in our example, which has m32, = 0, the resulting functions are
—Ipl(¢+20) | e2lplzo _ G2lple <zg<(
. e e e“lPle e < zg
Go(p: 20,C) = ———F7— : (A.14)
2[p| APIC —2lPle e < ¢ < 2

9For general mass and bulk dimensions the boundary conditions are ®;(f, ¢) = €~ 21 ®;(p).
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and
K (p, 20) = e PI0=) (A.15)

While for ¥(z), with m2, = 2, we have

g\ell(pv 20, C) =—e

e2lple1=lple _ 2 1—|p|z
p|(<+20)<1+rp\<><1+rp\zo>{ M TR 2 <0y g

3 2|ple 1=|ple €2 1-|pl¢
2|p|320 ¢ Iple1 e Ip\C1 e 2>
‘ (14 |plzo)e
+ 20
Ky (p, 20 ~lplzo— 6)7 A7

Then, the formal solutions to the equation of motions in (A.8) are given by

®(p, 20) = K(p, 20)9(p) +2Aext/\j%/d<\/g?%(p, 20, Q)@(k, O)¥(p — k, (),

Y(p)

. (A.18)
\I/(p’ ZO) = Kfll(pv ZO)T + Aext / E /dC \/,%g\ell(pv 20, C)(I)(k7 C)q)(p - k: C) :

These solutions are recursive in Aexy, but the boundary conditions (A.9) are met exactly
at zgp = €, i.e., there is no e-expansion.
A.1.2 On-shell action

One can show that in the e-prescription the on-shell action at leading order is
=1+ Iy + Ilext, (A.19)

where we have defined

= \éry/dpq)(—p, €) 0nKg(p, €) @(p, €), (A.20)

_ @ / dpW(—p, €) 0,5 (p, €) U(p, €)

and Iy is the interaction term in (A.4) evaluated on-shell. This is in contrast with the
asymptotic prescription [22] where some extra terms arise due to the approximate nature
of the solutions used in that prescription, see for example appendix D in [25].

Renormalization at O(A2 ;). The order zero renormalization in the e-prescription follows
from a power expansion of the 0,/ functions. Analytic expressions can be found for general
spacetime and conformal dimensions. This is possible due to the exact relation between field
and boundary data induced by (A.9). For our case, we find that Ig is already finite on its
own (the field is marginal) but Iy contains two divergent pieces that can be removed via

counterterms. The renormalized action for Aext = 0 is then given by
If,, = lim (Iq> + Iy + I5)

_ /dp¢ |p\¢ _,/dw ) Il ¥(p) (A.21)

_ /¢ ( > /¢ ( )4>¢(y),
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where the counterterm action reads
1= -7 [apw(p.ue.0 - [dpw(-pe@) 0,0
(A.22)
= —§/dyﬁ\I’(y, )V (y,e€) + 5/dy\ﬁ‘1’(y, )0, ¥ (y,€),

and we have defined [, := —€202, the Laplacian induced at the boundary.

Renormalization at O(Xext). To leading order in ey, renormalization only involves the
interaction term in (A.19) in this prescription. We plug (A.18) into (A.4) and expand in Aext
to find the relevant divergences at € — 0. To order Aey, We get

Teyy = Aext/dzf/ pdq@’ ,2)®(q,2)¥(p — ¢, 2)

d —
o [ @55 [T K. 2)0(-) K 00 Ko — 0.9 “E=D (a2
dpdqdk Y (k)
= _)\ex 75 +q+ k —1 ) ak; ’
- (p+a+k) o) dla) ——Zp,q,k)
where we introduce the 6(p + ¢ + k) in order to define more generally the integral
T 0, k) = [ deVGKE (0, 2)Kala )5 k. 2) (A24)

For the values of masses (conformal dimensions) chosen here, we can evaluate and analyze
this integral, although it is worth mentioning that it is not straightforward for generic fields;
see, e.g., [25]. Solving this integral explicitly gives

I(p,q.k) = M e+ (|k| = [pl — lql) — e eUFFPFID( K] 4 |p| + |q])?
o . (0, (|| + lp[ + laD)e)
= o — P Sl + 1)

+ 5k = (gl + p)?) I (e((k] + Ipl + lal)e”) + O(e).

where in the second line we expanded the answer in powers of € and only kept the terms that
do not vanish in the e — 0 limit of the on-shell action (A.23). Our final task for this exercise
is to understand the nature of each of these terms and how to construct the appropriate
counterterms that will render a finite on-shell action.

