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ABSTRACT: In this second installment of a series of two papers on the %—BPS Wilson line
defect CFT in N' = 4 super Yang-Mills, we focus on dynamical aspects of the theory, in
particular studying four-point functions with analytic bootstrap methods. Relying on the
results of [1] for the kinematics and strong coupling spectrum, we consider various four-point
functions in the planar limit, in an expansion for large 't Hooft coupling. Our ultimate goal is
to provide a detailed derivation of the four-point function of the displacement supermultiplet
at three loops, first presented in [2]. Along the way, we present a large amount of new results
including four-point functions with zero, one or two long external supermultiplets. The last
two represent a novelty in the analytic bootstrap literature and are instrumental in addressing
the problem of operators degeneracy. Such phenomenon leads to the necessity of resolving
a mixing problem that is more complicated than those usually encountered in the study of
holographic correlators, thus leading us to the development of a new approach that we believe
will have a wider range of applicability. Related to this issue, we analyze in some detail the
structure of the dilatation operator in this model. Some of the ingredients that we use apply
more generally to holographic theories, although a thorough investigation of these aspects
is missing, to the best of our knowledge, in most interesting cases.
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1 Introduction

Despite several attempts over the years, solving an interacting quantum field theory (QFT)
still remains a formidable challenge. In four dimensions, the most promising candidate is
4d N = 4 super Yang-Mills (SYM) theory, due to the simultaneous applicability of most
of the existing tools to study strongly coupled QFTs: integrability [3], supersymmetric
localization [4], holography [5] and the conformal bootstrap [6]. Yet, even in the planar limit,
we are still far from claiming that we have fully solved the theory, mainly due to the difficulty
in computing the operator product expansion (OPE) coefficients. It could then be fruitful to
focus on an even simpler model, where said techniques are still applicable, to develop new
ideas that could be applied to the full-fledged four-dimensional gauge theories.

An interesting proposal is that of focusing on the one-dimensional superconformal field
theory (SCFT) defined by operator insertions along a one-half BPS Wilson line in planar 4d
N =4 SYM [7]. In the simplest case of Wilson lines in the fundamental representation of
the gauge group SU(N), the defect CF'T on the line has been discussed for small 't Hooft
coupling A in terms of deformations of the circular Wilson loop [8, 9], while at strong coupling
the dynamics of the theory is captured by the fluctuations of a semiclassical string with AdSs
worldsheet in AdSs x S® [10]. This allows for a perturbative approach both at weak and
strong coupling. Moreover, it was already observed by various authors that, much like its four-
dimensional parent, this defect CFT can be studied with integrability [11-14] supersymmetric
localization [15-17], holography [10, 18-21], and the conformal bootstrap [2, 22, 23]. In
particular, we would like to highlight two recent developments. On the one hand, the powerful
information on the spectrum of the theory obtained (numerically) with the quantum spectral
curve (QSC) [24-26] has been combined with numerical bootstrap techniques to put strong
constraints on the OPE coefficients, in a framework that was termed bootstrability in [13, 14].
Recently, interesting an interesting approach that combines bootstrap, reinforcement learning
and the integrability input has been also proposed [27, 28]. On the other hand, analytic
bootstrap methods have been proved particularly fruitful at strong coupling, where correlation
functions were computed at unprecedented high order and new techniques to address mixing
problems were developed in previous work by the authors [2].

In this paper, which alongside [1] expands on the results presented in [2], we consider
an analytic bootstrap approach to the half-BPS Wilson line defect CF'T in the fundamental
representation, in planar SU(N) 4d N = 4 SYM, in the regime of large 't Hooft coupling
A. Our main focus is the four-point function of the super-displacement multiplet, D1, which



we compute analytically at fourth perturbative order in the large A\ expansion. To this end,
we employ the techniques developed in [23, 29] for one-dimensional CFTs (that we review
in detail) that use an ansatz with harmonic polylogarithms (HPLs) and demonstrate their
power and applicability, in principle, to each order in 1/ V), once all the relevant CFT data
at previous orders are known. The main obstacle to this approach is the degeneracy of states
at A = oo, which makes it impossible to extract all the CFT data at each order from a
single correlator. To address this issue, in [2] we considered various families of four-point
functions. Besides correlators between half-BPS operators of arbitrary weight, it proved
crucial in this case to consider external unprotected supermultiplets, a case which has not
yet been considered in detail in the bootstrap literature, despite its great potential. In the
companion paper [1], we develop the kinematics and superconformal blocks for correlators
involving long multiplets and perform an analysis of the spectrum of the theory at strong
coupling, allowing for the implementation of the bootstrap machinery in this paper.

We note that our setup is akin to the analytic bootstrap of holographic four-point
functions between half-BPS operators, that has been developed at tree level for theories with
maximal [30-33] and half-maximal [34] supersymmetry and pushed to one loop for some
cases [35-40] and even up to two loops in AdSs x S° [41, 42]. It is then interesting to draw
a parallel with that program. First, we emphasize that in terms of Witten diagrams our
result presented in [2] and reviewed here corresponds to a three-loop computation, which is
hardly approachable in d > 1 with the current technology. Moreover, while for the resolution
of mixing between double trace operators (at first order) it has proven sufficient in most
known holographic setups to focus on four-point functions between half-BPS operators of
arbitrary weight, this is not sufficient in our case for reasons that we will explain. Rather,
our mixing problem is probably more akin to that faced at higher orders, when higher-trace
operators enter the game: for this reason we believe that the techniques developed here and
in [1, 2] could be relevant for the bootstrap of holographic correlators in higher dimensions
as well. From this perspective, key aspect of our analysis is a thorough investigation of the
spectrum of the theory and of the structure of the dilatation operator at strong coupling, in
the spirit of [43]. Thanks to the simplicity of this model we are able to obtain the complete
expression of the dilatation operator at first order, for arbitrary long multiplets, and moreover
we provide an understanding of some of it structures at all orders.

It is also worth emphasizing that we work in position space, while in the literature on
holographic correlators both position space and Mellin space [44, 45] are employed. On
the one hand, experimenting with HPLs in 1d CFT is simpler than in higher dimensions
and our setup can prove fruitful for a better understanding of the basis of functions that is
relevant for perturbative computations. On the other hand, a naive application to Mellin
space to one-dimensional theories fails due to the presence of a unique cross ratio in one
dimension and the half-BPS Wilson line defect is an ideal arena to test proposals for a 1d
Mellin space, such as that of [46].

1.1 Summary and results

Let us now briefly outline the bootstrap problem that we consider, highlighting in particular
the main assumptions and results. The goal of this paper is to compute the four-point



function (D1 D1 D1 Dy) of the displacement operator Dy in the CFT defined by the half-BPS
fundamental Wilson line in planar A" = 4 SYM, in a perturbative expansion for large 't Hooft
coupling A. The string theory description of the theory at strong coupling [10] offers, in
principle, a weakly coupled description through a QFT in AdSs, but the computation of
loop Witten diagrams quickly becomes challenging and it is therefore convenient to adopt
a bootstrap approach, as already done in [2, 23] for the same theory.! We shall employ
the techniques originally developed in [23, 29, 49] for 1d CFTs, which postulate an ansatz
for a perturbative four-point function in terms of a certain class of HPLs (see appendix A
for more details):

GO0 =Y ) T, (1.1)
(2
where G() () is the (-th order four-point function in terms of the cross-ratio x, 7; are rational
functions and 7; are the aforementioned polylogarithms. This is our first and main assumption,
which has been already successfully tested in various contexts [2, 23, 29, 47, 48, 50] and for
which we shall provide more evidence in section 3.

Once the ansatz is established, the name of the game is to constrain the rational functions
appearing in (1.1), and we have various types of constraints. First, we have functional
constraints between the rational functions r; dictated by the crossing equations of G(E)(X).
There are two such conditions: one coming from the invariance of the correlators under cyclic
permutations of the operator insertions, which holds in general for 1d CFTs that can be
equivalently defined on a line or on a circle, the second arising from swapping the positions of
two neighboring operators, which on the other hand is not a genuine symmetry of 1d CFTs
due to the absence of a continuous rotation group in one dimension. We will comment on
how this symmetry, which we shall refer to as braiding, can be still employed in a holographic
setting under certain assumptions. The third main assumption is related to the Regge limit,
which for 1d CFTs was studied in [29, 51, 52] and is related to unitarity of the theory. This
might be broken perturbatively, but we shall assume that at each order the behavior of
correlators in the Regge limit is as mild as possible, and following [29] we characterize such
growth in terms of the behavior of the anomalous dimensions ’y(Ae) developed at ¢-th order
by operators of free theory dimension A for large A. We find, empirically, that the mildest
asymptotic behavior for this model corresponds to

W~ AL (A 0), (1.2)

at perturbative order /. As we shall discuss, this is well-understood for tree level results
(¢ = 1), but it constitutes an assumption for loop level results (¢ > 1), although its origin
is clearly related to the existence of solutions to the bootstrap equations corresponding
to higher-derivative terms in the AdS, Lagrangian. Finally, a constraint comes from the
requirement that the expansion of the correlators in the various OPE limits is compatible
with the conformal blocks expansion.

Given these assumptions, as well as some additional external input (for example, three-
point functions between one-half BPS operators known from localization [4, 15, 53]), the

See also [47, 48] for bootstrap approaches to other defect theories.



method proceeds as follows. At each order, one can compute certain terms in G (x) once
the relevant CFT data at previous orders are known: such terms, which we shall refer to
as “highest logarithmic singularities”, are those that contain singularities log® y with & > 2
in the small x expansion. They are akin to terms generating double discontinuities in the
language of the Lorentzian inversion formula [54], and the idea is completely analogous to
the AdS unitarity method of [55]. Once such terms are known, the functional constraints
between the rational functions 7;(x) arising from cyclicity and braiding fix the four-point
functions unambiguously, up to terms which have the same structure (and obey the same
crossing equations) as tree-level correlators, therefore containing at most log singularities,
but no higher powers of log. This is where the constraint on the Regge behavior enters the
game, selecting one among the infinite solutions to the tree-level bootstrap problem.

The method outlined above applies, in principle, at each perturbative order, provided
that the relevant CFT data are known to compute the highest logarithmic singularities. Here
is where we encounter one of the main themes of this paper: the mixing problem, which we
now briefly describe. Recall that we are focusing mainly on the (D; D; Dy D;) four-point
function. For this observable, the simplest instance of mixing occurs at one loop (¢ = 2),
where one has a log? y logarithmic singularity arising in the y — 0 OPE limit, with coefficient

> (@l (Y1) aga(x) (1.3)

A

where A are the free-theory dimensions of the exchanged operators, 41 their first-order
anomalous dimensions and a(?) their squared OPE coefficients with pairs of external operators
in the free theory, while ga () are conformal blocks. The obstacle to the computation of this
sum is the presence of degeneracy between operators in the free theory: for each value of A,
one has more than one operator, which is why we have used the average symbol (-) in (1.3):
for each A, the quantity in the brackets is actually given by a sum of terms

@@ M= 3 (1?52, (1.4)
orP=a

where O are eigenstates of the dilatation operator and pe their OPE coefficients with pairs of
external operators.? The issue is that if one were to compute only a single four-point function
at tree level, the only information that could be obtained on the first order anomalous
dimensions would be

@@ yMya = 3 (@248, (1.5)
oLy =A

for each A, where the average is over the specific OPE coefficients associated to the specific
four-point function that we considered. This way one would then only obtain one specific
linear combination of the anomalous dimensions 78 ), which is not enough to compute the

average (1.4). Instead, one should compute independently averages of the type (1.5) for a high

20ur notation for OPE coefficients will be the following. We reserve the symbol C for OPE coefficients
between three half-BPS operators, while we use ;1 when three-point functions involve at least one long multiplet.



enough number of correlators such as to allow to extract all 78 ) for a given A individually:

only then, it would be possible to compute (1.4).

This is a common problem in perturbative CFTs and it is well known that a way to
address it is to consider multiple correlators and to extract the quantity <a(0) fy(l)) A from
each of them. If the OPE coefficients ,ug)) appearing in (1.5) are independent in the various
correlators, by considering a high enough number of them it is possible to obtain enough
inequivalent averages <a(0) 7(1)) A that one can compute the actual anomalous dimensions 7((91 ),
thus allowing to compute the quantity in (1.4) and therefore giving access to the coefficient
of the logarithmic singularity given in (1.3).

A similar problem has already been discussed in various contexts, ranging from the
e-expansion [56, 57] to supersymmetric holographic setups [35-40]. The latter cases might
seem, at least a priori, somewhat analogous to the one considered here, and the solution
discussed by various authors is to consider four-point functions between half-BPS operators
of arbitrary weight to “unmix” the anomalous dimensions and OPE coefficients. However, we
have at least two differences compared to those cases. The first is that, as we shall discuss
in more detail, the free theory degeneracy is not lifted at first order, so that operators with
the same dimension A in the free theory all share the same anomalous dimension 'y(Al) at
tree level: the problem discussed above is therefore shifted to fourth perturbative order
and in particular to the computation of (a(®) (4(2)2)A, which is the actual challenge that
we face in our computations. The second difference is that, as opposed to more standard
holographic setups where the half-BPS operators are given by Kaluza-Klein (KK) modes
that are all independent of each other, here higher-rank half-BPS operators D,, are all given
by powers of the displacement, D, ~ (D1)?, in the free theory at A = 0o0.? This implies that
the OPE coefficients (D,D,0) and (D,D,0) can be thought of as parallel vectors in the
degeneracy space of operators O with the same quantum numbers, even if p # ¢. Hence,
the averages (1.5) computed on (D,D,D,D,) correlators are not enough to explore all 7((91 ),
since by increasing p and ¢ one simply obtains the same equations over and over. We are
then led to introduce a new method to address the mixing problem, that involves studying
correlators with external unprotected operators (which we denote with £ and will also refer
to as long multiplets): (D1D1D2L) and (D1D1LL).

Another technical complication of our mixing problem, when compared to those that
arise at first order in holography, is related to the dimension of the degeneracy spaces. In
particular; so far in the literature the analysis has been limited to the mixing between
double trace operators, and in that case the number of degenerate operators grows linearly
with their conformal dimension in the generalized free theory. By contrast, in our case
the relevant degenerate operators are such that their degeneracy grows quadratically with
their dimension, so that the number of correlators that one has to consider in order to
resolve the degeneracy must “follow” this quadratic growth. From this perspective, the
family (D1D1D2L) of correlators is particularly interesting: by taking the external operators
L to be of the same type of the exchanged operators, we are guaranteed to have a family
of correlators whose size is big enough as to assure that we can resolve the degeneracy for
(in principle) arbitrary values of the conformal dimension, provided we consider enough

3Note that there is only one D, for each p, see [1].



independent choices for £. The quadratic degeneracy is relevant to extract the relevant data
to use as input for (D1D1D1Ds) at £ = 4, while at higher orders the degeneracy spaces will
be even larger, but the same strategy applies to these more complicated cases as well. This
fact also makes our approach more flexible than those used so far to study mixing problems
in perturbative CFTs, and we expect that it should be useful in other contexts such as the
mixing between triple trace operators in holography.

We are now ready to outline our main results, although we shall do so in an order
which does not necessarily match the order of appearance in the paper (for that, see the
next subsection). First, without dealing with any sort of mixing problems one can use our
bootstrap strategy to compute (D,D,D,D,) for all p,q up to one loop (¢ = 2). The tree-level
result is a key ingredient for the proof that the free theory degeneracy between operators
is not lifted at first order, and that in particular the tree level anomalous dimensions of
all operators are proportional to the quadratic superconformal Casimir eigenvalue cogp(4+|4)
corresponding to their representation:

1
78 = =5 Cosp(a|4) (wo) (1.6)

where we have stressed that the result only depends on the weights wo associated with the
representation under which O transforms in the free theory, not on the specific choice of O for
given weight w. This allows to compute the one loop results with almost no conceptual effort,
and the latter provide some partial input for the mixing problem. An analogous relation
was observed to hold for the exchanged operators in the displacement four-point function on
the half-BPS Wilson line in ABJM at strong coupling [48], and it would be interesting to
investigate if it persists in the case of half-BPS surface defects in the 6d N' = (2,0) CFTs [58].

The result (1.6) can be then used as an input for the study of (DD D2L), which we
determine at tree level and one loop up to some unfixed parameters that are not relevant for
our purposes, as we shall discuss. We remark here that this is, as far as we are aware, the
first instance of analytic bootstrap involving long multiplets. By considering different choices
for the external long operator £ one is able to compute enough averages (a(0)7(2)> A, for
some A < Ay, that the quantity <a(0) (7(2))2) A can also be computed for A < Apax. Note
that this assumes that the free theory OPE coefficients are known: while in principle they
are simply computed using Wick contractions, the explicit determination of superconformal
primary operators in terms of fundamental fields in the AdS, Lagrangian description is a
non-trivial problem which we solved in [1], allowing to simply borrow those results here.

To quote here the simplest instance of the mixing problem, let us focus on long multiplets
that are singlets under the R-symmetry and transverse spin subalgebras of osp(4*|4). From
the analysis of [1], it is clear that in the sector with A = 4 at strong coupling there are only
two such operators. At A = oo they are exactly degenerate, so one can choose any basis to
describe them and we find it convenient to use a basis where each operator has fixed “length”
in terms of the AdS, fields. Their schematic form, in terms of the scalar fields ¢® which
are the superconformal primaries of the D; multiplet, is*

@(LA;A‘) ~ ©d*p, @2@24) ~ ot (1.7)

4In the rest of the paper, we are going to distinguish between two different types of basis for degeneracy
spaces of the free theory. Operators that diagonalize the dilatation operator are going to be denote with O,
while a basis of operators that have well-defined length, but are not necessarily eigenstates of the dilatation
operator, are going to be denoted with O. The distinction will be particularly important in section 6.

-7 -



Since the dilatation operator is proportional to the identity at A = co as well as at first order
inl/ VA, any linear combination of these two operators is a good eigenstate. However, this
structure is broken by perturbations at second order and only specific linear combinations of
such two operators are actual eigenstates of the dilatation operator. Let us refer to these as
(’)EA:@ and OgA:4): then, by also computing (D1D1D,;D,) and (DyDyD2Ds) at third order,
we are able to diagonalize the dilatation operator and find, for their dimensions,

BOB= — g 14 N 7(1033 — V/62569) 7 (673805561 — 1581637+/62569) L
! AL/2 120 \ 22524840 \3/2 ’

HOB=) = 4 14 N 7(1033 + v/62569) 7 (673805561 + 1581637+/62569) L
2 A\L/2 120 A 22524840 \3/2 ’

(1.8)

while for their squared OPE coefficients with half-BPS operators, which we are able to
resolve up to first order,” we find

5 (434 120p — V62569)? p* | ,|389 — 249p + 219p* — 108p?
Fpo(a=0 875966 — 228262560 | 630
510526661 + 5856154953p — 5169773793p° + 1101464676p° | 1 .
39418470+/62569 A2z T

_ (434 120p + VG2569)°p* | ,[389 — 249p + 219p° — 108p°
Fopo>=9 = 375066 + 228262569 630
, 510526661 + 5856154953p — 5169773793 + 11014646765°] 1
304184701/62560 Nz
(1.9)

These results are found to agree perfectly with the numerical analysis of [13, 14] after a
numerical fit at strong coupling.’

Finally, our main result and the reason for considering such a complicated mixing
problem, is the computation of the four-point function (D1D1D;D;) at three loops, or fourth
perturbative order (¢ = 4). While the explicit result, which we give in (4.105), may look
complicated at first sight, we would like to emphasize that it is in fact much simpler than it
might be a priori. One first simplification is that the degree of transcendentality of four-point
functions in this model only increases by one unit at each perturbative order. In particular,
the three-loop results only have transcendentality four, which is the same as for one loop
results in a toy model with no supersymmetry [29]. Moreover, while a basis of the HPLs we
are interested in for transcendentality four contains 31 functions, while we find it possible to
express our final result only in terms of products of log and a weight-three function called Ls
(defined in (4.80)), evaluated at arguments y and 1 — x. This form of the result highlights the
fact that the functions Lis and Lig, while in principle allowed by transcendentality, actually

5As we will stress in the main text, due to the fact that the degeneracy is unlifted at first order, the
resolution of the mixing problem for 49 is tied to the OPE coefficients at order £ — 2, rather than £ — 1 as
more commonly found.

SWe thank the authors of those papers for sharing the relevant data with us.



drop out of the final result. We will make some comments and speculations on the properties
of the functions appearing in the three-loop result in the main text.

Finally, let us mention that while the resolution of mixing at two and three loops is
beyond the scope of our work, we can still obtain exact results for the conformal dimension
and OPE coefficient associated with the only singlet multiplet that is not degenerate in the
free theory, which we denote schematically with (2

02« 0235Y (1.10)

The result, already anticipated in [2], is”

5 2951 305 1 351845 75 1
hp=2— = 4 222 2P ~ 23y = 1
7] TN 16 >\3/2+<13824 5 ¢l )> et
2 43 5 (11195 1 1705 1613 1
2
2 2 (R - A
Met =5 T 508 T 6h ( 728 * C<3)> \3/2 ( 06 T C(?’)) et

Both of these results match beautifully the numerical predictions of [12—-14] at large A.