The first two terms in (A.25) are simple to analyze. The first term is divergent when
replaced in (A.23). The counterterm that we need to cancel this divergence can be found by
replacing it back into the on-shell action (A.23) and casting it covariantly. We find

Tei = et [ LHLE 54041 o) ota) " (5

NP € 2¢

A (A.26)
= et / dyv/y B(y, )@ (y, €)(y,¢).
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The second term in (A.25) also requires the introduction of a counterterm. This is found
again by casting this divergence covariantly, which gives

Lt = —Aext dfj%lk 5(p+ g+ k) 6(p) 6q) 1/’(!‘3) (_ i : ’q‘)

(A.27)
— et / Ay (y, )W (y, €) Ha(y, ) + O(N2y) -

In I.t;2 we see that the appearance of |p| forced us to use the conjugated momentum Il to
build the correct counterterms, where the conjugated momentum is defined in (3.15). Notice
that the use of Ilg counterterms induces corrections to higher orders in Aeyxy which we made
explicit in (A.27). Up to this stage then we have

i (Tt + Lot + L) =~ [ L8040 ) 00) 0l0) “ 2 ). (229
where
Z(p,q,k) == (\Q|+|p|)|k|+ (|/l€|2 (lal + o)) In ((|&] + gl + [p|)ee?) - (A.29)

These are the contrlbutlons that Wlll lead to the renormalized correlator. Each term in
i'(p,q,k:) can be treated independently. The first piece is not difficult to transform cast
back in position space,

o [ P304 4+ 1) o) o) wii 12
Aext 1 1 1 1
=25t [ dedyaz 6(@) o) V) (3 == + B =)

)\ext 1 a2 + b2
=- /diﬁdydz o(x) ¢(y) ¥(2) <7r2(12b2(a—b)2 :
where we defined a := (x — z) and b := (y — z). For the second term in (A.29), it is
convenient to use the identity

(11 + lal + o) 1 (K] + lal + phee”) = 0a (k] +1al + b)) . (A30)

With this we then have
Aext  [dpdgdk a a—
RS+ a+ k) o) ¢la) v (k) (lal + pl — 1EDOa (gl + |p] + 1)) (ee”)?)

5 \/% a=1
Aex -
_ 21; /dxdydz ¢(J;) ¢(y)¢(z) 8a((667)a 1FT&)0¢=1
Aex 1 a2+ 1 In (250
— 2t /dxdydz o(z) d(y) ¥(2) (71-2a2:2(:— b)2 + 2 < a%s )
(A.31)

The details of the Fourier transform are explained in appendix B, and the definition of F'T,
is in (B.9). By adding the two expressions above we get

titn (T + Lo + ex) = 52 [ dxdydw(w() ©

y (ln( y z) ) In (466 ) ) . (A.32)

(- 22y—2)? (@22~ 2
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The logarithmic divergence here can be removed by the counterterm

Aext 1 (4e?) / VA o (2) g (z) U(z) + O(ML,) . (A.33)

Ict;3 = - 9
The counterterms at order Ay are then obtained by combining (A.26), (A.27) and (A.33).
The renormalized action we get is

Lien = Iren + hm (Iext + Ict;l + Ict;2 + Ict;3)

1 6
=5 /dmdl‘z <¢(961) TS P(x2) + P(x1) (1 = 2a) w(m)) (A.34)

Aext n ( (z1 —(531)2 (962722):03)2 ) 2
o5 [ dadaadey 6(e) 6(r) o) o PTG £ 00)

This agrees perfectly with the renormalized action in (3.18)—(3.19).
A.2 Example: 1+1+2=4

Our second example involves again two fields in AdSs, which we denote as ®(z) and ¥(z),
but now the conformal dimensions are

Ap=1, Ag=4. (A.35)

In addition to the kinetic and mass terms, we will introduce the following cubic interaction

Se = — e / &22/5 920 . (A.36)

This corresponds to a super-extremal interaction, since Ay = Ag + Ag + 2. In the notation
of section 4.1, we have A1 = Ay = 1 and Az = 4.

To construct the renormalized on-shell action, the steps follow the exact same logic as
the extremal case in appendix A.1. The main difference is that now ¥(x) has a different
value of its mass: m% = 4(4 — 1) = 12, in AdS units. The order A}, piece of the action
follows from (A.21); the interaction term follows very closely the steps starting from (A.23),
with the only difference being that we need extra counterterms. The resulting renormalized
on-shell action, to leading order in g, is

Iren = 11_2% (I + I((:)t + Iclt)

_ ;/dmdm (é(:m) (i(ml_lm)z) 6(x2) + (1) (151:W> w(m))
+ 5)\% /dwld@dﬂﬁzz o(z1) P(w2) Y(x3) (21 — 29)* | In (( (1 — m2)? )

(acl — x3)4(ac2 — X3 4 Tr1 — 1’3)2(3}2 — 1'3)2

and the anomalous counterterms used to regulate the super-extremal interaction are

Ase ln 7)\se ln

1 _
Ict_i

/dxf (= \1:) (13 + (0, ®))
3)\Seln

/ dz7 2 (C20) +
Ml/dx\flll (O, +<I>(D2<I>)) +—1 /dx\f VTp(Ch 1)

This agrees with our findings in section 4.1, up to total derivatives.
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A.3 Example: 1/3+1/3+1/3=1
Finally, we consider an EFT in AdSs of three scalar fields ®; with equal mass which we set to be

m2 = Ay(A; — 1) = —g . (A.37)

)

In addition to the kinetic and mass terms for each field, we will have the bulk interaction
Sint = —Aene / A2\ /G 1 Do . (A.38)

Due to the specific mass selected in (A.37), this interaction term is interesting. If we decide
to quantize all the fields as operators with

1

A==, (A.39)
3

then the interaction (A.38) is shadow-extremal, where the sum of conformal dimensions adds

up to the number of dimensions of the CF'T. However, if we quantize all fields as operators with

Ai:I—Afzg, (A.40)
then the interaction has no peculiar features, it is just a vanilla interaction in AdS with
no explicit singularities.

Given this, our strategy is to quantize the field such that the dual operator has A;
(corresponding to Dirichlet boundary conditions) and obtain a renormalized action for the
interacting theory at leading order in Age. This is the standard quantization of the fields. To
obtain the alternative quantization of ®;, we will then do an appropriate Legendre transform
on this renormalized action, which will lead to a treatment of the interaction when the field is
dual to the operator with Af. An existing example in the literature that follows this strategy
in AdSy is described in [27]; however, they consider Aghe = 0.

In the standard quantization, the procedure to renormalize the theory is very standard,
and therefore we will omit details. The only point to highlight is that due to the spectrum
degeneracy, a finite bulk counterterm can be written. The existence of finite bulk counterterms
is common to all the peculiar couplings studied in this work and has already manifested in,
e.g., (3.21). In this example, for the standard quantization, the boundary term is

Ibndy = c/dx \ﬁ@lq’zq)g

(A.41)

— ¢ [du1(@)a(w)ds ).
Here c is a constant, and in the second line, we have evaluated this term on-shell, where
¢(x) is the source in standard quantization. This boundary term will lead to three-point
functions in either quantization. In comparison, the analysis of [27] considers only the effect
of this type of boundary terms.
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Including the boundary and bulk interaction terms, the on-shell renormalized action
in the standard quantization is

- /H MOREICTE +e [or(@)aw)to)
o == ) TGy (7) o = ol 2(@)ds(o
3 (A.42)
_ )\Sbe/ r (3() ¢1(21) P2(x2) P3(a3) +O0L).

2/al @3ermPBW«me“ummeB

Next, we would like to perform the Legendre transform that switches the quantization to
be A7. This is done, as discussed in section 4.2, by defining ¢7, the source of O] as

5Ircn[¢z]

W= 50w

(A.43)

This relation is non-linear and therefore difficult to cast ¢; in terms of ¢;. This can be done
recursively as an expansion in the coupling and sources, which leads to

1
6i(2) = [ do ( o (<3) B _1z|2/3> 81 (@) + O\e) +O((6"))
(3)

/ 3T
= | dz
(=)l - EeE

21 — 2|3|zg — 2|1/3|my — xo| /3

+ ln( )5($1 — Z)) €ijk ¢j+k($l)

|f01 —Z|

) |J?1|xlz| ﬁxfi\z) €ijrdj (1) ¢2(:r:2)) (A.44)

)
_ /\She/dxl - (%
+O0(A3e) + O((¢%)%).

In obtaining this result, a few key steps need to be highlighted. The inversion process of the
source demanded performing integrals very similar to those in (B.8), however with one of
the powers in the denominators on the right-hand side adding up to zero. This makes the
integral divergent, and we regulated via dimensional regularization: the parameter € in (A.44)
is that regulator. The constant ¢ does not appear above explicitly, since its appearance can
be reabsorbed in the definition of the € regulator. This is because (A.41) plays an analogous
role as (3.21) in the extremal case; that is, ¢ can be used to remove all dependence in € on the
finite on-shell action. Notice that the fourth line above is a non-trivial contact contribution
to the third line of the same equation, much like (3.24). In section 4.2, we have adjusted
the boundary counterterm such that € = 1. Finally, we have used the anti-symmetric €;;;,
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Levi-Civita symbol to shorten notation. We get for the shadow-extremal on-shell action

r=-5 dxldmﬁ( 3 (3) ¢f(w1)¢f(:v2))