(1.11)

1.2 Guide to the reader

Let us conclude this introduction by presenting a plan of the paper, in the form of a guide
to the reader that can help navigate through both this work and [1]. We have divided the
material in such a way that [1] contains all the information about the osp(4*|4) superconformal
algebra and its representation theory that is relevant for this paper, as well as the study
of the superconformal kinematics and superconformal blocks that we will use to bootstrap
four-point functions. The reader is invited to refer to that paper for all such derivations.
Moreover, in addressing the mixing problem an essential piece of information comes from
the understanding of the spectrum of the defect CFT at A = oo, which is made possible
by the countings performed in [1]. Once again, that paper contains all derivations while
here we shall limit to refer to certain results.

In section 2 we review the holographic description of the half-BPS defect CFT at strong
coupling, focusing on the implications of the latter on the structure of the dilatation operator
in perturbation theory, whose understanding is crucial for the mixing problem. Then in
section 3 we will discuss some features of 1d CFTs and review the bootstrap method developed
in [23, 29, 49], with the aim of giving a self-contained presentation where all the assumptions
are spelled out in detail. We will also make some general comments about mixing. We
shall then apply this machinery to the bootstrap of the displacement four-point function
(D1D1D1Dq) up to fourth order in section 4. The computation is straightforward provided
we assume two results: the fact that the first-order perturbation does not lift the free theory

"Note that we also know the OPE coefficient between two D,, operators and ©? up to two loops:

s 2|2 T7+36p  —163+ 123p + 90p>
Hppe? =P 57 393172 60\
42115 + 51876p — 32400p* — 5616p° 9 1
—2(—4 —+ ...
+ ( R640 (—4+p+p)C3) 372 +



degeneracy and the fact that we are able to “solve” the mixing problem at second order, at
least in the sense that we can compute all quantities that are necessary for the bootstrap
of (D1D1D1D,) at fourth order. We then deal with these two assumptions separately. In
section 5 we consider the bootstrap of more general (D,D,D,D,) correlators up to second
order: besides revealing some interesting structures and results, the analysis proves our claims
on the structure of the dilatation operator at first order. Finally, in section 6 we address the
mixing problem at second order and describe a method which uses (D1D1DyL) correlators to
access certain information about the second order dilatation operator, in particular allowing
to compute the quantity (a(®) (4(2))2) o which is necessary for the bootstrap of (D;D;D;D;)
at fourth order. We end with some discussion and outlook in section 7. Our presentation is
complemented with various appendices. In appendix A we give a general review of HPLs as
well as a discussion of the specific functions appearing in this paper; in appendix B we give
some technical details on the structure of the OPE for perturbative 1d CFTs, with particular
emphasis on perturbations around points where the theory admits braiding symmetry; in
appendix C we summarize some of the results of our bootstrap analysis for various correlators
and CFT data on the Wilson line at strong coupling.

2 Setup

Let us begin by giving more details about the problem at hand. We will start by defining the
1d CFT that we are interested in terms of a line operator in 4d N' = 4 SYM and then focus on
the regime of parameters of interest for our work: the planar limit (N — co) in an expansion
for large ’t Hooft coupling A\, where the model admits an holographic Lagrangian description in
AdSs. To end the section, we will work out the implications of the structure of such Lagrangian
on the dilatation operator of the theory at strong coupling, making some observations that
will be instrumental for the analysis of the mixing problem carried out in section 6.

2.1 The half~-BPS Wilson line

We consider the one-dimensional CF'T defined by the insertion of local operators along the
one-half BPS Maldacena Wilson line [7] in 4d N' = 4 SYM, defined as

1
— : ) 6,
We NtrPexp/Cdt (zA#ac + o ]:p|) , (2.1)

where the contour C parametrized by x#(t) is either a circle or a straight line, the trace is taken
in the fundamental representation of the gauge group SU(N) and P denotes the path-ordering.
Here A,, is the SYM gauge connection while ®° is one of the six fundamental scalars of the
theory: the arbitrary choice of coupling one out of six scalars to the line manifestly breaks
the R-symmetry from SO(6) to SO(5). Moreover, a rotational symmetry SO(3) around the
line is preserved, as well as a 1d conformal symmetry SL(2) and sixteen supercharges: all in
all, this line defect is known to be invariant under the superconformal algebra osp(4*|4) [59].
Correlation functions in the defect CFT are defined by [60]

<tI‘ PO, (tl) th,tg Og(tg) - On(tn) th,t1>
We)
<tI‘ PO, (tl) Og(tg) - On(tn) Wc>
(We) ’

{(O1(t1) ... On(tn))) =

(2.2)
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where O; are composite operators transforming in the adjoint representation of the gauge
group SU(N) (see [1] for more details), while W, ;. are segment of the Wilson loop We
connecting the position ¢; and t; along the line. In this paper we are particularly interested
in the case of planar N' = 4 SYM

N — o0, gy N = ) fixed, (2.3)

and in the perturbative expansion for large 't Hooft coupling A. In this limit, the theory
has an holographic description in terms of semiclassical strings in AdSs x S°, which we
review in the next subsection.

The relevant details of the superalgebra osp(4*|4) and its representation theory are
collected in the companion paper [1], where we also study the spectrum of the defect theory
at weak (A = 0) and strong (A = 0o) coupling. Here we briefly review some important results
of that analysis. We label operators according to their osp(4*|4) weights w = {h, s, [a, ]},
where h is the s[(2) conformal dimension, s labels the su(2) transverse spin and [a, b] are
sp(4) Dynkin labels. We want to emphasize here that at strong coupling only two types of
supermultiplets are relevant, namely absolutely protected half-BPS multiplets

Dk ) w(Dk) - {kv 07 [07 k]} ) (24>
and generic long multiplets
Lg[mb] , W(LQM) = {h, s, [a,b]}, h>a+b+1+1s, (2.5)

whose dimension is not protected against perturbative corrections. Supermultiplets of other
type do not appear in the strong coupling perturbation theory, and in particular this is
true for those semi-short multiplets that could potentially undergo recombination: the latter
phenomenon is therefore absent at strong coupling.

2.2 The holographic description

The half-BPS Wilson loop in the fundamental representation has a long history, dating back
to [7], where it was first observed that such Wilson loop in planar 4d N' = 4 SYM with
strong 't Hooft coupling A is dual to a semiclassical string in AdS5 x S°, whose worldsheet is
a minimal surface AdSy C AdSs, ending on the contour defining the loop at the boundary.
The holographic description of Wilson loops in other representations of the gauge group is
more complicated and involves D3 and D5-branes, see [18-20].

In this paper we are interested in correlation functions between local operators located
along the contour of the Wilson line, or in other words we will only focus on defect observables
and not in bulk ones. The holographic description of the defect degrees of freedom was
found in [10], which we now briefly review. Focusing for simplicity on the bosonic sector, the
embedding of the superstring dual to the Wilson loop in AdS5 x S° is described by three
coordinates x?, i = 1,2, 3, parametrizing fluctuations of the string inside AdSs, as well as
by five coordinates 4%, a = 1,...5, accounting for fluctuations along the internal S°. Note
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that in terms of the components of the displacement supermultiplet®

= h=3/2 =
Dl . @?17;) — \I/(274)/ — f(}%,f) s (26)

the bosonic coordinates of the superstring are identified with the two most important operators
of the defect CFT: the displacement f, dual to 2’ and related to the breaking of 4d conformal
invariance, and the tilt ¢, dual to y* and related to the breaking of the SO(6) R-symmetry
of N = 4 SYM.

The local dynamics of the excitations x¢ and y® (as well as their fermionic partner in Dy,
via supersymmetry) is captured by the Nambu-Goto action of type IIB superstring theory,
where the tension T of the string is related to the 't Hooft coupling A by the usual relation
T = \2/—75 Following [10] and expanding the action for small fluctuations, one obtains an AdSs
Lagrangian that begins at quadratic order in the fields and contains an infinite number of
vertices with higher and higher number of derivatives and fields, whose coupling constant is
1/+/A. This allowed the authors of [10] to compute the first-order correction to (D;D;DyDy)
at large \ using tree-level Witten diagrams, a result that was later reproduced in [23] using
the bootstrap methods that we also use in this paper.

Since here we will also adopt a bootstrap approach, we will not be interested in the
details of the Lagrangian, but only in certain qualitative features that we now discuss (but
see [10] for more details). Moreover, since (at least in principle) the Lagrangian is fully fixed
by o0sp(4*|4) invariance once the terms involving fields y® are known, we shall focus on the
interactions between the y®’s in order to describe the features of the Lagrangian that we
are interested in. We then schematically write

o0

EAdSQ ~ Z ﬁ(aya)ﬂf-&-l) , (2_7)
=0

where ¢ = 0 gives the kinetic term for a massless field in AdS; and ¢ > 0 corresponds to
an infinite tower of interactions between an even number of fields (so we have a symmetry
y — —y), which are such that contact terms involving 2(¢ + 1) fields contain a number
of derivatives ranging from 0 to 2(¢ + 1) (note that in (2.7) we have only emphasized the
contribution of the terms with the highest number of derivatives). In particular, £ = 1
corresponds to quartic contact terms that contain at most four derivatives. Due to this
structure, at ¢-th perturbative order all correlation functions in the theory can be extracted
from the (2¢ + 2)-point function

(D(1)... (20 +2))O (2.8)

where @ is the superfield representing the D; multiplet in superspace. This is due to the
structure of the spectrum of the theory at A = oo [1], which we recall below, and to the fact
that (®(1)...®(n))" is given by a sum of disconnected Witten diagrams for all n > 2¢ + 2,
as a consequence of the Lagrangian (2.7).

As discussed in [2], the fact that the dynamics of the theory is fully captured holo-
graphically by a Lagrangian which only involved fields transforming as components of the

8We denote by h the conformal dimension of operators in the CFT and the subscripts on the fields denote the
dimension of the corresponding representations under the compact bosonic subalgebra su(2)®sp(4) C osp(47[4).
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D1 multiplet implies that, at least at strong coupling A = oo, all states can be built as
graded-symmetrized tensor products of states in D;, where we are identifying operators and
states by the usual state-operator correspondence. More precisely, associated with D; is a
vector space Vg and the Hilbert space of the theory at strong coupling is built as

qqstrong  _ @H trong ;rong — (ch R R V¢>SL , (29)
————

L times

where S;, denotes graded symmetrization, and we have introduced a quantum number L
which denotes the length of states/operators. Note that while to each state belongs to a
certain representation R of 0sp(4*|4), this identification is not one-to-one, as two inequivalent
states might belong to the same representation. We will express this fact by saying that
there is a degeneracy of operators in the free theory at A = oo, which is generically broken
by perturbations (and in particular is expected to be fully broken in the interacting theory).
Accordingly, we can write the Hilbert spaces of operators with fixed length as

strong @ dstrong ® R , (2.10)

where d"°" (R) are multiplicity spaces, whose dimension we study in [1] for certain rep-
resentations. Following [2], we specify representations with their weight w = {h, s, [a, 0]}
under the bosonic subalgebra, where h is the conformal dimension, s the transverse spin
and [a, b] are sp(4) Dynkin labels. See [1] for a more detailed account of our conventions
and a description of the superconformal algebra osp(4*|4) and its representations. Focusing
on singlet supermultiplets, with w = {h, 0, [0,0]}, let us repeat here a result that is derived
in [1], namely the dimension of the degeneracy spaces for such multiplets. For general L,
we have the following scaling at large h:

dim (&7 (Lf o.0)) ~ P22, (A o0), (2.11)
and in particular
dim (€75 (Lh o)) =1, dim (€75 (Lf50)) =0, (2.12)

meaning that there is a unique singlet long supermultiplet of length two for each h, while
there is none of length three. At length four, we find

[(B2], h>4 even,
h

dirn( e rong (£0 [0, 0])) L(%) |, h>3 odd.

(2.13)

The explicit construction of singlet supermultiplets with length L = 2,4 is discussed in [1].

The setup is reminiscent of the study of holographic correlators in large N CF'Ts with
AdS duals, where one has a weakly coupled description of the field theory in the regime of
large central charge, which is a Lagrangian field theory in AdS. However, in all controllable
examples of the AdS/CFT correspondence one has an internal space with size comparable to
the AdS radius, so that the Lagrangian contains an infinite amount of fields, arising from
a Kaluza-Klein (KK) reduction on the internal space. Moreover, the fundamental fields

,13,



in the AdS Lagrangian description are dual to “single-trace” or “single-particle” operators
in the CFT. The OPE between two single-trace operators then contains both single and
double-trace operators. Here the situation is quite different: there is no internal space,” hence
no KK modes and only a single multiplet in the AdS Lagrangian. Moreover, as we discuss
in [1], in the gauge theory description of this model there are only open-trace operators at
large IV, which form a closed subsector under the OPE. This makes the theory a well-defined
1d CFT at N = oo, where the only perturbative parameter is A. Studying perturbative 1/N
corrections is of course an interesting problem, but it is not necessary in this sense.

2.3 The dilatation operator

While in the rest of this paper we will never make use of the detailed expression for the
Lagrangian (2.7), we can use its rough structure to draw some important conclusions on
the structure of the dilatation operator in the strong coupling perturbation theory, which
complements and extends the discussion of [2]. As we discussed at length in [1] and summarized
in the previous subsection, a convenient way to arrange the spectrum of the theory at
A = o0 is to consider an additional quantum number on top of the osp(4*|4) weights of each
supermultiplet, namely the length L of states. At each perturbative order, correlation functions
between such operators can be then computed (at least in principle) using Witten diagrams:
even though length is a conserved quantum number only in the free theory, it still makes
sense to consider correlation functions between operators of well-defined length. Moreover,
when degeneracy is present, one is free to choose any arbitrary basis for each degeneracy
space, and again we will find it convenient to work in a basis that does not mix operators
of different lengths. Such a basis does not necessarily correspond to a basis of eigenstates
of the dilatation operator, hence two-point functions will not necessarily be diagonal in the
length basis. In particular, associated with each degeneracy space d(A), we can define a
matrix that we will refer to as the anomalous dimensions matriz T'a,'? whose entries at each
perturbative order can be read off from the two-point functions between the basis elements
of d(A). To be more precise, let O; and Oz be two eigenstates of the dilatation operator at
the non-perturbative level, with dimension hj(\) and ha(\) respectively, sharing the same
dimension A in the free theory: hj(o0) = ha(co) = A. Then the two-point functions read

1
ey 0
(0a(1)05(2)) = | ™ R (2.14)
0 22 ()
12
for o, 8 = 1,2. Expanding perturbatively, we find
1 LoD+ 4P+ 0 )
(0,(1)05(2)) = -~ 5a5—<’\ /20 a logt2,+0O(log*t3,) | ,
35 0 FUCRL R ST RSN S "
1
5 [Bas = (T'a)ap logt, +O(log )] | (2.15)

12

9There would be an internal S? if we were to study Wilson lines in other representations of the gauge
group, which would make the setup closer to the standard one for holographic correlators.

ONote that we are suppressing the labels of su(2) @ sp(4) since they will not play a role in this discussion:
operators with different quantum numbers cannot possibly mix.
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where we are neglecting powers of logt3, higher than one and we have defined the matrix
I'w3, which is the anomalous dimensions matrix in the basis of eigenstates. Now, if instead of
a basis of eigenstates of the dilatations we chose an arbitrary basis via

On = M0y, (2.16)

then we would obtain the two-point functions

~ ~ 1
(0a(1)05(2)) = 3 [(MMT)as + (MTAM )og log#hy + Ollog? )], (2.17)
12

which allows us to defined the anomalous dimensions matrix
CA=MTAMT, (2.18)

in the new basis chosen for the degeneracy space, which is no longer diagonal due to the fact
that O, are no longer eigenstates of dilatations. In the rest of this paper, we will choose
a basis where operators have well-defined length and we will use the symbol Oq to stress
that we are working in such basis. Clearly then, in this basis r A admits a decomposition in
blocks that act on degeneracy spaces of operators with fixed length:!!

A = > TA Ly 5y TALy oL, Az, (A) = dp,(A). (2.19)
Li,Lo

It then makes sense to ask the following question: which of the 1:& L,—L, are non-zero at
each perturbative order?

To address this, let us consider two operators O, and Oy, of length L; and Ly respec-
tively, both belonging to the same degeneracy space d(A). The question above can be then
rephrased by asking: what is the relation between L and Lo such that the two-point function

(O1,0L,), (2.20)

is non-zero? To answer it, recall that an operator of length L is defined as in (2.9) from the
tensor product of L copies of the fundamental letters contained in the multiplet Dy, see [1] for
more details. Then, schematically, one is computing an object of the type depicted in figure 1.
The relation between L, and Lo is then dictated, at each order, by the type of diagrams that
one is allowed to draw, which in turn is fixed by the structure of the Lagrangian (2.7). The
rules of the game are simple: one should use the vertices in (2.7) to saturate the power of
the coupling at each order, and then connect all the remaining crosses in figure 1 from the
left to the right. It is important to stress that self-contractions of fields defined at the same
point are forbidden: such diagrams (which are naively infinite) give zero once an appropriate
prescription to define composite operators is chosen, such as point-splitting or dimensional
regularization. We will then neglect their contribution in the following, see also [61, 62] for
another instance of this in the same theory at weak coupling.

Let us start from the free theory, where the answer is extremely easy: one can only
draw free theory propagators to connect each D; in Or, to a D; in Of,, which implies that
necessarily Ly = Lo. The situation is represented schematically in figure 2. At first order,

~ N e T
Since T'a is a symmetric matrix we have that | NG S (FA,L2—>L1) .
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OL1 OL;

Figure 1. Schematic representation of the two-point function between operators Or, and Oy, of
length L; and Ls. The crosses represent the fundamental letters D; used to build the operators
according to (2.9).

OLl 0L2
Mommemmeeeemeeeeaeeaaeeaas x
P x
S x
Y x

Figure 2. In the free theory, (O, Op,) only receives contributions from free propagators, represented
with dashed lines. This requires that L1 = Ls.

Or, Or, Or, O,
(a) Ll = LQ. (b) Ll = L2 + 2.

Figure 3. Contributions to <(9L1(9L2>(1).

only the quartic vertices in (2.7) play a role and, neglecting self-contractions as discussed
above, the two-point function (2.20) receives contributions from the two diagrams in figure 3.
Note that we are using blue lines to denote the use of a quartic vertex and that we are no
longer drawing free propagators connecting the remaining points: we simply assume that
all other points are linked in a trivial way. The difference between the number of points
connected to a vertex on the two sides then gives us a selection rule for the allowed L; and
Lo. In the case at hand, the diagrams of the type 3(a) cannot change the length of operators
from the left to the right, hence they lead to Ly = Lo. On the other hand, diagrams of the
type 3(b) lead to the selection rule L1 = Ls + 2. However, this is not quite the end of the
story: indeed, all diagrams with the structure of 3(b) factorize in a free theory contribution
and the first order contribution to a two-point function of the type (D1 X—3), where X7_3
is some operator of length three: roughly speaking, 3(b) ~ (D1 X7—3)M (...} where the
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O, Or, Or, Or,

=

(a) L1 = L2. (b) L1 = L2 + 2. (C) Ll = L2 + 4.

Figure 4. Contributions to (O, Or,)® built using a six-point vertex.

second is a free-theory correlator computable by Wick contractions. Regardless of the details
of the theory under inspection, by osp(4*|4) invariance such two-point function can only be
non-zero if X7_3 is a Di-type multiplet itself: in that case, the two-point function is protected
by supersymmetry and does not generate logarithms in the perturbative expansion, hence
it does not contribute to the anomalous dimensions matrix. In the particular case at hand,
moreover, there is only one multiplet of the type D; and it has length one, so the two-point
function (D7 X1—3) vanishes identically. We then conclude that, due to supersymmetry, the
tree-level diagram changing the length by two is actually suppressed. Therefore we can write

(Or, Or,)M o< 1,1, - (2.21)

We anticipate here that, moving to higher orders, changes of length will be allowed, but similar
arguments always suppress the maximal change of length naively allowed at each order.

We will dig further into the structure of the dilatation operator at first order in the
second part of this section, while for the moment we move to second order. Clearly, now the
type and number of diagrams will be more complicated, but we will still be able to draw
similar conclusions. Let us discuss the type of diagrams that contribute at this order, with the
help of figures 4-7, where the crosses on the side represent the fundamental letters (elements
of Dy) used to build the operators, dots represent interactions and we have used red lines
for the sextic vertex and blue lines for the quartic one. All crosses not connected by any
line should be thought of as connected to a cross present in the other operator with a free
propagator. The diagrams 4(a), 5(a), 6(a) and 7(a) give a non-vanishing contribution and
change the length by zero units. The other relevant contribution comes from the diagrams 4(b)
and 5(b), which change the length by two units. The two diagrams 4(c) and 5(c) form the
second-order contribution to a two-point function (DX —5), so they do not contribute to the
anomalous dimensions as discussed for (D1 X—3) at first order. Finally, 6(b), 6(c) and 6(d)
do not contribute since they are factorized with a factor being (D; X L:3>(1), and similarly
the contribution from 7(b) since it is the second order contribution to (D1 X—3).

All in all, we can draw the following conclusions regarding second-order contribution
to (2.20): the two point functions can connect operators with either the same length (L; = Lo)
or length differing by two units (L1 = Lo £2), and moreover the only diagrams that contribute
to the maximal change in length are fully connected, tree-level diagrams, dressed with the
proper amount of free theory propagators.

So far, we have been sloppy about an important fact, namely whether the two operators
in (2.20) are superconformal primaries or descendants. In generic weakly coupled Lagrangian
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O, O, Or, Oy,

><

(a) L1 = LQ. (b) L1 = L2 + 2. (C) L1 = L2 + 4.

Figure 5. Contributions to (O, 0pr,)? built using the two four-point vertex twice to form an
exchange diagram.

Or, Or, O, Or,
(a) L1 = LQ. (b) Ll = LQ. (C) Ll = L2 + 2. (d) Ll = L2 + 4.

Figure 6. Contributions to (O, 0r,)® built using the two four-point vertex twice in a discon-
nected way.

(a) L1 = LQ. (b) L1 = L2 + 2.

Figure 7. Contributions to (O, Or,)® built using the two four-point vertex twice to form a loop.

theories, certain short (super)conformal multiplets recombine into longer ones when the
coupling is tuned from zero to a finite value. In this case, the (super)conformal primaries
of certain multiplets can mix with the (super)conformal descendants of other multiplets.'?
However, a special feature of the theory that we are investigating in this paper, and which is
common in holographic settings, is that the spectrum at A = oo is such that no recombination
can happen. Indeed, as discussed at length in [1], at A = oo the only multiplets are either
protected or long multiplets with dimension well above the unitarity bound. Given the
absence of recombination, we then claim that the only two-point functions (2.20) one has
to consider is that between superconformal primaries, and those between (super)conformal
descendants are fixed by symmetries accordingly. This also justifies expressions such as (2.19),
where we have written the anomalous dimensions matrix as a map between degeneracy spaces,

12A simple example is given by the operators g and ¢ in ¢* theory in d = 4 — € dimensions.
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which we have defined in (2.10) as vector spaces of objects in a given superconformal multiplet
of osp(4*|4), canonically represented by their superconformal primary.

Using analogous diagrammatic arguments to the ones above, it is actually possible to
generalize similar observations to all perturbative orders, thus elucidating an interesting
structure in the dilatation operator of this theory, which we will refer to as ID. The anomalous
dimensions matrix I'a is then an explicit representation of D on a given degeneracy space
d(A). Given that D: H — H and (2.9), we can decompose it as

D= Z DL1%L27 DL1~>L2 : /HLI — HLQ . (2.22)
Ly,L

The issues discussed above correspond to the question of which Dy, _,r, are trivial and which
are not at a given order in perturbation theory. Expanding D perturbatively at large A,

{4
D= Z WD( ) (2.23)

generalizing the diagrammatic arguments of this section to higher orders one can prove that

DY =3 Z DL—>L+25La (2.24)

L §L=1-¢
or
L 14
DO = 3 DY), | (2.25)
Ly,Lo

|L1—L3|€{0,2,...,2(¢—1)}
or in words

the action of the dilatation operator at £-th order (¢ > 0) can only change the
length of states by AL units, with AL =0,2,...,20 — 2.

We emphasize again that the special feature of the theory at hand is that the case AL = 2/
is disallowed by supersymmetry. Moreover, we would like to stress that the maximal change
of length at given order'® can be ascribed by a simple type of diagrams. Due to the structure
of (2.7), at order O(A~%/?) they can be extracted from the fully connected (2¢ 4 2)-point
function of ® (the superfield associated with Dj, see [1]):

<(p(]') A @(26 + 2)>C01’11’1€Cted bl (2.26)

which only receives contributions from tree-type diagrams, like those represented in figure 8
for the first few orders. The importance of the (2¢ + 2)-point function of ® at order O(A~¢/?)
was already emphasized around (2.8) and in this case we are extracting its simplest part,
which does not involve loop diagrams.

One might wonder if it is possible to obtain explicit expressions for the dilatation
operator in perturbation theory, in the spirit of [43]. It turns out that it is possible to obtain

13Interesting features of terms that change the length maximally at a given perturbative order in the case of
planar N' =4 SYM at week coupling have been observed in [63].
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Figure 8. Diagrams contributing to (2.26) at the first few perturbative orders.

a particularly compact result at first order, while at second order we only explored certain
components in section 6. Here we focus on the story at first order, where we have learned
that there is only one relevant contribution to DM):

p® =5"D,, . (2.27)

Given that at each order we are using a basis of operators that are defined in the free theory,
where states are built using (2.9), D(Y) has a well-defined action on the letters that build
each operator, and the fact that the only diagram contributing to it is 3(a) implies that
it must have the structure

]D)(LlLL: Z (Dél—)ﬂ)ijv (2-28)
1<i<j<L

where the indices 7, j indicate on which factors in the tensor product defining H the operator
is acting (see (2.9)). Note that ID)(Lll> ;, is permutation invariant so its action on Hp, is well
defined. The full dilatation operator at first order can then be determined from Dggz, which
we extract as follows. We start by observing that in the OPE D; x D; the only long multiplets
that appear are the (non-degenerate) singlets of length L = 2 (let A be their dimension):
their first order anomalous dimensions can be extracted from (D1D1D1D1>(1) and they read
V(Al) = —%A(A + 3), which is proportional to the superconformal Casimir associated with
the representation {A,0,[0,0]} (see section 4). Using the fact that D(Y) commutes with the
action of 0sp(4*|4) in the free theory, which can be argued from analogous observations to
those of [43], one can use this information on the spectrum of ]Dgllz to conclude that the

operator itself must be proportional to the quadratic Casimir of osp(4*|4):
1~ ~
DY, = —2&(J12) = — g . g &y (1) = k(J,]), (2.29)
where k is the Killing form of osp(4*[4), J&-) = JO) 4 4 J) each J® corresponding
to the representation of the single letter Vg = D1, and we introduced the notation J @ . jO,

We have also used that the single letter representation Vg has vanishing Casimir (see [1]
for our conventions), namely €5(J®) = 0. Inserting (2.29) in (2.28) and using again that
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the quadratic Casimir of D; is zero, we obtain

4 . 1 . . 1
DY, = S JO. 0= —5 > VIV = (7021 (2.30)

1<i<j<L 1<i,j<L
that is we have just shown that

the first-order anomalous dimension of any operator O in a representation Ro of
osp(4*|4) is proportional to the quadratic superconformal Casimir eigenvalue of
that representation, c2(Ro).

More precisely, we have

1 1 1 1
78):—§CQ(RO):—§ AM+3)+ s(s+2) —ga’ —ab+2) —bb+3),  (231)

where A is the conformal dimension of O for A = oo, s is its transverse spin and [a, b] the
associated sp(4) Dynkin labels, and we are following the conventions of [1]. Note that (2.31)
implies in particular that operators that are degenerate at A = oo (thus sharing the same
A, s, [a,b]) remain degenerate at first order, or in other words

the degeneracy of operators in the free theory at A = oo is not broken at first order.

As we shall discuss in section 4, this fact is crucial because it allows to bootstrap correlators
up to two loops without addressing the mixing problem, which only comes into the game at
three loops from the bootstrap point of view. Note that we have reached these conclusions
only from abstract algebraic considerations and the OPE analysis of <D1D1D1D1>(1) given
in section 4, but we have not used it as an input for the bootstrap of (D,D,D,D,)") in
section 5. The results of that section agree perfectly with the prediction (2.31), thus providing
strong evidence that our analysis is correct.

3 Bootstrapping 1d CFTs

The aim of this section is to present the strategy that we adopt to bootstrap correlation
functions of local operators on the Maldacena Wilson line at strong coupling. The method,
which was introduced in [23, 29, 49], is based on a certain ansatz in terms of multiple
polylogarithms and rational functions and has already been applied to various 1d CFTs [2, 47—
50]. In this section we shall present such bootstrap algorithm in detail, highlighting some new
features that have not been previously observed and formulating precisely the assumptions
that the method is based on. We find it useful to first make some general remarks on 1d
CFT5, so we start with a generic theory with sl(2) invariance and spell out the conditions
under which our method is applicable. Then, in the following subsections, we will apply
the method to various types of four-point functions in the osp(4*|4)-invariant theory we are
interested in, involving both external short and long multiplets.

Although we shall make some general statements about CFTs in one dimension, our
focus will be on theories with a perturbative parameter g (for the Wilson line defect at
strong coupling, g = 1/v/A). We refer to the theory at g = 0 as “free theory”, although in
a given Lagrangian description it might correspond to a strongly coupled point. We will
adopt an analytic bootstrap approach and compute four-point functions order by order in
the perturbation theory for small g.
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3.1 Generalities on 1d CFTs

Let us start by considering a four-point function of identical operators ¢ with dimension
hy in a 1d CFT with s[(2) invariance.!* Is is easy to show that with n points on a line
one can form n — 3 cross ratios, so a four-point correlator can be written in terms of a
function of a single variable as

1 G, _ tiatsaa

S 3.1)
2hy, ,2h (
tlQW t34v

(p(t1) p(t2) p(ts) p(ta)) = =t

where t;; = t; —t; and ¢; € R are coordinates on a line. The presence of a unique cross ratios,
X, can be compared with four-point functions in higher-dimensional CFTs, which depend
on two cross ratios u and v (or, equivalently, z and Zz) defined as

2 2 2 .2
Tip T T
u=zz= ;2 34, v=_1-2)(1-2%2)= 54 33, (3.2)
13224 13224
where x?j = (v; — xj)? are distances in R? for d > 1. It is straightforward to see that

restricting all four operators to lie on the same line in R?, parametrized by the coordinate
t (i.e. z; — t; € R) one obtains

u=x?, v=(1-yx)>%. (3.3)

We shall refer to this as the diagonal limit [65, 66] of higher-dimensional CFTs, which can be
obtained by taking z = z = x. A peculiar and well-known fact about 1d CFTs is that, due to
the absence of a continuous group of rotations, the ordering of operators is important and in
the definition of (3.1) we should really specify which order we have chosen. In particular, for

hh<---<ty + 0<x<l1, (3.4)

G(x) reduces to a function G(g)(x) that is analytic for x € C, except for branch cuts
at x € (—o00,0] and x € [1,+00), as it can be argued from the OPE [67-69]. Once the
configuration (3.4) is fixed, the only transformations that leave it unchanged are cyclic
permutations of the points on the (compactified) line

ti—=tip1 (ts=t1) = x—1-x, (3.5)

which in terms of x have the property of mapping the interval y € (0,1) to itself, without
crossing the branch cuts of G)(x). One thus obtains the relation

(1= %) G (x) = x> Gy (1 = x), (3.6)

which is in general the only “crossing symmetry” satisfied by G (x). To account for
other configurations of points, following [69] one has to introduce three functions on three
disjoint intervals,

G(_)(X) for x € (—00,0),
G(X) = G(O) (X) for x € (Oa 1)7 (37>
Gylx)  for x € (1,+00),

14See appendix A of [64] for the set of axioms defining a 1d CFT.
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which can be uniquely continued to complex values of y (for example using the block
expansion) but are not analytic continuations of each other, in general. Rather, they can
be related by enforcing Bose symmetry of G(x), defining

GH(X) =Go)(Ey) for x € (—00,0),

(3.8)
2hy ) (%) for x € (1,400).

Q

Gy(x) = x

The outcome of this discussion is that in one dimension Bose symmetry is less powerful than
in higher dimensional CFTs, in the following sense. Say that one wants to bootstrap G/)(x)
using Bose symmetry as a constraint: then the only transformation that acts as a symmetry
of G(p)(x) is (3.6), while the other crossing symmetry transformations define independent
functions. In other words, the crossing symmetry group S3 of four points is reduced to a Zo
subgroup, so far as G(g)(x) is concerned.'’® In particular, we will find it useful think of S3
as generated by the identity and the two transformations y — % (obtained exchanging
t1 <> to) and y — 1 — x (obtained by cyclic transformations from our perspective), which
we shall refer to as braiding and cyclic transformations respectively. Then, we will say that
G0)(x) is generally not invariant under braiding.

To understand how this can happen, it is useful to consider an example, which can be
provided by the same Maldacena Wilson line defect theory that we are interested in, but at
weak coupling (A = 0) (see also appendix C of [23] for related discussions). Let us focus on
the correlator between four insertions of one of the fundamental scalars of the theory that
are not coupled to the line, which we call ®}. At finite N, such four-point function receives
contributions from three Feynman diagrams with the three independent trace structures.
However, for the SU(N) theory in the large N limit

tr(TT*TT) ~ N2 tr(TT TT?), (3.10)

so that one of the diagrams is suppressed in the limit and this spoils the symmetry under
braiding transformations. Indeed, the result (in the configuration (3.4)) reads'6

1 1 2
<I>1 t (I)l ¢ (I)l t @1 t Weak: Gweak X) = 55 <1+X> , 3.11
(BL02) 9L () BL (1) B ()™ = 3o G400 = o (14 72z )+ ()

which clearly satisfies (3.6) but is not symmetric under x — % On the other hand, the
result at strong coupling (A = oo) is computed by adding three disconnected Witten diagrams

15Keeping t4 to be the right-most operator on the line, the six elements of S3 permute ¢1 2,3, resulting in
transformations for x as

(1.23) [ 213) [ B2 [ (132 [ 2310 | (312
X X [ 1-x T T (3.9)

0.0 | (o0.0) | (0,1 | (Lto0) | (—00,0) | (L 00)

where for completeness we have also added the images of the interval (0, 1) under the transformations.
6The formula can also be obtained by setting & = @~ = '™/ in eq. (56) of [11].
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in AdSs. Here all diagrams contribute with the same weight and the result reads'”

1 1 X2
Y (1) DY (t2) @1 (t3) B (1)) = — G5 (0) = 7 (1 + X+ ——3 | »
(3.12)
which in addition to (3.6) is also invariant under braiding transformations:
stron stron,
Gloy * () = Gy (329) (3.13)

In particular, in this case G(_y(x) = G(4)(x) = G()(x) and one can easily argue that the
difference between the two cases is related to the structure of the diagrammatic expansion.

The reason why this is relevant for us is related to the fact that, when one considers a 1d
CFT with a dual weakly coupled description in AdSs, order by order in perturbation theory
correlation functions are defined by Witten diagrams in AdSs, which are Bose-symmetrized
by construction. Each Witten diagram is associated with a certain integral, which can be
computed for instance in dimensional regularization setting the dimension to one only at the
end. When doing so, it becomes manifest that there is nothing special in the one dimensional
case, at least from the perspective of crossing symmetry. Hence we claim that for holographic
correlators, order by order in the coupling constant, the three functions in G(i)(x) and
G 0y(x) are not distinct but rather they can be obtained from a single function G(x) which
is invariant under the full S5 Bose symmetry group which, although not holomorphic, is a
single-valued function G : C\ {0, 1} — R, with singularities at x = 0,1, oo dictated by the
OPE. This property is going to be extremely useful since, as we shall discuss in detail, it
puts additional constraints on correlation functions that will be crucial for our bootstrap
strategy. Let us give two examples: one is a generalized free theory (GFT) correlator for
operators of equal dimension h, (not necessarily integer). In this case

2h
GO0 =1+ P +| 2| (3.14)
the other is the one-dimensional box function
_ lo log |1 —
D = ( 8 1x] + el X‘) , (3.15)
1-x X

both of which are invariant under all Bose symmetry transformations once absolute values
are inserted in appropriate places. We will be always interested in the case when the external
dimensions are (half-)integers in the free theory limit: in this case the absolute values in (3.14)
are not needed, while we claim that absolute values can always be added inside the arguments
of the logarithms in a suitable way as in (3.15) so as to make the expressions manifestly
crossing symmetric. In the case of the box function, this can be seen directly from the
diagonal limit of the higher-dimensional box-function, which contains for instance

log(zz) — 2log|x| - (3.16)

"Similarly, this can be obtained by setting ¢; = ¢; ' = €'™/3 in eq. (6.9) of [23].
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Our tree level result will originate from a sum of contact diagrams, so at that order this
follows from the properties of D-functions, but we anticipate here that at each perturbative
order that we studied four-point functions on the Wilson line can be written purely in terms
of functions arising from the diagonal limit of single-valued functions of z and Zz, hinting
at a higher-dimensional origin.

So far we have only discussed the case of four identical operators, arguing that braiding
transformations can be used as a symmetry to put constraints on correlation functions for
theories with a weakly-coupled holographic description. In the case of non-identical operators,
the same observations translate in the fact that correlators with operator insertions in different
positions are related to each other by simple transformations of the argument, rather than
being independent. In the following, we will only consider theories with this property.

3.2 Logarithmic singularities, braiding and OPE coefficients

The braiding symmetry of the free theory (3.12) has an impact on the operators that can
be exchanged in the OPE. To see this, consider the one-dimensional conformal blocks for
a four-point function of identical operators

gn(x) = X" 2F1(h, h, 2h;X) (3.17)

which are easily shown to satisfy

gn(x) = (=1)" gn(25) » (3.18)

which is only a symmetry for even h. Hence, to reflect the braiding symmetry of (3.12),
only operators with even dimension can be exchanged in the free theory. This parallels
the fact that, in higher dimensions, in a four-point function of identical scalar operators
only even spins can be exchanged, due to the fact that under exchange of the first two
operators the blocks transform with

gau(z,2) = (1) gau (5, ) - (3.19)

While this is easily understood at the level of free theory, when perturbations are turned
on the conformal dimensions of the exchanged operators need not be integers. Invariance
under braiding, however, still bears implications on certain OPE coefficients also at the
interacting level, as we shall discuss below.

In a perturbative theory with a small parameter g we consider a four-point function of
identical local operators as in (3.1) in the small g expansion

600 =3O, (3.20)
/=0

where we neglect non-perturbative corrections and ¢ denotes the perturbative order. Imagine
for simplicity that the dimensions of the external operators do not acquire perturbative
corrections, although this case could be treated in a similar way as we discuss in section 6.
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Now consider the conformal blocks expansion of G(x),'®

— S a0, (3.21)
h

where aj, are squared OPE coefficients and the sum runs over the operators Oy, exchanged
in the ¢ x ¢ OPE, with dimension h. In a perturbative theory both the dimensions of the
exchanged operators and the squared OPE coefficients can be expanded in powers of g

h:A—i—ZgE’yg), deag , (3.22)
0=1

where we will use the convention that A denotes the free—theory value of the conformal
dimensions of the operators exchanged by a certain four-point function, and therefore works
as a label for the exchanged operators. We will be interested in the case when the set of
allowed values for A are all integers (or half-integers for fermionic operators). While the
hypergeometric function appearing in the conformal blocks (3.17) is analytic at xy = 0, the
overall power of y is not and produces logarithmic singularities via

1
"=t (1 + g7V log x + ¢° (’Y(A) log x + 5 (7 )2 1og? x) + . ) : (3.23)

where due to the assumption that A € Z the factor of x® is regular at xy = 0 and the only
non-analytic terms are explicit powers of log x, which are higher at higher perturbative order.
This leads to a natural decomposition of four—point functions at each order as

Z G log X, (3.24)

where each Gi(?gk (x) is analytic at x = 0 and admits an expansion in conformal blocks and

their derivatives 19 For the leading logarithmic singularities, such expansions read?”

Gwixm=wﬂ4y§:K%iw?%*+w—na?v?c&h“ﬂ ga00+ad) () 98 (0]
A

log

¢ 1 2) /(1) £—2 0) (3 1 1)\ £—3
GI(O;£72(X) = —2)! ; [(a(A)(’y(A)) +(£—2) (a(A)’y(A)—i-a(A)’y(A)) (fy(A))

((=2)(t=3)ay (1) (1) ™) 9a ()

1 ¢
+(a§)('y§)) +(t=1)aR) 7% (W) )gg)(x)+§a(£) (&) g(ﬁ)(x)i :
(3.25)

+
| =

8Here we are going to focus on the direct channel OPE (y — 0), focusing in particular on terms that arise
in the perturbative expansion of the correlator which are not analytic at X = 0. This is important to address
the behavior of the four-point function under the transformation y — v —X, which we refer to as braiding
transformation. On the other hand, a similar analysis can be performed for all crossing transformations that
do not map the interval (0, 1) to itself: for instance, to study the behavior of the correlator under the map
X — X! one should repeat the same analysis considering the crossed channel OPE limit y — 1.