U\ VAT (C3) T -

3 2 S S S
o [ ooy | 26 [ (G ) 41 d3(r) die)
she r1dxrodrs3 5 3 |IL‘ . ’1/3|l’ . |1/3|$ . |1/3
2T (6) 1— T3 2 — T3 1— T2
T(=2\1 (L 1
- Ashe/dmdﬂcz ( 3) (g) ( +ln(€2)6(x1 —a:2)>
2257 (2) |21 — 22

X (@] 1o(x1) #5(z2) + perm. )

+O0(Xe) +O((6)") -
The interpretation now follows exactly as in section 4.2. However, it is important to note
that the coefficients here are not the ones appearing in (4.16). This is because the coefficients
in front of the correlators, in our normalization of ¢*, depend on how many of the operators
are in the upper and lower branch, i.e. how many inversions ¢ — ¢° where needed. We
needed to invert all the sources in this example, while in the toy example in section 4.2
we did only a single inversion.

B Integral identities

In this appendix, we collect some useful integrals used throughout the text.

Extremal interactions in section 3. The first integral is the Feynman parametrization
technique, which reads

1 T(a+Dd) 1 w1 — )bl
Xay?b N F((L)F(b) A du (UX 4 (1 _ u)Y)“+b : (Bl)

Here Re(a) > 0 and Re(b) > 0. Another integral we used is
/ diz I'(a—d/2) 7?2
(

= B.2
224277+ X?)" I'(a) (Xz_a—ca)a*% ’ (B2)
where the integral is over R? and a > 0.
In section 3.1 we introduced an IR regulator to tame a divergent integral. In that context,
we used the following identity

1/5 (w/)Qb—l 1 b 1
/ 0 _ - 2y 2 . .
/ dwOW = b (6 X ) 2F1 (b, b, b + 1, X262> y (B3)
where Re(b) > 0 and Re(X?) > 0. In the limit ¢ — 0 we have
) . Ly _ 2b 2 2 2

o F <b, bib+1; X%?) = —b(Me)* (log (X?¢%) + () + 7+ O())) , (B4

which is the divergent piece reported in (3.11). To get to (3.12), we also used

L b 1 TOT(e)
duw’™ (1 —w)t = =22, B.

/0 uu (1 —u) Tkt o) (B.5)
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Shadow-extremal interactions in section 4.2. Here we needed

1 1 T(A —d/2)T(d)2—A) , .
/ddw ‘j" — u—;|2A |1U _ 37|2(d—A) = 7'rd F(A)F(d — A) 6‘1(;3 — y) . (BG)

We also used

_d
R L = =y

And finally, we have
1
dd
/ 171 — 22812, — 72527 — 2]28s

R R 1

T(A;)  |&1 — Zo|?728s |7 — T3|?7282|%p — o3| 251 7

(B.8)

i=1
whenever A1 + Ay + Az = d.

Fourier transforms in appendix A.1. In (A.31) we introduced F'T, which is defined as

dddk*lei —tkz «@
T, = [ G € T+ g ) Gl + Dol = KD (al + ol + )Y (B)

To solve this integral we introduce polar coordinates in p = [ cosf and k = [sin # and define
a =x—zand b =y — 2z, which gives

FTa:/ df (|cos@| + |sinf| — | cos @ + sin b))
x (27)?

o . .
X (|cosB| + | sinf| + | cos 6 + sin 0|)°‘/ dl ¢~ tacosO+bsind) jot2
0

(71’0[) a+3 / dg|cos@\+\sin0|—|cos€+sin0|
= sin
° la cos 0 + bsin f|+3

x (|cos ] + | sin 6| + | cos 6 + sin 6])*
3r/4 _ . a - 9 5in 0)(—2 9)
— sin (m)l“(a—i—?;)(/ de( 2 cos 0)(2sin 0) +/ dG( sin@)(—2cos ) )
m 3

2 272 /2 |a cos 0 + bsin §|o+3 x/4 |acos@+ bsin o3

The angular integrals can be solved and, for example, the first one gives

/37r/4 (—2cosh)(2sin )™ _ ot /W/4d sin ¢ cos™
/2 la cos @ + bsin | +3 |bcos p — asin p|t3

(B.10)

B 20+l 1 b—a(a+2)
(a+1)(a+2) (bo‘“a2 (a — b)a+2a2>

The final result, for complex a,b, reads

7ra> F(a+1)< 1 1 b—ala+2) a—b(a+2)> (B.11)
9 botig2 " qatip2 T (g — b)ot2q2 | (b—a)ot22) TV

FT, —20‘8111(

T2

From the second line in (B.10) we can also quantify the integral when a = b; this is the
relevant limit for the two-point function (Og2(x)Oy(y)). In this case we get

ma\ I'(a+1) 2
FT(CL b) — 2a Sln( B > Taa‘i’g . (B12)
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