9This decomposition was introduced in [23] in the context of 1d CFTs, see also [70, 71] for a related analysis
of all-order structures associated with logarithmic singularities in AdSs x S°.

20Here we neglect issues due to mixing, which we will come back to later in the paper.
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where we have introduced the notation

g (0 = X2 (9a)" X 2 9a(x)- (3.26)

(0)

logk(X) for general k and ¢ can be found

Closed form expressions for the expansion of G
in appendix B.

We will come back to how precisely the CFT data appear in the expansions (3.25) and the
implication for our bootstrap algorithm as well as for the mixing problem. For the moment
we would like to highlight two aspects of the decomposition (3.24) and its relation to braiding
symmetry. First, as we stressed in the previous section, when we consider results that arise
from a sum over AdS Witten diagrams it must be possible to write the results in such a way
that the whole Bose symmetry group is manifest, simply due to the fact that we are summing
over all permutations of external points by construction. One might argue that an expression
like (3.24) is problematic from the point of view of braiding, since the map x — % implies
that the image logx develops an imaginary part for 0 < x < 1 and GW (x) cannot be
symmetric under braiding at face value. Our remedy to this is to extend the definition of
GO (x) for x € R\ {0,1} by replacing log x — log |x| and similarly log(1 — x) — log |1 — x|
for the logarithms arising in the crossed-channel OPE. In all the examples that we shall
study this will be enough to define an extension G (x) of the correlator such that

el] (X1) = GO(y), (3.27)

thus making Bose symmetry manifest. The small x expansion of G(9) (y) is obtained from (3.24)
simply replacing log x with log |x| as described above,

¢
GO0 =G () log" Il (3.28)
k=0

which combined with (3.27) gives?!

{—k
k+m . m
Gl(f;;k(X): ZO< o )(—1) log (1—X)fo;k+m(ﬁ), (3.29)

where we remind the reader that this is an identity that make sense from the point of view of
0

logk
at the transformation properties of conformal blocks and their derivatives when A is even,

the small x expansion and G|, () is analytic there. This can be also derived by looking
an approach that we consider in appendix B.

The other comment that we wish to make here is related to the OPE coefficients of
exchanged operators with odd dimensions. In particular, at the start of this subsection we
argued that due to the Bose symmetry of the free theory

aV) =0, (3.30)

and one can wonder whether this remains true at higher perturbative orders. Regardless of
their anomalous dimension, operators with odd dimension at g = 0 with an OPE coefficient

A ater we will make an ansatz for G (x) in terms of HPLs of transcendentality up to ¢, so that fo;k (x) has
transcendentality at most £ — k. Note that both sides of (3.29) then have the same maximal transcendentality.
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that is non-vanishing at a certain order £ would appear in the OPE at that order with a
term a%idd A, (X), with derivatives of blocks and anomalous dimensions only appearing at
higher orders. However, such term is manifestly antisymmetric under braiding, due to (3.18)
with h — Aggqq. Thus, terms of this kind would contradict (3.27) explicitly and cannot be
generated in the OPE of perturbative correlators arising from Witten diagrams. In the recent
work [72] the authors introduced a parity operator that justifies the vanishing of certain OPE

coefficients in the Wilson line defect CFT, based on its weak coupling description.

3.3 The ansatz

The bootstrap method that we use is based on making an ansatz for the spacetime expression
of correlation functions order by order in perturbation theory. This should be seen as
complementing the discussion of [2] with more details. Let us start by laying out our
assumptions, which can be summarized as follows:

a. We consider 1d CFTs with a small parameter g, which could for instance arise as duals
to perturbative QFTs in AdSs as in the case of interest here.

b. We focus on correlation functions between (not necessarily identical) operators that,
in the free theory limit ¢ = 0, have integer conformal dimension (or half-integer, if
fermions). The external operators need not be protected: the method still applies
when the external operators acquire anomalous dimensions perturbatively, with minor
modifications and some caveats, as we discuss in section 6.

c. The free theory has an exact invariance under the full S3 group of Bose symmetry
transformations, in the sense described above. We also assume that this remains true
at all perturbative orders, once a suitable prescription is given on how to define the
correlators for y < 0 or x > 1 (see the discussion of the previous section).

Given that we work order by order in perturbation theory, we shall make an ansatz for
each G (x) appearing in (3.20), where we refer to £ = 0 as the free theory, £ = 1 as tree
level and ¢ > 1 as the result at £ — 1 loops, since we have in mind a corresponding expansion
over Witten diagrams. For each fixed ¢, we make the ansatz that

N(£)
GO0 = > r() Tilx) (3.31)

i=1
where 7;(x) are rational functions, while 7;(x) are transcendental functions from a chosen
basis of dimension N (¢), which depend on the perturbative order ¢. Furthermore, we claim??
that the correct basis of transcendental functions for the problem at hand is given by multiple
polylogarithms (MPLs) of argument x, whose only singularities for xy € C are located at
x € {0,1}. Following [73, 74] we refer to such functions as harmonic polylogarithms (HPLs)

and they can be defined through iterated integrals using

X
H(al,...,an;x):/ dt fo, (t) H(ag, ... ,an;t), a; € {0,1}, (3.32)
0

22The authors are thankful to Luis Fernando Alday for sharing with us some unpublished notes suggesting
this idea [49] and for very useful discussions on this topic.
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with
;o i) =—. (3.33)

This definition is complemented with H(x) = 1 when all a; are zero and

1
H(On; x) = —log" x. (3.34)

The number n of indices of the vector of singularities @ in (3.32) is called the weight, or
transcendentality, of a certain HPL, and will be denoted with the letter t (so in the definition
above t = n). One should then read the sum (3.31) as the instruction to sum over all possible
HPLs up to a certain maximal transcendentality tmax(¢), which for each ¢ depends on the
specific problem that one is considering and should be seen as an external input:

Ti(x) € {HPLs of transcendentality t < tmax(¢)}, (3.35)

where we have stressed that tyax depend on the perturbative order ¢ that one is considering.
We will discuss later how one can formulate a guess for tyax(¢) case by case, for the moment
let us just mention a couple of examples where the answer is known. In the case of p*-type
derivative interactions in AdSy considered in [29] one has tyax(1) = 1, tmax(2) = 4, while for
the half-BPS Wilson line defect theory that we consider here we shall argue that we expect
tmax(¢) = £ for all £, a claim which is supported by our explicit results for ¢ < 4. Given that
for each t there are 2* independent HPLs (corresponding to the choices of a; € {0,1}), the
number N (¢) of functions in the basis appearing in (3.31) is given by

tmax (2

Z 2t = QlHtmax(6) _ 1 (3.36)

More details on HPLs and their properties are presented in appendix A.

Let us now spend some words of motivation for the ansatz (3.31). First of all, the
appearance of multiple polylogarithms in perturbative computations is ubiquitous in physics?
and therefore they provide a natural candidate for the transcendental functions 7;(x) in (3.31).
MPLs are well known to arise as the result of Feynman integrals in generic quantum field
theories [75], in particular in the computation of scattering amplitudes. This has been
observed for a variety of models, ranging from scattering in the Standard Model [76-80] to
superstring theory [81, 82], and especially for gluon amplitudes in d =4, N’ =4 SYM [83-
96]. Moreover, multiple polylogarithms appear in perturbative correlators in various CFTs,
including the e-expansion [56, 97, 98] and again d = 4, N' = 4 SYM, both at weak [74, 99-101]
and at strong [35, 41, 71] coupling (in the planar limit). This structure has been explored
in particular for holographic CFTs, where the AdS/CFT correspondence gives a recipe to
compute correlation functions using Witten diagrams. While the latter give rise to more
complicated integrals than ordinary Feynman diagrams, it appears that the results can still

237 complete list of references on the appearance and use of polylogarithms in perturbative computations is
beyond the scope of this work. More detailed and complete lists of references can be found in the papers that
we cite in this paragraph.
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be expressed in terms of polylogarithms (or more general transcendental functions) in many
cases; see, e.g., [2, 29, 55, 102, 103]. In some cases, it is even possible to explicitly write
Witten diagrams in terms of ordinary Feynman diagrams, making the analogy between the
two even closer [104]. For the Wilson line defect CFT, HPLs were also observed to appear
in the large charge expansion of four-point functions between half-BPS operators [105], as
well as at weak coupling [14] for the displacement four-point function.

Once convinced that the result should be expressed in terms of MPLs, the restriction to
HPLs arises naturally from the properties inherited by G)(x) from the OPE structure of
1d CFTs. In particular, studying the convergence of the OPE it can be argued that G (x)
should be analytic for x € C except for branch cuts at x € (—o0,0] and x € [1,400): for
this reason one should restrict to MPLs with branch points located at x € {0, 1,00}, which
leads precisely to HPLs. Moreover, as we review in appendix A, HPLs form a closed set
under Bose symmetry transformations S3 defined in (3.9), i.e. once a basis for HPLs of a
given transcendentality is chosen the action of S3 is such that the functions of transformed
argument can be always written in terms of the set of functions chosen as basis.

A further motivation follows from the structure of the OPE in perturbative theories and
in particular from the decomposition (3.24). As we explained in the previous section, each
Gl(f;k (x) has an expansion in terms of conformal blocks and their derivatives, with coefficients
given by various combinations of OPE data as in (3.25). In some cases, as we shall explain in
more detail in the next section, one can compute the sums (3.25) at a given order from CFT
data at previous orders, thus extracting a certain part of the correlator. In all examples that
appeared in the literature the functions appearing as results in these sums are HPLs,?* which
as explained map to other HPLs after crossing symmetry transformations: case by case and
order by order this provides a strong consistency check of our assumptions. Moreover, looking
at the Gl(f;k (x) that can be computed from CFT data at previous orders also provides strong
evidence of what the maximal transcendentality tmax(¢) should be at each order, assuming
that each Gl(f;k(x) log" x has the same maximal transcendentality tmax(£).

Finally let us mention that, for most correlators that we bootstrap, one can perform
non-trivial self-consistency checks by looking at CF'T data that can be extracted from multiple
correlators. As we explain, in some cases we shall use data extracted from one correlator
as an input to bootstrap a new one, but it is often the case that by implementing this
procedure we encounter over-constrained systems of equations: the existence of a solution
is thus a strong check on our procedure and results. Another powerful consistency check is
the agreement between some of our CFT data and the strong coupling regime of analogous
data that can be computed numerically using integrability [12] and its combination with
the numerical bootstrap [13, 14].

Going back to the details of the ansatz (3.31), let us comment on the other ingredient
appearing in that formula: the rational functions r;(x). Because of the analytic structure
of GW () discussed above, each r;(x) must be the ratio between a polynomial in x and
certain powers of y and 1 — x,

_ pi(X)
X% (1—x)b

24Note that since we are making the powers of log x explicit in (3.24), each fo;k (x) can written in terms of

ri(X) (3.37)

HPLs that are regular at y = 0.
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This way, the only poles are located at x = 0,1 and the problem of finding the r;() is
translated into that of finding p;(x), for given values of a; and b;. Once these and the
degree of p;(x) are fixed (we will discuss later how to do so), it should be clear that the only
unknowns in (3.31) are the coefficients of individual powers of x in the polynomials p;(x).
This drastically simplifies the problem: all constraints turn into linear systems of equations
for the coefficients in the p;(), as opposed to the non-linear problem arising if unknowns
are present in the denominator as well. We would also like to emphasize that when applying
Bose symmetry transformations to the arguments of HPLs, and then relating the transformed
functions to those that were chosen as basis, one generates multiple zeta-values (MZVs), i.e.
the result of evaluating HPLs at unit argument (when they are regular at that point), see
appendix A. One should then allow the coefficients in p;(x) to take values in a field given
by the extension of Q by all the possible MZVs allowed by the maximal transcendentality

of the correlator, tmax(¥).?

3.4 The constraints

Now that we have clarified all the ingredients that enter in the ansatz (3.31), we are ready
to list the constraints that we use to fix the rational functions r;(y). We shall distinguish
such constraints in two classes. The first class of constraints can be shown to be sufficient to
compute, at each order, all terms in G(Z)(X) that have transcendentality t > 2. This fixes the
result up to terms of transcendentality 0 or 1, namely combinations of {1,log x,log(1l — x)}:
in holographic theories they can be seen as due contact terms, as the diagonal limit of D
functions has precisely this type of structure. This leads to the second class of constraints,
which allows to fix the remaining functions by inputting some additional information as we
discuss below (in particular, an important role will be played by the Regge limit). This
procedure can be understood as the analogue of reconstructing loop level results from their
discontinuities (given here by logarithmic singularities), which of course can be done only up
to terms with no discontinuity, i.e. tree level contact terms in this case.

Let us start with the first type of constraints, which we enforce on an ansatz of the
type (3.31) where all rational functions 7;(x) are unknown. We proceed in two steps:

o AdS unitarity method. We note that in the decomposition (3.24) all functions Gl(f;k (x)
with £ > 2 can be obtained from CFT data that can be extracted from previous
perturbative orders,? by explicitly performing sums like those in (3.25). We will refer
to these terms as the “highest logarithmic singularities” of the correlator. For all the

sums of this type that we are able to perform, we find that

#5Since we are going to deal with HPLs of weight at most four, the only MZVs that are relevant for this
paper are ordinary zeta values {(n) with n = 2,3,4. For example, if for a certain value of £ one has tmax(¢) = 4
and T;(x) = log x for a given value of 7, then we take

ri(x) = ri1(x) + C(2) 5 (0) + ¢B) Y ()

where 7; ;(x) are rational functions whose numerators are polynomials in x with rational coefficients.

26This is true up to problems with operators mixing. If there is no mixing, considering a single correlator
order by order is enough. If mixing is present, on the other hand, one should consider a system of correlators
in order to extract the CFT data. This will be described in detail in section 6.
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1) the Gl(i;k (x) can be expressed in terms of HPLs that are regular at y = 0,

2) Gfﬁ;k (x) has t = ¢ — k, supporting our claim that tyax(¢) = ¢ in this case.

The idea that (at least part of) loop level results can be understood from results computed
at previous orders in perturbation theory dates back to the work of Cutkosky [106],
and was first introduced for the computation of holographic correlators in [55], where
it was termed “AdS unitarity method”.?” This method has since been applied, in
various incarnations, for the computation of holographic correlators at loop level in a
variety of theories [35-39, 109, 110], often in combination with the Lorentzian inversion
formula [54].28

e Bose symmetry. Once the highest logarithmic singularities are known, one can require
that G(E)(X) is Bose-symmetric. As we discussed, cyclic transformations x — 1 — x
lead to the simple crossing equation (3.6), while for braiding transformations y — %
all one needs to do is replace log x — log|x| in (3.24) and require invariance, which
leads to equations like (3.29). It turns out that, given the ansatz (3.31), through the
identities between HPLs at various arguments listed in appendix A, Bose symmetry
propagates the information obtained from the highest logarithmic singularities to all
rational functions multiplying HPLs (or MZVs) of transcendentality t > 2, which can
therefore be computed exactly without the need for an explicit ansatz for them. The
only rational functions that cannot be fixed by this procedure are those multiplying
{1,log x, log(1 — x)}, which are only found to satisfy certain crossing equations that we
shall discuss soon.

Once the procedure described above is used, one knows the correlator up to terms
of the type

Q(x) = a(x) + b(x) log(1 — x) + c(x) logx (3.38)

which can be interpreted as contact terms ambiguities, given that this is precisely the
structure of D-functions in d = 1, where the rational functions defining Q(x) satisfy the
homogeneous crossing equations

b0 = (25)" el =0, el =el2) . al) = al).
c(x) + (ﬁ)zhw e(1=x) +x" e () =0. (3.39)

As described in [23, 29, 47], to solve this problem one makes an ansatz for the functions a
and ¢ (since b is completely fixed by crossing in terms of ¢) as

a(x) = xkz();(f)x)k’ (x) = xk]()lcq)x)k’ (3.40)

2TSee [107, 108] for recent works that put the AdS unitarity method on a firmer footing, clarifying its precise

connections to S-matrix theory.
28 An inversion formula that applies to one-dimensional CFTs has been developed in [69], and it would be
interesting to explore more precisely the connections with the statements made here.
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where p, and p. are polynomials and k > 0. The denominators are chosen in such a way
that the only poles are located at x = 0,1, in according with the structure of the OPE.
A convenient strategy is then that of studying solutions for increasing values of k and, for
each k, vary the degree of the polynomials p, and p.. As discussed in detail in [29], there is
a one-to-one correspondence between the values of k in solutions that are also compatible
with the OPE at y = 0 and the independent quartic contact terms with derivatives that one
can write in AdSs. To fix the correlator completely one should then input some external
assumption to fix the coefficients of such derivatives contact terms. We do this by employing
the second class of constraints, which can be summarized by the following two points:

o Compatibility with the OPE. The expansion of Q(x) for small y must be compatible
with the structure of the OPE at the perturbative order ¢ that one is considering. In
particular, we have constraints of two kinds. The first is related to the fact that we
always know which is the lowest-dimensional operator exchanged in the OPE. This
sets a cutoff on the lowest power of x that can appear in the small xy expansion of
GO (x). Due to this fact, for each fixed k we can only find a finite number of solutions,
regardless of how high the degree of p, and p. is. The other kind of constraint is related
to the knowledge of certain OPE coefficients, or anomalous dimensions, of operators
that appear in the OPE. We shall encounter an example of this when discussing
(DpD,D,Dy) correlators in section 5: in that case one exchanges short operators Dy,
and all the OPE coefficients Cpq ~ (D,D,D,) are known from localization. This fact
also provides a definition of the coupling constant, which is otherwise arbitrary in a
bootstrap setup. Another example will be discussed in section 6, where to bootstrap
(D1D1DyL) correlators we will use as an input certain averaged anomalous dimensions
that are known from other correlators.

e Regge limit. As anticipated, the solutions for fixed k are related to the possibility of
having contact terms of the type (V"¢)* in the AdSs effective action. For increasing
value of k (or n) these have a more and more singular behavior in the Regge limit (as
defined in [52]), which corresponds to a higher degree of divergence of the averaged
anomalous dimensions (7(©)) A at large A. We refer the reader to [29] for a more detailed
discussion of these aspects, while here we limit to state our prescription, which consists
in assuming that the correlators we are after have the mildest possible behavior in the
Regge limit, corresponding to the mildest growth of (’y(e)) A at large A. In practice we
find that, at least for £ < 4, this is given by

) ~ AL A S (3.41)

Roughly speaking, our prescription can be understood as demanding that one does not
include unnecessary (i.e. with too high number of derivatives) counterterms to loop
level results.

In the following sections we apply this method to various types of four-point functions
between operators inserted along the Maldacena Wilson line, in a strong coupling expansion.
Each time we will clarify the necessary modifications to the simple setup considered in this
section, but the spirit of the procedure will remain unaltered.
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3.5 The mixing problem — a bootstrap perspective

The applicability of the strategy discussed above rests on the fact that, when bootstrapping a
certain correlator at fixed perturbative order, all CFT data at previous orders are known, so
that the coefficients of the highest logarithmic singularities can be computed through sums
of the type (3.25). However, in concrete examples of perturbative CFTs this is often much
easier said than done, due to the presence of a degeneracy between inequivalent operators
with the same quantum numbers in the free theory. A simple example of this is given by a
free theory with a single scalar operator ¢ of dimension h, = 1: in this case one can built
two distinct operators of dimension four, which are schematically of the form 9?¢? and *.
As we now explain, one cannot distinguish the two from the OPE of a unique correlation
function and is therefore led to analyze a multi-correlator analysis.

To understand why operators degeneracy is problematic from the point of view of the
analytic bootstrap, imagine to be in a situation like the one just described, where in the
interacting theory there are two operators O; 2 with the same quantum numbers under
global and R-symmetries, whose dimensions hj2(g) are functions of the coupling ¢ such
that, in the expansion for small g:

hilg) = A+ g7y +295) +...,  (i=1,2), (3.42)

where the free-theory dimension A is the same for both. Then, in the OPE of a given four-point
function where these appear as intermediate operators, one has (at the non-perturbative level)

G(x) D Ga(x) = a1 9n, (X) + a2 gny (X) 5 (3.43)

where a2 = “%72 are squared OPE coefficients and for brevity we are denoting a1 = ap,
and so on. Moreover, we stress here that we are going to denote with u OPE coefficients
that involve at least one long multiplet, which are those relevant for the mixing problem
discussed here. On the other hand, when dealing with three-point functions between half-BPS
multiplets Dy we are going to use the symbol C: these have the property that they are
non-degenerate and moreover can be computed exactly from localization, as we shall discuss.
Then, expanding for small coupling g one finds

Galx) = (™2 + (15)* ga(x)

+9 {[(ch)))g i+ ()28 ga(x) log x + . } (3.44)
40 {172 O + 872 (5 Pl ga (0 Togx .+ 06"

where we have only emphasized certain terms that we are interested in, so that one is led
to the introduction of the quantities

0 0
(@@)a = (") + ("),
0 1 0 1
(@@ 7W)a = ("7 Y + (") 28" (3.45)
0 1 0 1
(@ (YD)2)5 = (1) (1) + ()2 (157)2,

where we are essentially computing weighted averages with weight given by squared OPE
coefficients. The latter depend on the external operators (as opposed to the anomalous

dimensions), so the result of the average depends on the four-point function that one
is considering.
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Now, say that we know G(¥(yx) and GM)(y) and we would like to bootstrap G ()
using the method described in this section. From G (y) one can extract (a(?)5 and from
G (x) the OPE gives access to the value of (a(®) v, but these are not sufficient to
compute the quantity (a(o) (7(1))2> A which is necessary to compute the log? x singularity
of GO (x). This explains the well-known fact that, when degeneracy is present in the free
theory, studying a unique correlator in perturbation theory is not enough to access all CF'T
data, but rather only some weighted averages thereof. The approach that is usually taken
to bypass this issue is to consider, at a given order, not just one correlator but a large
enough family in such a way as to obtain many data points for the averages (3.45). If one
obtains enough independent equations, it becomes possible to extract the individual CFT
data, thus “resolving” the mixing problem. Note also that the OPE coefficients ,ug?% appear
in a rotationally-invariant combination in (a(0)> A, S0 that by only looking at free-theory
correlators one could only compute such OPE coefficients up to a possible rotation in the
space (ugo),,ugo)). Such ambiguity can only be solved by looking at the averages (a(®) v(D) 4,
which manifestly break such rotational invariance (when %1) #* ’yél)): the computation of
free-theory OPE coefficients is then closely related to the mixing problem at first order.
Similarly, with this approach at higher orders one can only fully resolve the OPE coefficients
,ul(-g) together with the anomalous dimensions %(HI).

However, note that as anticipated our case is special, in the sense that the first-order
correction to the dilatation operator does not break the free-theory degeneracy. In the

example, this corresponds to the case where ’yil) = 751) , S0 that it is impossible to completely

disentangle ug just by looking at the averages (a(?)x and (a(®) YA, even if an infinite
amount of correlators is considered. Rather, one should move to the following order and
consider <a(0) 7(2)) A: this time we will find 7%2) #* 752) and studying enough averaged data

allows one to compute ug?% and 7{22) Similarly, in our setup at higher orders the computation

of ,ugg is closely tied to the resolution of mixing for 73; 2),

It is sometimes useful to choose a basis of operators which is not necessarily the basis
of eigenstates of the dilatation operator, and we will exploit this freedom in section 6. This
is particularly true when one has a Lagrangian description at the free theory point g = 0,
which allows for an explicit construction of operators in terms of elementary fields: for the
case at hand this is discussed in detail in [1]. The operators constructed in this way are not
necessarily eigenstates of the dilatation operator, but this does not constitute a problem
and one simply ends up with a non-diagonal dilatation operator in each degeneracy space.
In terms of our simple 2 x 2 example, we can define a vector of OPE coefficients and an

anomalous dimension matrix, which in the eigenstates basis read

(1)
. 0
u® = (@, e, @) = (71 (1)> ' (3.46)
0 7 af

In terms of these objects, the averages can be rewritten in matrix notation as
(@)a = (€ *ug
(a(O) 7(1)>A _ M(}O) (F(l))aﬁﬂg)) , (3.47)
(@@ (y)2) 5y = pO @ Wyab g, (F(1))«,5M((§0) ’
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where we have introduced the matrix of norms,

_ ((O1]|01) (01]02)\
gaB = <<02’01> <O2|02>>a5 = 5045- (3.48)

The latter is a metric tensor in the degeneracy space and in the basis of normalized eigenstates
of the dilatation operator that we have adopted is simply the identity. It is now clear that
one can perform an arbitrary change of basis in the degeneracy space by means of a matrix
M € GL(2), acting as

On = M,P 0p, (3.49)

where O, is now a completely arbitrary basis of (not necessarily normalized) operators, where
the metric tensor is no longer the identity, the anomalous dimensions matrix is not diagonal

and the usual rules of linear algebra give?’

o= M g, (PO = IO gos = (MgMT)ag,  (3.50)

which give us a way to interpret the averages (3.47) in an arbitrary basis. This is the approach
that we will adopt in section 6, where we will make a convenient choice of operator basis in
the free theory, that allows us to compute their OPE coefficients from Wick contractions.
The dilatation operator in such basis then takes the form of a non-diagonal matrix, whose
eigenvalues represent the anomalous dimensions of the physical eigenstates, and we explore
the entries of such matrix by studying a system of multiple correlators. We anticipate here
that the choice of basis that we found convenient is a basis where operators are words of fixed
length in terms of the fundamental letters contained in D; (see [1] for more details). From
now on, we will keep the distinction between operators O that diagonalize the dilatation

~

operator and operators O, which have well-defined length but are not necessarily eigenstates.

4 Bootstrapping (DD D;1D;) at three loops

In the rest of the paper we are going to present various bootstrap results for four-point
functions on the Wilson line. The kinematics, superconformal blocks and Ward identities
for the correlators that we will discuss are presented in the companion paper [1], so we will
not repeat the derivations in detail but only quote some results. We start in this section by
presenting our main result: the bootstrap for the four-point function of the super-displacement
operator, (D1D1D;Dy), up to fourth order in perturbation theory, corresponding to three-loop
Witten diagrams. In doing so, we shall use some results that are derived in the following
sections, where more general correlators between half-BPS operators, as well as four-point
functions including long multiplets, are studied. The results up to one loop will be mostly a
review of those already presented in [23], with some additional justifications of why they are
correct despite the fact that the mixing problem was not taken into account in that paper,
while at two and three loops we provide a detailed derivation of the results presented in [2].

29Note that there is no contradiction with (2.19), since T°# in this section is always used with upper indices,
which is related to I in (2.19) by the action of the metric g.
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4.1 Kinematics and free theory

Let us start by briefly reviewing some kinematics from [1, 23]. While all four-point functions
between half-BPS operators are constrained by superconformal Ward identities (SCWI) —
see (5.2) — the four-point function (D1D1D1Dy) is special in that the SCWI can be solved
in terms of a number f and a single function f(x) of the cross-ratio y

(D1D1D1Dy) ¢ X2
(D1D1)(D1Dy) C1¢2

where (; 2 are R-symmetry cross ratios and D is a differential operator which can be written as

+D (X)), (4.1)

D201+02—U12}2X2ax, Uz’ZX*l—Ci_ly (4.2)

see [1] for more details. We remind the reader that the number f is a datum of the topological
algebra associated with 1d CFTs with osp(4*|4) symmetry. In the specific case of the
half-BPS Wilson line in planar N/ = 4 SYM it can be computed using localization and its
non-perturbative expression as a function of the 't Hooft coupling A reads [15, 23, 53, 111]

WA W)

Wn)?
where W()) is the expectation value of the circular one-half BPS Wilson loop in planar
N = 4 SYM, given by

f=(Cia)* =3 (4.3)

W) = 2z L(V)), (4.4)

with I; a modified Bessel function of the first kind. Cyjo in (4.3) is the OPE coefficient
VA

(D1D1D3). Neglecting non-perturbative terms proportional to e~V in the expansion of

I;(v/)\), one finds at large A

< () 3 45 45 1215 135

fz;_%w =3 Nz Tt e T s ane

+ONT2) 40 V). (4.5)

Note that from the point of view of the conformal bootstrap, the knowledge of f provides
a definition of the coupling constant A at all orders, which would otherwise be arbitrary
from a purely bootstrap perspective. The other crucial ingredient in (4.1) is the function
f(x), which we shall sometimes refer to as reduced correlator, and it is the object to which
we will devote our attention in this section.

Given the OPE

DixD1=T+Da+Y Lipg: (4.6)
h

we remind the expression for the reduced conformal blocks associated to the three types
of exchanged multiplets, which read [1, 23]

fz(x) = X»
=Y — Fi(1,2.4;

fDQ (X) X : ])1(2 1( ) 4y aX) ) (47)
_ X7 ,

() = {7 2P+ b2+ h 4+ 2h; ).
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Note that the reduced blocks for long operators are eigenfunctions of the reduced quadratic
Casimir

C=(1-x)0 (X&) -2, (48)

namely they satisfy

Cin(x) = jifn(x),  Ji =h(h+3), (4.9)

where j,% is the quadratic Casimir eigenvalue for singlets of R symmetry and transverse spin.
A property of the reduced conformal blocks that will play a crucial role in the following is
their behavior under braiding transformations

[\

00 + fz(X5) = XX_ 1
2
fp, () + 2, (527) = xX— - (4.10)
(00 + (=) in(X5) = 0.

Let us now discuss the free theory result for (D1 D1D;D;), which can be computed using
Wick contractions and reads

A=) (1—¢)

g(o) =14 + , 4.11
111 GG (1=-x)2%C& (4.11)
which correctly gives f©) = 3, as well as
) X
= . 4.1
P00 =x+ 1 (4.12)

Under cyclic transformations this satisfies

1= fO0) =221 -x), (4.13)

while under braiding we have

1O + 1O () = O XX_ . (4.14)

Given (4.10), this implies that only long multiplets with even h can contribute to the Dy x Dy
OPE in the free theory. We can confirm this result by expanding in blocks

FO0) = 5200 + (€92 0, (0) + (@) afa (), (4.15)
A

where (a(9) 5 are averages of squared OPE coefficients, and we have used the notation A
introduced in section 3 to denote the set of conformal dimensions exchanged in the free
theory. In this case (4.14) implies that A € 2Ny and we find

~ IB+AL[L+AJ(A-1)

(@®)p = PRI . (4.16)
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In the following sections we will turn on perturbations and the exchanged operators
acquire anomalous dimensions order by order in perturbation theory for large A,

(5)
h— A+Z L, (4.17)

with an analogous expansion for the averaged OPE coefficients. While the symmetry under
cyclic transformations remains exact at each order and can be written more generally as

1-x)* P+ fP1-x) =0, (4.18)

for braiding one should expand as in (3.24)

Z log x) log® x, (4.19)
and for the functions flEfg)k (x) we have
l—k 2
(0) k+m m o gm X" e
flogk (x) + mZ::o ( m )(_1) log™(1 — )flongrm(il) = 0k,0 -1 7, (4.20)

which is just (3.29) adapted to this case. We will also highlight that, at each order, one can
pick a basis of functions such that, just replacing log y — log|x| and log(1 — x) — log |1 — x|
one obtains a function f(¥)(y) such that braiding becomes completely manifest, as in (3.27):

O + 7000 = =10 (421)

4.2 Warm up: solving functional relations

Before attacking the bootstrap problem for (D1D1D;1D;), let us briefly consider two sets of
functional relations that will prove useful in the discussion of the bootstrap problem at all
orders. As we anticipated in section 3, our strategy at each order consists in computing the
coefficients of the leading logarithmic singularities at each order, which after requiring cyclic
and braiding invariance fixes the whole correlator up to a function satisfying the “tree-level”
crossing equations. It is therefore useful to study here the most general solution to these
equations, assuming that the result has transcendentality one, as it should be for contact
terms in AdSs, see [29] (note that the Lagrangian (2.7) does not contain cubic vertices). At
each order, we will then refer to the solutions found here to fix the contact term ambiguity.
Consider the function

Q(x) = ¢1(x) + g2(x) log |1 — x| + g3(x) log |x/, (4.22)

subject to the crossing equations

1-x)2Q0)+x*QL-x) =0, Q) +Q() =0, (4.23)
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with x € R\ {0,1}, where g; 2 3 are rational functions. Requiring the coefficient of each HPL
in (4.23) to vanish, one obtains that g3 can be eliminated using

X2

a3(x) = —W a2(1—x), (4.24)

with the remaining two functions constrained by

L= ?a)+al-x)=0, ak)+a() =0, (4.25)

and

(1-%? (200 - e(29) =@l -, e+ el)=0. (426

For the reasons explained in section 3, we are interested in rational solutions to (4.25)
and (4.26) that are holomorphic functions of x except for, at most, poles at x = 0,1. One
can then make an ansatz of the type (3.40), namely

pi(x)

500 = (e (427
and study the solutions varying the degree of the polynomial p; in the numerators and the
parameter k. We find that there are no solutions for k < 0, while for each fixed k > 0 there
is only a finite number of solutions, regardless of how high the degree of p; is taken to be in
the ansatz. It is then simple to explore all solutions, and we find that both for ¢; and for ¢
they can be described by one infinite family, labeled by an integer n. For ¢; we find

n 2 —X)(1+x)(1=2x)(1 — x +x?)3n !
" (x) = 2= X23(_1 i L()Z”“ ) , n>1, (4.28)
while for ¢o we have
n 1—(=1)" 3n—2
9 = LU n>1. (4.29)

X"2(l-x)r T

Note that we have made a particularly simple choice of basis which allows to write all solutions
in closed form, but since we are dealing with a linear and homogeneous problem all linear
combinations of the functions chosen as basis still provide a valid solution. An important
aspect that we would like to stress is that the appearance of a new solution (increasing k)
is closely related to a more singular behavior at x = 0,1, co, so that restrictions on this
behavior provide a powerful constraint. In the concrete problems that we shall study in the
next subsections, such constraints will come from the OPE, which sets the lowest power
of x that can appear in the expansion around x = 0, and from the Regge limit, which is
an expansion around y = oo and is related to the behavior of the anomalous dimensions
associated to a certain solution at large A, see [29].
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4.3 Tree level

Let us now turn on the perturbation and examine results at tree level. According to the
discussion of section 3 we make an ansatz for f (1)(X) with transcendentality one

FO0) = Fih(0) + £ (x) log x

ffolgo (x) = r1(x) + ra(x) log(1 - x), (4.30)
ok 00 =r3(x),

where r; (i = 1,2,3) are rational functions and from the results of appendix B one has
the expansions

100 = Z(a(o) YA falx)

og

(1) p 0 (1 (D) (4.31)
Fono () = FD i, (x +Z[ Nafalo) + @y W)aid ()]
where we have introduced the notation
K00 =X (0a)" X 2 a0 (4.32)

Given that there are no terms proportional to logk x with £ > 2 in (4.30), there are no
constraints coming from the highest logarithmic singularities, as one should expect for a
tree-level result. This is the equivalent of contact terms in higher-dimensional AdS spaces
having vanishing double discontinuity, in the language of the Lorentzian inversion formula [54].
On the other hand, demanding that f(!) satisfies the crossing equations (4.18) and (4.20)
leads to the functional relations

1)) =x*r(1=x), (1=x)"r200 =x"r3(1—x), rl(x)+r1(ﬁ)=f(l)%
(04 r2(2) =0, (1=x)? (r2(0 -72(25) ) =x*r2(1-x), (4.33)

which allow us to eliminate 79 in terms or rs3, leading to a non-homogeneous version of the
equations (4.25) (with r; <+ ¢1) and (4.26) (with 79 <> ¢2), with the non-homogeneous term
provided by the topological OPE data f(!). The solution to (4.33) is then given by any
solution of the non-homogeneous equation plus an arbitrary linear combination of all solutions
to the homogeneous equation. Hence, we can express the solution to (4.33) as

(1) — 00
no0 =5 X2 S d o0,

. n=l ) (4.34)
200 =2 A0, 00 =~ -y

n=1

This is obviously far from a unique solution, as we are yet to impose appropriate boundary
conditions. First, the OPE (4.31) dictates that expanding around x = 0

321008, (4.35)

P00 =3
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which can be shown to fix all the coefficients an) in terms of the cgn). While finding a

closed-form expression for all solutions to this constraint seems non-trivial, we can give
some examples:

o It ™ =0, then ¢ = { — 2f1) 1M 0,0,...}.
e I cl™ =6,7, then ¢§ = { — %, 81.-10,2,0,0,... }.

o Tt ™ = 6, then ) = { — 82 3299 _191 139 _16 9 0,0,...}.

457790 °
It is important to stress that only a finite number of cén) is non-zero for each cgn) that is taken

to be non-zero. Because of crossing symmetry, no new constraint arises expanding around
x = 1. On the other hand, a crucial constraint comes from the expansion around x = co. As
discussed in [29], this is equivalent to studying the behavior of the anomalous dimensions
() 5 associated to a certain solution via (4.31) at large A. In particular, we find

(YD) = (@) 3Dy M)a = — ]A + Z a” (v a (4.36)

where j3 = A(A + 3) was introduced in (4.9), and
(s ~ AR (A = o). (4.37)

Given the correspondence between the growth of (y(M)A at large A and the number of
derivatives in tree-level contact interactions [112] (see also [29] for the d = 1 case), we
conclude that the term proportional to f(!) in (4.36) is generated by quartic contact terms
with at most four derivatives (precisely as in (2.7)), while each <77(L )> A corresponds to
contact terms with 4n + 4 derivatives. These cannot be excluded simply by bootstrap
arguments as they all provide solutions to the functional equations (4.33) with the boundary
condition (4.35), but they can be set to zero by requiring that our solution describes quartic
interactions with at most four derivatives, which should be the case if we want to reproduce
the theory described by the Lagrangian (2.7). Note that a suitable adaptation of this
prescription is usually employed in Mellin space when computing holographic correlators in
higher dimensions, where one has a constraint on the number of derivatives appearing in the
supergravity Lagrangian, translating to polynomials Mellin amplitudes of a given degree —
see, e.g., [33, 34] or [113] for a review. Here we are using very similar ideas, just implementing
them directly in spacetime rather than in Mellin space.

Having clarified the structure of the general solution at tree level, it should now be
clear how to pinpoint the one corresponding to the AdSy Lagrangian (2.7) is selected. We
simply have to set to zero all coefficients corresponding to contact terms with more than
four derivatives, which means choosing

V=0 wn>1, &==2f0 P _1f0 I _0 vp>3, (4.38)
n (4.34). The solution can be written as

x(I-2x)

P00 =7 —
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with associated CFT data

1
(Y)a = —iji, (@) = 0a (a4 M)A, (4.40)
where we have also used f1) = —3 from (4.5). These are precisely the results already presented

in [23]. Note that the first order correction to the squared OPE coefficients satisfies the
“derivative rule” first observed in [112]. However, this is just an accident of the fact that
the result for <D1D1D1D1>(0) agrees with that of a generalized free theory, for which the
derivative rule is known to apply, while general <DprDqu)(0) arise from Wick contractions
in a free theory, so there will be corrections to the derivative rule.

Finally, let us present the final result for the tree-level correlator. As anticipated, we can
write define a function f()(y) that is Bose-symmetric and reduces to f™)(y) for x € (0,1)
simply by replacing loga — log|a|. Given our choice of basis, it is natural to express the
result in a form that makes cyclic invariance manifest, namely

_ 2 £(1)
FV00 = [fiog 00 log xl] = 5z x = 1= + 5 /(0. (4.41)
where f(0)(x) is the free theory reduced correlator introduced in (4.12), while

X*2-x) _
(1—x)?

and C is the Casimir operator introduced in (4.8). Note that although only cyclic invariance

=R 2
700 = ¢+ 57| (142

is manifest in (4.41), the correlator is invariant under the full Bose symmetry group Ss
and defined for all x € R\ {0,1}.

4.4 One loop

Let us now move to the second perturbative correction, which corresponds to one loop
diagrams in AdSy. Starting from this order, it is a priori not clear what the maximal
transcendentality tpax(¢) of the ansatz (3.31) should be. Let us then take a little detour,
that will give us an educated guess for what tpyax(€) should be. One-loop four-point functions
in generic scalar ¢* theories in AdS, lead to functions of transcendentality four, as it can
be found in [29, 52]. On the other hand, the results found in [23] suggest that one loop
correlators on the Wilson line should have transcendentality two. This discrepancy can be
understood as follows. Let us assume that all terms in (4.19) contain HPLs of the maximal
transcendentality, then in particular fl(jg)f(x) should have transcendentality tmax(¢) — ¢, and
it can be evaluated using (see appendix B)

00 = 5 U 6 ) Fa0)- (1.3
Now, computing this sum at all orders is non-trivial due to the presence of operators degeneracy.
In [29, 52] the absence of mixing was assumed but not justified. On the Wilson line, on the
other hand, we have already anticipated in section 2 that the first-order perturbation does
not lift the free theory degeneracy. Hence, in both cases one is using that

@@ (7))a = (@)atrM)h (1.44)
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Now, for the Wilson line defect theory at tree level one has the anomalous dimensions (4.40),
which are proportional to the Casimir eigenvalue jZ and therefore

19,00 =% (- 187 000, (4.45)

ogt log*

Since !)"l(olg)1 is a rational function (found in (4.39)) and C is a differential operator, then all

!)"1(021Z are rational functions. Their degree of transcendentality is then zero, so from our initial

statement we can read off that

t [fl(g) ] = tmax(ﬁ) —{= 07 = tmax(g) = ﬁ, (446)

ogé

at all orders. On the other hand, for the ¢ theory with A, =1 considered in [52] one has
V(Al) ~ j;z, so that the leading logarithmic singularities at higher loops are obtained by acting
with the inverse Casimir operator on the tree level result. Since this is an integral operator, it
raises the degree of transcendentality of the functions it acts on, so that even if the coefficient
of log x in the tree-level result is a rational function, the coefficient of logf x at £ — 1 loops
is transcendental. We can therefore immediately see how the defect theory defined on the
Wilson line has a much simpler perturbative structure than a generic ¢*-type theories in AdS,
and at the computational level this is due to the fact that the tree-level anomalous dimensions
are polynomial, rather than rational, functions of the dimension A of the exchanged operators.
Note that this has been observed to happen for other 1d defect theories as well, such as the
Wilson line in ABJM [48] and AdSs x S? holographic correlators [50].

Now that we have established our expectation for tyax(¢), we can make an ansatz for
the one loop reduced correlator f as a combination of HPLs of weight up to two"

(X) + Fh () log x + fon (x) log? x
= r1(x) + r2(x) log(1 — x) + r3(x) log?(1 — x) + ra(x) Liz2(x) ,
(4.47)
) +76(x) log(1 —x),
)

where all the numerators in the rational functions are polynomials with coefficients in Q,
except for®!

r1(x) = r1(x) +r12(x) ¢(2), (4.48)

where we have allowed explicitly the possibility of terms proportional to ((2), the only
MZV of weight two. Following appendix B, we also have the following expansions in blocks

3%Note that we keep using the same symbol r;(x) for the rational functions in the ansatz, as we did already
for the tree level ansatz (4.30), in order to avoid a cumbersome notation. We will keep doing so in every
ansatz that is spelled out explicitly and there should be no confusion as each of them appears in different
subsections, without cross-referencing.

31Note that the terms Liz and ¢(2) were excluded a priori from the ansatz used in [23]. Here we allow for
their presence, but we will show that their coefficients actually vanish in the final result.
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and derivatives

12,00 = Z§,<<O><v<l>>2>AfA<x>,
F2.00 =Y [(@@7@ 400y D) afa () +(a® (v )58 (0]
A

Fian 00 =P 1p,(x) Z[ @) afa(0)+ (07 +a®y D)1 ()4 0 GO iD(x) |
(4.49)

We are then ready to apply the algorithm described in section 3. First, reiterating what we
said at the start of this section, we can use the fact that the operator degeneracy is not lifted
at tree level: (72)) given in (4.40) is the exact anomalous dimension of any operator Eé[om
at first order, and degenerate operators in the free theory are still degenerate at first order.
This allows us to write (4.44) and therefore setting ¢ = 2 in (4.45) we find

X*(2=x) (5=5x+3x%)
2(1 - x)*
The next step is to use Bose symmetry, which we do by considering the crossing equations (4.18)

and (4.20) and setting the coefficient of each HPL in the chosen basis to zero. Note that we
consider ((2) to be a basis element on its own, being a MZV of transcendentality two.

rr(x) = 25 (x) = -

o (4.50)

Let us focus first on the rational functions multiplying HPLs of t > 2, for which we find

<
w
—
>
~—
I
|
<
-
—~
[a—
|
=<
N~—
3
N
—
>
N—
Il

0, ra(x)=—7"7(><)+(1_X)27"7(1—><)+x2r7(ﬁ),

(4.51)
implying that these terms are completely fixed in terms of (4.50). The remaining functions
are constrained by

ra(0) +r2(25) =0, (1=x)*r2(x) +x*r2(l—x) =0, (4.52)
as well as
(1=x)*r2 (0 +x*r5(1-x) =0,
(1=x)’r11 00+ (1= =0, 200 +ra () =@ X : (4.53)

1
(1-%)? (200 —72(9) ) =x*r2(1=x), 200 +x*72(2) =0,

which are just the crossing equations for a tree-level problem. Their solution can be expressed
in terms of the functions q§n2) introduced in (4.28)-(4.29) and reads

1, 1 Z anl) q1 ’ 1,2 (X) = Z 05?2) Q§n) (X) )
n=1
o, y (4.54)
ZC ; r5(X) = *WW(l*X%

where we have used that f?) = 0 from (4.5).
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We can now fix the coefficients by requiring the correct behavior in the direct OPE
channel (x — 0) and in the Regge limit. In particular, we demand that

F) =008, (4.55)

as well as requiring the mildest possible growth for (7(2)> A at large A. While not obvious
a priori, this turns out to be

(YA~ A%, (A= o0). (4.56)

These two conditions, together, fix

Y
—
v

[\
\
|
¢
[\
\
[
3
I
o
<
S
Y
O-D

cgl)fO Vn>1, chQ):o vn

or in other words

(1+x)(6 — 11y + 6x?)
4(1 - x) ’

ria(x) =0=ri2(x), r2x)=
which fixes completely the solution at one loop to be

(1+x)(6 — 11x + 6x?) (I=x*)B—x+3x%)

P ) = = log(1 — x) + T log?(1 — x)
— _ 2 _ 2 _ 3 4
X(2 22(1 X>)<+6X ) ( QX)(l;(lB)f X)26X 90 1og(1 - )| 1ogx
RUEN S NN

(4.59)

The associated CFT data, which can be extracted from (4.49), read®?

:2
(2) Wy W JA [ 49 O
(V)a=7a 0274 +8< o

+4H1+A )
JA

1
()5 = 0507 ®)+all 4 D)s — 20 (a® (1))

i2 (52 2 4 5 6
JA(ga—2 1 244+48A —17A* —44A*—11A° - A
INMOINN ( Al : ) (S_Q(A)+2g(2))+ 0752 ,
A

(4.60)

where we have introduced the (generalized) harmonic numbers

H™ = Z im , H,=HD, (4.61)

32Note that it is the combination (y® — ~® 9,74, and not simply (y(?)a, that according to the
reciprocity principle (B.26) should have an expansion in powers of j1. This is indeed the case, since it is true
for all terms in (4.60), including Ha1.



and the harmonic sum??

noo_1\k _1\n
st =3 G = 5 (08 - B2 ) - 160, (4.62

Once again, we can extend the definition of f)(x) to a function f)(x) simply inserting
absolute values in the arguments of the logarithms. The resulting function is defined on
the whole real axis, except for the OPE limits xy = 0,1, and is Bose symmetric. It can

be expressed as

FO00 = [H(=30fio ()] log? x| + XEHAICIO) Jog [y || — 205 [x =1 - ¥
[~ (g + 25 tog1 - |log|x|+ﬁ] 0
= = H(CrM 0] - 6x?) log|xl] - X5z [x = 1],
(4.63)

with the same notation and similar properties to (4.41). Note that not all allowed HPLs
at this order actually appear in the answer: we started from a basis of dimension seven
but it is actually possible to express the result in terms of six basis functions, due to the
fact that the coefficient of Lis(x) turns out to vanish. We will see more examples of this
phenomenon at higher orders, where the simplification in the final answer is less trivial and
potentially suggestive of a general structure.

4.5 Two loops

According to our guess (4.46), moving to two loops we should make an ansatz based on
HPLs of maximal transcendentality three. Making use of the explicit basis discussed in
appendix A, we then write

FA0) = F2000 + Fh () Tog x + £ (x) Tog? x + fios (x) log® x
ol () = 1) + 72(x) log(1 = x) + 73(x) log?(1 = X) + ra(x) Lia(x)
+75(x) log®(1 = x) + 76(x) Liz(x) log(1 — x) + 77(x) Liz(x) + 78 (x) S12(x) ,

£ 00 = ro(x) + 710(x) log(1 — %) + r11(x) log?(1 — x) + r12(x) Liz(x)

Og
flog (x) = r13(x) + r1a(x) log(1 — x),
flfg)z (x) =r15(x) »

(4.64)
where S7 2(x) is a Nielsen polylogarithm and we can introduce explicit MZVs by expanding
r1(x) = r11(x) +r12(x) ¢(2) +r1.3(x) ¢(3),
r2(x) = r2,1(X) +12,2(x) €(2), (4.65)

ro(X) = 7r9,1(X) + 79,2(x) €(2) .

33Note that the same notation is conventionally used for harmonic sums and for Nielsen polylogarithms,

which are discussed in appendix A. We hope that in this work the distinction will be clear from the context,
as Nielsen polylogarithms will be used to describe correlators as functions of x, while harmonic sums appear
in the expression of CFT data as functions of A.
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Following appendix B we can also write the blocks expansion for each fl(fg) © as

—

flog( X) = Z*< © (y W3 A §a(x),

w

T Z[; O+ 5052 5 (0 + 30 (04 100
log XA:[ @M 4 M 4@ 4 O 4B (5 (x)+ (aD (7(1))2“‘2@(0)7(1)7(2)>Af§)(X)
5@ GO 00)]
flf’go(x) 5D, (x +Z[ @) afa(x)+ (@@ 4D +aM 2 4004 ®) 570 ()
A
#3400 (D)2 42603012 () + 2 (0 (1)) ()

(4.66)

Again, the first step of the algorithm is to determine the functions that multiply the highest
logarithmic singularities, i.e. fl(ig)g (x) and f1(03;2 (x). The former is easily obtained from
equation (4.45), which is valid to all loops and exploits the fact that the operators degeneracy
present in the free theory is not lifted by tree level corrections. We thus obtain

3

X ) (50 — 125y + 214x2 — 196x° + 93y* — 18x5> . (4.67)

(3)( _4
6(1—x

r15(X) = fops (X) =

At two loops there is another term that can be computed exactly from previous order data,
provided that we can correctly account for the mixing problem. Luckily, this is done simply
by observing that we can rewrite the second line in (4.66) as

£3:00 = X | (5168 68 + @ 12)a90) 1a00 + 5@)a 0PI 00)]
A
(4.68)

which is exactly computable given the averages of CFT data at previous orders. We obtain

2, () =15 () +714(x) log(1-x)

3
- X [(2=X)(35—35x+23x) —2(25— 78X+ 110x* ~ 72x° +18x*) log(1—x) | -

4(1-x)
(4.69)

From these results one can already see that, as opposed to the one-loop result where the
coefficient of Lig(x) is set to zero by crossing and braiding, here ordinary logarithms are not
enough and one needs the functions Liz (), Liz(x) and S; 2(x) for crossing and braiding to
be symmetries of f©)(x), given the results (4.67) and (4.69).

Let us be more explicit and consider the functional constraints that arise when one
separately considers the coefficient of each HPL in the basis, as well as the coefficients of the
MZVs ((2) and ((3), in the crossing and braiding relations. As for the one-loop case, we can
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see that the rational functions multiplying HPLs of t > 2 are completely fixed in terms of
the highest logarithmic singularities, in this case (4.67) and (4.69). In particular, we find
2 2

X x—1
rg(x)——(lfx)gﬁ?)(x), ra(x) =0=r6(x), r5(><)=m (7"14(1—x)—7"14(7)> )
2 2
r7(x) =—"r12(x) = (1>_<X)27”8(1—X):—7“14(X)—7‘14( )+X 7“14( )+(1i<7X)27‘14(1—X),
ro(x) =—-rizs(x)—x 7"13( )+(1i<7x)27'13(1*><)> rll(X):;TS(X)(l)()C)erél(lX)'

(4.70)

Next, we turn to the rational functions multiplying MZVs and here we notice a new phe-
nomenon: the presence of Liz(x) and Si2(x) generates terms proportional to ¢(3) in the
crossing relations, which source the functional equation for 71 3(x). For this function, we

can write
2

m,3<x>=f1,3<x>+(1§—x)2(m< b= (1-x)%u(d), (4.71)

where we have solved explicitly for r; 3 in terms of the source r14, which can be done only
up to a function 7 3 satisfying homogeneous functional equations. Indeed, this and the

remaining rational functions satisfy
2 2

X X
ro.1(X) = _erl(l —x), T92(x) = —Wrm(l —X)»
2
(I—x)*ria(x) +xX*ria(l—=x) =0, rii(x)+ 7“1,1(%) = {3 XX— T
2 2 o X ) —
(1 =x)"ri2(0) +x 21— x) =0, r20x) +112(%5) =0, (4.72)
(1= x)*F1300) + X*F13(1 = x) =0, Fi3(x) +713(%5) =0,
(1= (12200 = 721(%9) ) = x*r20(1 =), 72100 +x*r21(3) =0,
X X
(1= (12200 = 722(%7) ) = X*r22(1 = x),  722(0) + X’ r22(5) =0,
X X
which is just a set of tree-level crossing equations for the function
QP (x) =r1,1(0) + 11200 €(2) + F13(x) {(3) + (r21(xX) + 72,2(x) ¢(2)) log(1 — x) (473)

+ (r9,1(X) + r9.2(x) €(2)) log(x),

taking into account that f®) is a rational number, so it does not source the crossing equations
for rational functions multiplying MZVs.

The bootstrap problem is therefore solved, up to an infinite number of contact term
ambiguities, as for one loop. Using again the functions (4.28) and (4.29), we write

f(g) 1_2X = n n n n ~ n
r11(x) = 3 (1X)+ 65,1)(15 )(X ), ria(x Zcﬁﬁ(ﬁ ), T1a(x chzz)(h
n=1
72,1( Z anl) qé") )5 T22( Z anz) qé")
) X2 . X
r9.1(X) = —Wrm(l—x% T9,2(X) = —Wrz,z(l—X%

(4.74)
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(

and all is left to do is to fix the coefficients ¢\, To do so, we demand the correct behavior

1,
in the direct OPE channel (x — 0),
45
FP00) ==X+ 003, (4.75)

as well as the correct behavior in the Regge limit. We now find that the mildest possible
Regge behavior is given by

(Y ~ AT (A= 00), (4.76)

which we then impose as a constraint on our results. Taking into account that in our

: (n)
conventions c¢; j
9.

independently, we find a unique solution to these two constraints, given by

are rational numbers, and so the coefficient of each MZV should vanish

cgﬁ):O Vn>1, 0572)20 Vn>1, 0573):0 Vn>1, )
) n n '
c%{zi, cg:—l, cg,l):O Vn >3, 65,2)20 Vn>1,
or in other words
15x(1 -2 -
r(x) = 8X(1_XX)7 r2(x) =0, 7F13(x) =0,
4.78
b _EE00E0a=29 e
’ 2(1-x) T

This fixes completely the solution, whose expression might not look particularly illuminating
at face value, but still contains some interesting features. In particular, one would once again
like to define a Bose-symmetric function f' ®) (x), but as opposed to the previous orders we
now have polylogarithms into the game, in addition to ordinary logarithms, and it is a priory
not clear how to do this. However, we observe that the functions appearing in ) (x) are
such that a special combination of HPLs appears naturally:

. . 1
Lis (x) = Liz(x) log x — 3 log(1 = x) log? x . (4.79)

This is nothing but the restriction to x € (0,1) of a weight three Lewin polylogarithm [114],
defined for y € R\ {0,1} as*

. . 1 1
Ls(x) = Lis(x) — Lis(x) log x| + 5Li1 (x) log? [x| + 5 log |1 — x| log? [x| . (4.80)

We review some properties of this function, together with its higher-weight cousins, in
appendix A. For the moment let us just remark that its appearance is quite natural from
the point of view of Bose symmetry, since Lj satisfies (by construction) “clean” functional
equations

Ly(x) = Ls(y)»  La(x) + La(1 — x) + Ls () = ¢(3), (4.81)

34Note that of course Lij (x) = —log(1 — x), but we chose to emphasize that this originates from the general
expression (A.18), and moreover that this specific logarithm should be taken not to have an absolute value in
its argument.
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that do not involve polylogarithms of lower degree. Using such interesting new function,
and in particular trading in our basis Liz(x) for Lz(x) and Si2(x) for Lz(1 — x), we can
express f®)(x) as

- ~ 2 _ 2_7.3 4_ 1145 6
) = [3 (—3€) AL (0] log? [x| + —HERETHIRETANCENE ()

—143x+x2—82x34+249x* —341x°+219x% —54x7 2
+ log™[x| log |1 — X

6(1—x)°
3(_ _ 2 3 _ _ 5 3 )
_ X 70+1f(51>ixé§§x +23x3) log? x| — x(2 32>(<1£3)>(<)2+2x ) log |X|} B (157)2 {X 1y
23x(1— 3 (3 o
+ | (= + 2457 tog 1= Xl log x| + (5t = 2) sty + 557 00

(4.82)

Note in particular that we were able to express the result only using the building blocks
log and L3 (as well as their products), evaluated at arguments y and 1 — y. Once again, it
was possible to express the result in such a way that Lio never appears. We will comment
more on this in section 4.7.

To conclude the discussion of the result at two loops, let us present the associated
CFT data. In principle one would expect to be able to extract, from f(®)(y), the average
anomalous dimensions (y(3)A. However, as it should be clear from (4.66), from flf’g)l (x) one

can only obtain the combination <a(1) 7@ +a© ’y(3)> A, as we do not have an independent
determination of (a() (), at this stage. We find

1 -
(@5 +a79) 5 —(aD)s(P)a = () s 020K (1P)a) = ZRAORY +AX|

@ (+R)B+2)6+53) 1241373 + 57
A 42+ 42)? 22+53) 8
1 -2 -2 ji 2 j4
+ AGR —2)Sea(1+ A) = 0 H o + 7 C(2),

(4.83)

where the harmonic sum S_3(n) was introduced in (4.62). On the other hand, we were not
able to find a closed-form expression for the third-order correction to the average of the
squared OPE coefficients, so we only give a list of the first few values:

11195 33246449 83060873856120557 90
@y, . JH _ 99246449 _ 20
(@ a { 1728 T 4@ ~Fio3000 T 13 ®) ~g30a61a0a7a5a720 T 110 } ’
(4.84)

where the n-th element of the list corresponds to A = 2n. Note that since for A = 2 there

is no degeneracy, we have (a(®)a_y = a(AS):Q.

4.6 Three loops

Finally, let us turn to the derivation of the main result of this paper: the (D1D1D;D;)
correlator at three loops, or O(A~2). Following (4.46) we make an ansatz of transcendentality
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four, which reads

FD00) = £ 00 + Fih () 1og x + fro (x) 1082 X + fraos (x) log® x + fros (x) log™ x

s () = 11(0) + 72 (x) log(1 = X) + 73(x) log? (1 = X) + 4(x) Liz(x) + r5(x) log*(1 - x)
+76(x) Liz(x) log(1 — x) + r7(x) Liz(x) + r8(x) S1.2(x) + ro(x) log*(1 - x)
+r10(x) Li2(x) log®(1 — x) + r11(x) Lia(x)* + r12(x) Liz(x) log(1 — x)
+ r13(x) S1,2(x) log(1 — x) + r1a(x) Lis(x) + 7115(x) S2,2(X) + r16(X) S1,3(%) ,
S (0) = riz () + m1s(x) log(1 = x) + r19(x) log?(1 = x) + ra0(x) Lia(x)
+721(x) log®(1 = x) + 722(x) Lia (x) log(1 — x) + 723(x) Lz (x) + 724(x) S12(x) ,

FO,00) = ras(x) + ras(x) log(1 — x) + rar(x) log?(1 — x) + ras(x) Lia(x) ,

log?
£ 00 = ras(x) + r30(x) log(1 — x),

( ) - T31(X)>

og?

flog

(4.85)

where we take the rational functions to have rational coefficients in their numerators, except
for the following MZVs that we introduce explicitly

)+ 71300 C(3) +r1a(x) C(4),

r1(x) = r11(x) + r1,2(x) €(2
(2) +r23(x) ¢(3),
(
(

ra(x) = r2,1(x) + r22(x) ¢
r3(x) = r31(x) + r32(x) ¢(2), (4.86)
ra(x) = ra1(x) +7r12(x) €(2),

ri7(x) = ri71(x) + r17,2(x) €(2) + ri7,3(x) ¢(3) -

Following appendix B we can also give the expansion of each flE)4g?k in terms of blocks and
derivatives, which reads

1
00 =32 (@@ ) afa 0,
— 4l
1 1 1
],31(04g)3 =3 <6a(1) (7(1))3+§a(0) (7(1))27(2)>AfA(X)Jrg(a(o) (7(1))4)&(&)()()} 7
A
1 1
(5012 (1) 40D D7) 400414 +§a(°) (V) afa(x)

iz a® (042 a® (0242 A1 00 +a® (V)0 f(3)( )|

,52,



o0 =10 0,00+ 2 [(@ ) aFa 00+ (@7 +a 92l 5 a0 a0

1 1
+<§a( ) (v )2 M, )7(2)4_@(0)7(1)7(3)4_5@(0)( (2))2>Aff)(><)

1

£ () 42a® (0P D0+ 5@ GO 00] . 4sn)

(5 2

As for the previous orders, we start by determining the highest logarithmic singularities, here

given by the three functions f15)4g34 (x), flsfg?g (x) and flfg)g (x). The first is again the simplest,

as thanks to (4.45) we know fl((f;f (x) at each order. At three loops, we have

+(X)

3

rsi(x) = £
X

=~ (250—875X+2871X274990x3+5273x473357x5+1188x67180X7) :
—X

og?

(4.88)

We can compute also fl(jg)?, (x) without worrying about the mixing problem, since we can
rewrite the second line in (4.87) as

1200 = |(5@)a 0D + 5@ 915 68 fa 00 + 5laa G800
A
(4.89)

which can in fact be computed from averages of CFT data at previous orders, with the result

Fiy (x) = ra0(X) + a0 (x) log(1 = x)
B 1

241 - x)*

+2(1 — 4x + 14x2 + 2223 — 1226x* + 3490\ — 5260x° + 4419x”

—1962x® + 360x?) log(1 — x)} :

[(2 —)x(1 = 3y — 585x2 + 1175\ — 2214y* + 1626%° — 549y°)

(4.90)

Finally, for fl(o4g)2 (x) one can rewrite the relevant OPE in (4.87) as

log

=3 K;a(z)m (Y2 4 4D (g0 1) 4 O 485 1 (a©) (7<2))2>A> A ()

A
1 3
+(5@a 00+ 3

5 RN (’Y(Al))2> )+

where all terms can be obtained from averages of CFT data in (D;D1D1D;) at previous
orders, except for

(@@ (v@)2) o # (@O)5 (v®)4 (4.92)

This is the main obstacle that we face in our bootstrap problem, since it requires a thor-
ough study of the operators degeneracy. This is a familiar issue in perturbative bootstrap
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computations, discussed for instance for higher-dimensional holographic correlators in [35—
39, 50, 110, 115] or in [56] for the e-expansion. Note however that typically the degeneracy
of operators present in the free theory is already lifted at first order, while here this only
happens at second order, which makes it possible to obtain a three-loop result with relative
simplicity. We shall discuss the details of how we tackle the mixing problem in section 6,
where we will show that (see (6.53))

<a(0) ('7(2))2>A

1.4 . 1o,
(a®) 5 = <'7(2)>2A+§]i(]i_2)5—2(1+A)+§]2(3]i_4)H12+A

(A2 (542 ) ) Hiaat o (15645072 +20j4 +
JA 4 jz 19 1+A 39 JA JA ji+2 :
(4.93)

We postpone the proof of this to section 6 and for the moment limit to use (4.93) to compute

fl(fg) (x) = ra5() + r26(x) log(1 = x) + rar(x) log®(1 — x) + ras(x) Liz(x)
1

32x (1 —x)* [
+2(1 — x)x(20 — 62x — 90x% + 1462x> — 4619x* + 6541\ — 4332)°

(2= x)(1 = x)x*(5 — 10x — 486x* + 491x* — 408x")

+1098x7) log(1 — x) + 2(1 — x)(9 — 32x + 42x? — 28x> — 366x? + 2016x°
—4728x°% 4 55087 — 3168x® + 720x?) log?(1 — x) + 12x(1 — 4y + 14y 2% — 283
+158x? — 274x° + 256x° — 123x7 + 24 %) LiQ(X)] : (4.94)

Now that we have computed the coefficients of the highest logarithmic singularities, we can
use the crossing equations to fix the result up to ambiguities arising from contact terms,
which we shall fix at the end. As usual, after applying cyclic or braiding transformations to
the HPLs we map them back to the ones chosen as basis in appendix A, and we consider
each MZV as an independent function. Once again, this fixes the coefficients of all HPLs
of transcendentality t > 2 in terms of the highest logarithmic singularities, encoded in the
functions r;(x) with ¢ = 25,...,31. The explicit relations are rather long and read

X2
(1-x)?
2 2

ra2(x)=— 4< (X)+7”27(ﬁ)+(11<7X)27"27(1—X)+ﬁrz7( )+X 7”27( ) +xPrer (= )>

r31(x)=— ra5(x),  132(X)=r41(x)=r6(x) =710(x) =7r11(X) =0,

X 7)(2 r30(1— 7)(2 r 7 7
Tso(X)'H”so(ﬁ)-F(l_X)z 30(1 X)+(1_X)2 30( D)+ 50( )+xrso (= )>,

500 = g7 (10 =7 () - o0 = 57 (120 =70 (351

X 1 X

r7(x) = (1_X)27‘8(1*X):*Tzo(x)zfrze(x) 7’26( )+X 7"26( )+WT26(1*X)7
2X2

(1-x)?

(47’27( X) +4rar (X~ L) +3rs0(1— X)+3r30 (X~ ))

(T27(1—X)+7”27(X771)) )

r12(X) = —ra2(x) = —4rar () +2x7rar (1) —

2

r13(x) = 2r27(X) +2X 127 (i) + ﬁ
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2

7”14(X)=(1§7X)27”16(1—X)=4X2 (727( L )+T§I(1X)X))+12 (7”27( )+T27( )+T30(X)+T30( )),

r15(x) = —4 (2T27(X)+7“27(X>fl) +2(1i<7x)27“27(1—x)+(1i<7)27“27(%) —X2T27(i) —X27"27(1ix)>

—6 <7"30(X)+7“30(X)f1) +(1i<1)27“30(1—x)+(1i<1)27“30(xxl) —X2T30(§) —X2T30(1ix)> )
ris(x) = —T25(X)—X2T25(i)+(1i<7X)27”25(1—X), r19(x) = —2(1{7”2(7“7(1—”4-27“26(1—)())7

(Tso(l—X)—%o(XT_l)) ;

a0 == (0 trn(D) 55

2

%T27(1—X)_87’27() 87’27( +) = 9r50(x) QTBO(XT_I)’

r23(X) = —2X27’27(ﬁ) 1

) A SN i
7‘24(X):6T27(X)+27‘27(ﬁ)+(177X)2T27(1*X)+WT27( X ) 4X ’I“27( ) QX T27( X)

(13—%)27“30(1—x)+(6¢)27“30( H) = 6xrs0(5) =3xrs0 (1) -

(4.95)

+6730(x)+3730 (ﬁ) +

Besides the explicit expressions, we would like to make two remarks. The first is that, as
anticipated, all terms of transcendentality t > 2 are fixed in terms of the highest logarithmic
singularities of f®(x), specified by the rational functions r;(x) with i = 25,...,31. The
second comment is that these functions are found to satisfy “unexpected” functional relations
that significantly simplify the final results. In particular we note that, in addition to the
functions that were already found to vanish in (4.95), the results (4.88), (4.90) and (4.94)
are such that we also have

ris(x) = ri5(x) =r6(x) =0, (1 —x)*r21(x) = x*r2(x), (1 —x)*r23(x) = X*r13(x)
(4.96)

which in particular implies that the new HPLs that we introduced at transcendentality four
(Lia(x), S2.2(x) and Si3(x)) all drop out of the final result. It is important to stress that the
simplifications (4.96) only arise once mixing is properly taken into account in computing (4.93):
if one were to neglect mixing and take ((y(?)2)x = (y)2, the bootstrap computation would
still make sense but it would produce a result where none of the identities (4.96) is satisfied.
In particular, functions of transcendentality four like Liy would be present in the final result.

We can now turn to analyzing the remaining functional equations. As for the two loops
case, the coefficients of certain MZVs satisfy non-homogeneous equations that we can solve in
terms of the highest logarithmic singularities only up to new rational functions, satisfying
homogeneous equations. In particular, we have

2
170 (7‘26( o) —7a6(x) —Xr26 (12 )+(1i<><)27"26(1—x)>

2
Jr% <X27"26()1<) (1§X)27"26(X;1)> )
2

r1,4(x) = F1,a(0) =27 () +r27 (29) +3x 127 (725) +2xPror (1) - 3(157)27“27(1—”
2 2

_2%7“27( )+3X (rgo( )+r30(1ix)>_3(1i<7x)2 (7’30(1—X)+T30(XT_1)),

r1,3(x) =71,3(x)+
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2 2
r2a(0) = P20~ g rar(V) = 5 (1) =3 (x (D) rw(xl))
2 2
+§ <X2T30(>1<) T (1§X)2T30(XT_1) _""30(X)> _5(214_XX)27’30(1_X)a
2
7"17,3(X) = _WT273(1_X> , (4.97>

where 71 3, 71 4 and 72 3 satisfy the usual tree-level homogeneous crossing relations, as we shall
discuss below. Note that, in addition to the simplifications (4.96), the functions r;(x) with
i =25,...,31, corresponding with the highest logarithmic singularities of f(*)(), are such that

ria(x) = 1a(x) (4.98)

which as we will discuss below will turn out to be zero. Thus, in correspondence with
the fact that there are no terms with Liy, all terms with ((4) also drop out of the final
result. This is the same that happens at one loop with Liy and ¢((2). We can then define
a function containing all terms which satisfy the same homogeneous crossing equations as
the tree level result, which here reads

Q™W(x) = r1,100) + 11,200 €(2) + F13(x) €(3) + 71,4(x) ¢(4)
+ (r2,1(x) + r2,2(x) €(2) + 72,3(x)) log(1 — x) (4.99)
+ (r17,1(x) + r17,2(x) €(2) + F17,3(x)) log x -
Here it should be understood that the function Q¥ (x) has the same Bose symmetry properties

as a tree-level correlator, so we can as usual express the solution for the functions appearing
n (4.99) in terms of (4.28) and (4.29) as

0 x(1—2y) = () (n
rax) = 5T + Z c, ) q ,or2(x) = ch,g " (x)
n=1
7“1,3(X) = Z C(1ng) q%”) (x), ™ 4 Z C(1n3) q1
n=1
a0 = 300, a0 = 3 1 aV00, st = 3 g ), (4100
n=1 n=1 n=1
2 2
riza(x) = —(1 )2 rai(l=x), mir2(x) =— 1- )27"2,2(1 = X)
2
m73(x) = *W@,s(l = X)-

All that is left to do is then fix all the free parameters appearing in the expressions above.As
usual, we do so by requiring that in the OPE limit y — 0 the correlator satisfies

D00 = =2nF + 00, (1.101)

as well as requiring the mildest possible growth from the anomalous dimension for large
A, which at this order reads

(YW)a ~ AT (A 0). (4.102)
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These conditions are enough to fix a unique solution,which is specified by

=0 va>1, =0 wm>1, Y=0 vn>1, =0 va>1,

37 21 n n
élf 61’ 0§?f=—33a Cé,f =0 Vn2=>3, C§2) =0 Vn=>1, (4.103)
m__3 3 ) _

Co 3 = —5 Cg’%:TO’ o3 0 Vn>3,

or equivalently by

ria(x) = 154X((11—_><2)X)’ r12(x) = F13(x) = 71.4(x) = 0,
B , (4.104)
raa() = - IR 00 =0, rasl) = 2 ).

The three-loops reduced correlator f (4)(X) is now completely fixed. As one might expect,
its expression is even more complicated than that for f() (x), but very interestingly we
observe here a completely analogous structure in terms of HPLs. As we stressed, despite
the complicated crossing equations (4.95), the highest logarithmic singularities dictate a
simpler structure in the rational functions, in particular implying the simplifications (4.96).
This, in turn, implies that the coefficients of Lis, S22 and Si3 are all vanishing. As for
the result at two loops, we can then trade terms of the type loga with log |a|, Liz(x) with
L3(x) and S;2(x) with L3(1 — x). The result is a function, f™)(x), which is defined for all
x € R\ {0,1} and that restricts to f(*)(x) for x € (0,1), which is fully Bose symmetric. As
done at previous orders, we express the result in a way that makes cyclic invariance manifest,
although the result is also braiding invariant:

2 4 6
f(4)(X) _ [i( ) [flog( )] 10g4|x| _ 3(28-84x+94x —A8x3+15Tx 1~ 147X +46x°) 1 5(xv)

16(1—x)3
_3(9732x+42x2728x3782Xx(‘;fi8)>§5+104x6*84x7+24x ) Ls(x) log |1 — x|
+3(1 dx+14x2—28y +1588>{i i?)zlx 542566 —123x7+24x8) Ls(x) log |x|
+71+4x*14x +528x3— 2926X4+72%1(221)£5X311288x +9207x7 —3996x54-720x° log3 x| log |1 — x|
+X(X—Q)(—1+3x+585x2;i%zi§212214x4—1626x5+549x6 log® ||
4+ OIS M NI 1og? x| log |1 — x|
4 XENCEHOCIC I H08) jog2 y |  MBHULIE00) gy

_ —454201x— 354x2+2g;1(>(<i >2<§>2x4+58x° 32x548x” ¢(3) log |X|} = x) s = 1—%]

+ (st — st + 22 = 2558 log? 11— log® x|
35 (=5 + 25 — 204x(1 — X)) log 1 — x| log x|
+ (21469 8x(1 %) + 2= X)) (Cl( )x) + f(4)] f(o)(X)-

(4.105)

All polylogarithms of even weight are absent and the correlator can be written purely in terms
of sums and products of the two basic building blocks Ls and log, evaluated at xy and 1 — .
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y4 112 3 4
2+l 31715131
# functions || 3 | 6 | 12 | 21

Table 1. Number of independent functions used to express our results for f()(x)
in (4.41), (4.63), (4.82) and (4.105), compared to the number of independent HPLs of transcen-
dentality t < /.

In principle, one could perform the OPE and find an expression for the CFT data (7))
and (a(4)> A at three loops. However, due to the presence of mixing, rather than the former
from fl(ogl (x) one can only extract the combination (a(®) v(1) 4 a(2) (2 4 (1) 4B) 4 4(0) () |
(see (4.87)), for which we were not able to find a closed-form expression. On the other hand,
to extract <a(4)> A from the OPE one should study the mixing problem to compute quantities
such as (a® 4@ 4+ a1 ~G))\  which is a problem that we have not attempted to solve.
However, since for A = 2 there is no degeneracy, we can drop the average symbol around
CFT data and use the first terms in the small x expansion of f®) () and (4.87) to obtain

4y 351845 75 @ 1705 1613
LS TR R A S T

We can now to summarize the CFT data that we have computed analytically for the

(3). (4.106)

superconformal primary of the multiplet EOA[EQO], which we refer to schematically as ¢?. Its
dimension at strong coupling is

5 2951 305 1 351845 75 1
—9_ — ~ R — —5/2 4.1
i N2 T o0 N T 16 e ( 13824 2 C(3)> e HOMTT), (4107)

while the OPE coefficient 11142, such that ,u%MQ = apa—o, has the expansion

_ ﬂl_431_6491+ (523 +5¢9) 33
Mg =\ & 24212 7 11521 \ 1024 A3/2
B (25635205 7205 1

(4.108)
2654208 | 96 <(3)> AQ} +O0).

4.7 Concluding remarks

To end this section, let us make some comments on the results that we have obtained for
the four-point function of the super-displacement operator in perturbation theory at strong
coupling. First, as we have pointed out in several places along the way, although our results
might naively appear complicated, they are actually much simpler than they could potentially
be given our initial ansatz. In particular, while at order ¢ we are allowing for the presence
of 241 — 1 independent HPLs (including the identity), we found that with a convenient
choice of basis one can actually express the results in terms of fewer functions. A summary
is contained in table 1. Note that this feature of our results only becomes apparent once a
particular basis is adopted, which in our case up to three loops only involves the functions log
and L3 (introduced in (4.80)), evaluated at arguments x and 1 — x. It is then straightforward
to identify the reason for the mismatch between the last two lines in table 1: it is due to
the fact that in the chosen basis the functions Lis and Liy never appear in the final result,
although they are a priori allowed by our ansatz following the observations of section 3.
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Let us then further investigate the properties of HPLs that could justify this result.
First, we note that since Bose symmetry plays of course a crucial role in our derivation, it is
natural to expect functions with simple transformation properties to make the result simpler.
Once a basis of HPLs is chosen, the basis functions evaluated at arguments that are mapped
into each other by S transformations (3.9) can be always written as a linear combination
of the functions chosen as basis, evaluated at the original argument, but such relations are
generally complicated and involve products of HPLs of lower weight than the original one,
see e.g. (A.15). As shown in (4.81), the function L3 on the other hand has the property that
it satisfies “clean” functional relations, so that it is a more natural object to use than Lis to
emphasize the transformation properties under crossing symmetry. However, the same could
be said of a modification of Lis, namely the so-called Rogers dilogarithm, which appears for
instance in weak coupling computations on the Wilson line [11, 61, 62]

Lr(x) = Liz(x) + 3 log x log(1 — x), (4.109)
which for x € (0,1) satisfies for instance
Lr(x) +Lr(1—x) =<(2),  Lr(x)+Lr(Zy) = —'5 log(l —x)- (4.110)

It turns out that Lr and L3 are actually related, as one can introduce a whole family of
functions L,,, known as Lewin polylogarithms [114] (for n > 1)

Z Llnf 0 logt x| - £ 1) log |1 — x| log" " [x], (4.111)
and note that Ly reduces to Ly for x € (0,1) but has the correct prescription for the absolute
values such that the imaginary part drops from the second equation in (4.110). However, while
the functional relations (4.81) hold for all real values of x, those for Ly receive corrections
when one tries to extend them beyond y € (0,1). This is a general difference between Lewin
polylogarithms of even and odd weight, which satisfy

—2(1-2'"")¢(n) x <0,

2¢(n), x>0.
(4.112)

nodd: Ly(x)—Ln(1/x)=0, neven: Ly(x)+Ln(1/x)= {

Besides functional relations (that we have discussed for real y), another interesting question
is related to the analytic structure of L,, for complex x. In particular, one can show that for
all n > 1 Lewin’s polylogarithms have no discontinuities for y = 0, 1:

Ly(x+i07) = Ly(x+i07), (4.113)

for all y € R. Note that not only the precise coefficients and functions in (4.111), but also
the choice of absolute values, are crucial for (4.113) to hold. While from this perspective
there is no difference between even and odd weight L,, an interesting difference arises when
one thinks of 1d correlators as the diagonal limit of higher-dimensional four-point functions,
which in terms of d > 1 cross ratios z, Z corresponds to taking z = z = x. In particular,
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higher-dimensional four-point functions are single-valued in the Fuclidean configuration
Z = z*, so one can wonder whether some of the L,, (if any) have such “higher-dimensional”
origin. We address this question in some detail in appendix A, where we conclude that
such origin only exists for the odd-weight functions. In particular, there is an interesting
connection between the ladder integrals [35, 116-118]

(I)(L)(Z’ zZ) = _w i(_l)r

A0 QLB ogk(22) (Lisg_(2) — Lisg_(3))
k=0 )

KILI(L — k)
(4.114)

which often appear in perturbative computations of scattering amplitudes and correlation
functions, and the Lewin polylogarithms. The ladder integrals are single-valued in the
FEuclidean configuration in the sense that

disc,—o®") = discs_q®®) , disc,_1 @) = discs_; ) , (4.115)

and here we make an observation that, to the best of our knowledge, has not appeared in the
literature before. Namely, the diagonal limit of ladder integrals can be written as a linear
combination of Lewin polylogarithms of odd weight:

(1-x)? & (=DFF 2k +2)!

lim &) (z,2) = log?l=2k=2 1\ | L . (4.116

We have thus shown that all our results can be expressed in terms of functions that arise
in the diagonal limit of single-valued functions of two complex variables z, z. Note that this
is not true for general 1d correlators: it does not apply for instance to correlators on the
Wilson line at weak coupling [11, 61, 62] or for 1d CFTs that arise as dual of simple AdS,
Lagrangians with ¢* interactions [29, 52]. It would be interesting to investigate the meaning
of this fact in greater detail and to understand whether it can be used as a constraint on
results at higher orders, in particular restricting the space of allowed HPLs in the ansatz.
A more restrictive ansatz could allow to bypass, at least partially, the necessity to resolve
the mixing problem at higher orders. A similar strategy was recently employed in [41, 42] to
compute the two-loop four-graviton scattering amplitude in AdS5 x S° from N = 4 SYM,
where a good intuition of the correct ansatz allowed to avoid resolving the mixing problem
for triple-trace operators. At this stage it is not clear what functions should appear at the
next order: should we only add Ls(z) or more general HPLs as well? Our observations also
seem to agree with the comments of [105] (see section 5.2), where the Wilson line defect
CF'T correlators are studied in a large charge expansion. Those results seem to indicate that
only products of ordinary logarithms and polylogarithms appear at higher orders, which
would indeed suggest a special role played by the functions L, (x) for odd n. It would be
interesting to investigate this more in detail in the future.

Let us now move to another point, still related to the idea of understanding the general
structure of f (f)(x) at each order. A crucial role in our bootstrap algorithm is played by the
idea of computing the coefficients of the highest logarithmic singularities (log® x with k > 2),
which as we argued (and proved in appendix B) are controlled at each order by CFT data
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at previous perturbative orders. Computing such data at low orders, one can then obtain
certain all-loop structures in (D;D1D1Dy), very much in the spirit of [70, 71]. The simplest
of such structures is the leading logarithmic singularity (k = ¢)

log = Z ))afalx), (4.117)

and was already observed in (4.45). To reiterate, one has that the free theory degeneracy
is not lifted at tree level and moreover the anomalous dimensions are proportional to the
eigenvalue of the Casimir operator acting on long superconformal blocks, so that, all in all,

1.2 l
(@@ (Y)Y atalx) = (@) (—2C> fa(x) (4.118)
thus leading to
O, () = == 0 () = £ (L) @rp0
Frogt(X) = Y] Clrpgt—1(X) = 7 (—2> C'fr(x) (4.119)
where we have introduced f(o)( ) = fO(x) — 3y, satisfying
Z (M) atalx)- (4.120)
A

All-order structures for the subleading logarithmic singularities (k < ¢) are harder to obtain,
given the presence of derivatives of superconformal blocks. To deal with those, it is useful
to take derivatives of the Casimir equation

Cialx) = A(A+3)fa(x), (4.121)
with respect to A, which leads to

(4.122)

In particular, this allows to derive a general result for the first subleading logarithmic
singularities (k = ¢ — 1) at all orders, which have an OPE (for £ > 1)

(1)ye—2
100 =30 T (190 (0= 00O D) afa 0+ V6D 00) - (1129
>

Massaging this expression, with a suitable use of (4.122) (for n = 1) as well as 7( ) = ji /2,
one can derive

J4
Hes00 = =5 O 00+ g (73 ) BO 20 G0+ -0 2x0, + D8 A7 ).
(4.124)
where
72100 = SO0 — 095D A 1A 00, (4.125)
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and 7 — 4(M9r~y() is the combination of anomalous dimensions that is a function of Jjx at
one loop, see appendix B. Remarkably, it can be summed exactly, and we find

(2—x)x(1—x+6x?) | (1—x+x?)?
4(1 — x)? 2(1 - x)?

2 0=

> Tog! log(1 —x). (4.126)

Note that (4.124) should be seen as a recursion relation that holds for £ > 2, the starting
point of the relation being

2= +9x+xP) A= x)B+x)(6—2x+x%)
(1= x)x X

which is the case ¢ = 1 in (4.123).
Finally, we would like to emphasize once again that the braiding symmetry (4.20)

flfg)o (x) = log(1—x),  (4.127)

(or (4.21)) has a strong impact on the OPE coefficients of the exchanged operators at all
orders in perturbation theory. In particular, we have already observed how in the conformal
blocks decomposition of the free theory correlator only operators with even A appear, which
is a consequence of braiding symmetry. While this relation is obvious at infinite A due to the
transformation property of conformal blocks, it might be less obvious at higher perturbative
orders where derivatives of blocks appear. However, a basic observation is that if a three-point
function (D1D;04,,,) was non-vanishing at a certain order /, its first contribution to the

OPE would be in the expansion of f(g) (x) through a term that is simply agzdd F A (X), With
no anomalous dimensions or derivatives. But since

ondd (X) - ondd(ﬁ) =0, (4'128>

this would spoil the braiding symmetry of f 0 (x), which we have assumed to hold at all
orders. This implies that if the OPE coefficients (D1D;0a,,,) are non-vanishing, they must
necessarily be non-perturbative from the point of view of the large A\ expansion. In fact, as
shown in [72] they actually vanish non-perturbatively (in the planar theory).

5 (D,D,D,D,) correlators to one loop

Let us now switch to four-point functions between more general half-BPS operators Dj. For
simplicity, rather than considering the most general case with four arbitrary weights, we take
them to be pairwise equal. This simplifies the bootstrap analysis and still allows us to draw
certain crucial conclusions on the structure of the dilatation operator in perturbation theory.
However, let us stress that with the same methods used here one could in principle bootstrap
(Dy, Dy, Dy, Dy, ) correlators as well. One initial reason to study this family of four-point
functions is that it naively seems to be the natural analogue of holographic correlators between
half-BPS operators in higher dimensions, which in that context are used to attack the mixing
problem at first order [35-39, 50, 110, 115]. However, here we have a crucial difference: while
in the most common AdS/CFT setups one has an internal space and the half-BPS operators
of the CFT as Kaluza-Klein (KK) modes of some fundamental supergravity multiplet on
the internal space, this is not the case in our model. In particular, while KK modes are
independent fields, the half-BPS operators on the Wilson line are simply defined as suitable
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normal-ordered products of the displacement operator and are therefore not independent.
This implies that their correlation functions can be obtained from those of D1, thus providing
no additional information. This is what leads us to consider even more general four-point
functions in section 6, where having external long multiplets turns out to be key for the
solution of the mixing problem.

In this section we take a bootstrap approach to the study of (D,D,D,D,) four-point
functions, up to one loop, finding perfect agreement with the considerations above. We
start from the free theory, discussing some aspects of the OPE and its relation with the
braiding symmetry already observed for (DD D1D;), as well as reviewing the structure of
the protected topological sector present in the correlators on the Wilson line. We then proceed
to the actual bootstrap, where our results clearly show that at tree level the correlators are
fixed by the four-point function of D1, while at one loop one also needs the six-point function.
This is related to the fact that in (2.7) only quartic vertices contribute at O(A~/2), while
sextic vertices come into the game at O(A™1).

Besides the explicit form of the four-point functions, one of the main results of our
analysis is that it clearly shows how the tree-level anomalous dimensions of all operators
are proportional to the superconformal Casimir eigenvalue of the associated osp(4*|4) repre-
sentation, thus proving that the free theory degeneracy is not lifted at tree level — a fact
that was used repeatedly in the previous sections. On the other hand, at one loop these
correlators do not provide enough information on the dilatation operator due to the reasons
mentioned above, hence we will consider long multiplets in section 6.

5.1 Free theory and topological sector

At infinitely strong coupling the SCFT that we are describing becomes free, and its local
operators are built by taking normal ordered products of the fundamental fields in the
displacement multiplet D, as described in [1]. Correlation functions are then defined and
computed by Wick contractions using the two-point function of the D;. Here we present
some explicit results in the free theory, highlighting some structures that are relevant for
the mixing problem.

The kinematics and superconformal blocks for four-point functions of arbitrary half-BPS
operators were studied in [1, 23], where it is shown that

(Dry Diy Dies Diey) = K iy oo o ead X G o ka ka6 €15, G2) 5 (5.1)

where the prefactor K accounts for the superconformal weights and G is a function of the 1d
cross ratio x and the two R symmetry cross ratios (i 2, which is constrained by the SCWI

(0, +30:) G

1
pr— p— = . .2
=0 <a<2+26x>91<2:X (5.2)

To describe the free theory, it is useful to introduce the superconformal cross ratios [23]

D G S ¢ bV
%_C1(2, x_(l_CI)(l_CQ),

X
x*:T, 53
. (53)
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each of them satisfying the SCWI independently. Moreover, note that they are mapped into
each other by braiding and cyclic transformations:

braiding (1 <+ 2): (x, 1, () — (Xﬁ T Cfi 1’ @Ci 1

CyCllC(Z-)Z-Fl) (X7617C2)_>(1_X71_C1>1_C2) = %%ia

) - oA (5.4)

(DpD,pDyDy) correlators in the free theory are symmetric polynomials in X and X,, and are
conveniently expressed in terms of so-called higher-spin conformal blocks [119]

n 2
Hn(x7 y) =" 2F1(_n7 -n, 17 y/x) = Z (Z) xnik yk ’ (55>
k=0

which are clearly symmetric in  and y. In terms of these, we have

min(p,q)
gg?p,q,q}(x’ Cla C2) = Z (Z) <Z> ’Hn(x; x*) (5.6)

n=0
= Fy(—p,—q;1,1; X, X,),

where Fy is an Appell function, defined by

—  (@)min (D)min
Fy(a,b;cr,co5,y) = ™y 5.7
4( 1,C2 y) m;_o (cl)m (CQ)n mln! ) ( )

and note that for the case at hand the sum truncates at m = n = min(p, ¢). For each fixed
p < g, free theory four-point functions are polynomials in ¢ of degree p. In the above each
H(n) corresponds to the contribution of all graphs with min(p, ¢) —n propagators connecting
points 1 and 2, where each power of X (X,) corresponds to a propagator between 1 and
3 (1 and 4). The H(n) are normalized in such a way that the terms X" and X} appear
with unit coefficient, and the relative combinatorics of the other terms can be easily worked
out by considering (D, D,,D,,D,,) correlators, where H(n) contributes with unit coefficient:
there, a power of X¥ has multiplicity (Z) corresponding to the number of way to connect
points 1 and 4 with k lines, with the remaining n — k connecting 1 and 3 (since in the
H(n) contribution to (nnnn) there are no lines between 1 and 2). Similarly, X% has a
combinatorial factor of (.",) = (}), hence the squared binomial coefficients in (5.5). To
work out the coefficient in front of each #H(n) in (D,D,DyDy), one can then take the graph
representing the contribution of H(n) to (D, D, D,,D;,) and dress it with the required number
of lines, which gives a further factor of (¥)(%). As a simple example, in figure 9 we have
drawn the diagrams contributing to each H(n) for 0 < n < 3 in the correlator (D3D3D3Ds),
as well as the monomial in X and X, correspond to each graph.

A crucial fact about the free theory that we are discussing is that, as anticipated, it
enjoys an exact braiding symmetry

0 0
ggp?p,qu}(x’ C1,G2) = ggp?p,qﬂ}(%’ %’ &) ) (5.8)

which is manifest in (5.6) since the higher-spin blocks (5.5) satisfy

Hn(2,y) = Hn(y,z). (5.9)
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H(0) :
x0x0
@xl %0 £0 x1
H(2) :
x2x0 x'xl x0x2
%xs %0 @xz x1 @xl x2 @o %3

Figure 9. Diagrams contributing to the free (D3D3D3D5) correlator, grouped by their contribution to
each higher-spin conformal block H(n) and labelled with the powers of X and X, that they contribute
with to the expression of gg‘;jg’&g}. It is understood that lines that cross each other do not correspond
to vertices, since we are dealing with a free theory. Although the labels are omitted, our conventions
(to match with the discussion in the text) is that the first point is located at the top left and the order
increases anti-clockwise.

Moreover, combining cyclic and braiding transformations we can define

ggg?%‘bp}(X’ Ch CQ) = %*2 % g{ppq q}(l - X7 - Cla 1— CQ) )

P+q

g‘gg?q:p’Q}(X’Cl’<2) oz g{ppqq}( _laCf 7C5 )7

both of which become symmetries of (5.6) in the case p = q.

(5.10)

Let us now discuss the superconformal blocks expansion of the free-theory correlators (5.6).
In the absence of semi-short representations, which is the case at strong coupling (see [1]
for a proof), the OPE selection rules for half-BPS operators read [23]%°

p+q min(p—1,g—1) 4
Dp X Dl] :Iép,q+ Z Dk+ Z ZZEO [2i—24,2j+|p—q]] * (511)
k=|p—q], step 2 Jj=0 A

where 7 is the identity operator, so that the blocks expansion in the direct channel reads

2min(p,q)
g{p,pqq} (X €1, G2) = 1+ Z C;(a(;a)kcé(;)k &p, (X, (1, C2)
s‘]:;)22
2min(p,q)—2 (5.12)
+ > <a(0)>(§f) BA a0 (X5 C1,62)
a,b=0, step 2 0,[a;b]

a+b<2min(p,q)—2

351t is also useful to recall the sp(4) selection rule

min(p,q)

(0,p] ®1[0,q] = @@22—2J,2J+|p—q\]
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where & are superconformal blocks, whose explicit expression can be found [1]. In (5.12),
C;(o% are OPE coefficients between half-BPS operators, whose expression we shall discuss

below, while (a(0)>gjf) are averaged products of OPE coefficients, defined by3%

0,[a,b]

’ 0 0
@I = Y oo, 19
Os.t.wo={A,0,[a,b]}

The braiding symmetry (5.8) of the free theory is closely related to the type of operators
that are exchanged in the OPE. We have already seen this for (D1D1D;D;), where the
long operators exchanged in the OPE have even conformal dimensions in the free theory,
which makes all the superconformal blocks appearing in the expansion of the correlator
symmetric under braiding. A similar phenomenon is responsible for the braiding symmetry
of (D,D,DyDy), although with a slight difference. In particular, short superconformal blocks
®p, appearing in (5.12) are all symmetric under braiding for even k (which is always the
case in (5.12)), while the long superblocks with even a and b (which again is the case relevant
for (5.12)) satisfy

3a
Q5A,[a,b] (X7 Cla CQ) = <_1)A+ 2 +h 6A,[a,b](%a Cfil’ Cfil) ) (514>

and the sum over A in (5.12) runs only over

A::%a—l—b—l—Qn, (n>1), (5.15)

in such a way that braiding is always a symmetry. The fact that only these operators appear
in the OPE (5.11) at strong coupling has been recently understood in [72] in terms of a
parity that flips the orientation of the Wilson line, which can be defined in terms of the
weak coupling description of the theory.

Finally, let us note that an efficient way of computing the averaged products of OPE
coefficients <a(AO)>(p7q) is to expand the individual higher-spin blocks (5.5) as a sum over
superconformal blocks. Since as previously discussed (see figure 9) each H(n) corresponds
to a diagram where points 1 and 2 are connected by exactly p — n propagators, so that
2n propagators are connecting one of points 1 and 2 to one of points 3 and 4, then the
contribution of each #H(n) in the OPE corresponds to that of exchanged operators of length
L = 2n. This can be also argued from the fact that the OPE D,, x D,, contains operators with

length L < 2p and in (5.6) only H(n) with n < p contribute. We can expand each H(n) using

m 2n—2 "
Hn<x7 %*> = <n> QS@n(X7 Cl?CQ) + Z h‘[AJ)} (n) QSA,[a,b](Xv CvaQ) ) (516)
afﬁ%iﬁ?f

so that from the h[z’b] (n) we obtain

@) =3 (Z) (g) s ). (5.17)

0,[a,b] n=1

36Here we are expressing the result in terms of a basis of normalized eigenvalues of the dilatation operator,
but recall that one can pick any basis of operators to compute the average.
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This is convenient because the individual higher-spin blocks are simpler than the full free
theory correlator, and the coefficients h[z’b] (n) admit a relatively simple closed-form expression
for each a and b of interest. For example, for the singlet representation [a,b] = [0, 0] we find

s oy 32 (3]
(A+4)T[3+2n]T [1—n+ 5] T[$+a] P[22

[4( +1)3F2( —A,%,—n,% nnl)

W% (n) =

(5.18)

—nAA+3) 3B (214 21— md —nn+151) ]

where 3F} is a regularized hypergeometric function. Similar expressions in terms of 3F)
are possible for all representations [a, b], but we have not been able to find a closed form
in terms of a and b.

The expression (5.17) is related to an important piece of information about the structure
of the OPE in the free theory, which ties in with the discussion of the spectrum of the free
theory of [1] as well as with the mixing problem, which we consider in section 6. Recall
that it is useful to label the operators in the free theory by their length L, related by the
index n in (5.17) by L = 2n. As we discussed, long operators in the free theory fall into
degeneracy spaces for fixed quantum numbers and we are free to pick a basis of operators
with fixed length. Given a certain representation of osp(4*|4) and a length L = 2n, one
can pick an arbitrary basis of operators @L=2n,a to span the degeneracy space dj, (we are
suppressing the 0sp(4*|4) quantum numbers since the present discussion is independent of
those). Then, the set of OPE coefficients between two half-BPS operators D, and one of
the @L=2n,a can be thought of a vector in the space dp:

(DyDyOL—3m.0)® ~ 1 a=1,... dim(dp). (5.19)
ppOL 2no¢

For any such operator, one can simply argue from Wick contractions that

D\ (0 qay\ (0
o~ = ~ .2
(n) quOL:Qn,a (n) MPPOL:Qn,a ’ (5.20)

for all «, that is the two are parallel vectors in d;. In particular, one has

(0) P\ (0
O = %) . 21
MppOL:Qn,a <’)’L> H?’l’nOL:Qnya (5 )

The upshot is that while one might expect that varying the first two operators in (5.19)
allows to span independent directions in dj, this turns out not to be the case, due to the fact
that the half-BPS operators D,, are obtained from normal-ordered products of Dy, in contrast
with more familiar holographic theories where half-BPS operators dual to KK modes are all
independent of each other. This is particularly important for us, as one of the main results of
this paper is the study of the dilatation operator at one loop for long operators in the singlet
representation of sp(4) @su(2), which only appear in D), x D, when ¢ = p. Hence, this is telling
us something that we have already anticipated in the introduction: to explore the degeneracy
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spaces, and then probe all components of the dilatation operator, we need to consider more
general correlators than (D,D,D,D,). Going back to eq. (5.17), dropping the labels for the
0sp(4*|4) representation of the exchanged operators and assuming as usual p < g we can write

pq) _ Z Z'U’(O) (gfl)aﬂ ,U/(O)

. . (5.22)
n=1 ap pPUL=2n ppLQnﬂ

where we are highlighting the fact that the average <a(0)> can be expressed as a sum of
averages over degeneracy spaces of operators with fixed length L = 2n. Using (5.20), we
can rewrite the above as

P (p\(q 0) s, L (0)
S ()0) Bt =5 ()0

(5.23)

< (O)A

where we have introduced the average (a
nnluip=2an

Comparing with (5.17) then immediately gives

), which by definition only depends on n.

<a(O)A

a,b
nnOp—2n - h[A }(n) ’ (524)
where all the Op_ on,a are taken to have dimension A and sp(4) representation [a, b]. Given

©)

pp L,a
basis in d;, where one of the basis elements is along that vector, while the others are orthogonal

that for all p the coefficients u are parallel vectors, for every fixed L one could choose a

(thus have zero ope coefficient with D, x D,). In that basis, one could even drop the average

1/2
symbol from (5.24) and the only non-vanishing OPE coefficient is precisely [h[z’b] (n)} / .

Let us now turn to the discussion of the topological sector of the theory, whose exis-
tence follows directly from the SCWI (5.2). As discussed in [23], the four-point functions
(D,D,D,D,) become topological when one sets x = (; = (2 (i.e. they no longer depend
on the position of operators), and the only contribution to the four-point function in this
configuration comes from OPE coeflicients of short operators, as it can be argued from the
fact that superconformal blocks satisfy

Q5’Dk (X;XvX) = 17 ®A,[a,b] (X?X?X) = 07 (525)

so that at all orders in perturbation theory

g{p,p,q,q} (X7 X5 X) =1+ Z Cppkcqqk . (526)
k=2, step 2

Remarkably, the OPE coefficients Cj,x,k1, can be computed exactly using supersymmetric
localization [4, 15, 53], to all orders in A (including non-perturbative corrections). We refer to
section 3 of [23] for more details on how to extract the OPE coefficients from the localization
result, while here we shall limit to give the expression for the expansion of Cy j,r, at large A
(neglecting non-analytic e VA terms). The first few terms in the expansion read

0 1 2 _ _
Chuksks = Chokoie (1 i 0C 20T+ O(A 3/2)) + 0>V, (5.27)
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where CIE;?)ka;; is the free theory result

(0) . a1!a2!a3!
Ck1k2k3 - \/W’ (528)
and
—k1+ ko + k k1— ko + k ki+ ko —k
al:$. oy = 1 22+ By 1+22 5 (5.20)
while the first two perturbative corrections are
m _ _3
5Ck1k2k3 - (a1 a2 + a1 az +aza3),
@ _ 1o Lorsc )2
0Ck kaks = 7 OChihoks T 5 <5Ck1k2k3) (5.30)

3
— T6 [3051 o a3 + ap g (g (041 +O¢2+O[3)] .
For the special case of Cyya, (4.3) gives a result valid to all orders, where f = 1 + (Cy12)?
and its perturbative expansion at large A is given in (4.5).

5.2 Bootstrapping (D,D,D,D,)

In this section we explain how the strategy outlined in section 3 can be adapted to the study
of (D,D,D,Dy), which we then bootstrap at tree level and at one loop. The main difference
with the correlators that we have discussed so far is that, for generic p and ¢, we have to
include the dependency on the R-symmetry cross ratios (1 2. We find it convenient to work
in the case ¢ > p (from which ¢ < p can easily be obtained) and proceed by increasing
the value of p by one unit at the time. As we shall see, at each step the information of all
correlators with p smaller than the one under inspection will provide valuable information
to fix all the coefficients in our ansatz. Taking into account of the R-symmetry dependence,
at each order the ansatz reads

21+_1  p (m n) )

g ,pqq}(%Chﬁ Z Z (1 a Ti(x) (5.31)

= m,n=0

m,n

which is just a generalization of (3.31). Here r (X) are rational functions of y and
since (Dp,DpD,D,) is symmetric in (; and (2, we take rl(m’n) (x) = ngn,m) (x)- Ti(x) are the
familiar HPLs and we have already specified the choice of a maximal transcendentality at
each order, which in agreement with the observations of section 4 is tmax(¢) = ¢, so that
for fixed ¢ the basis of HPLs has dimension 2'+¢ — 1. An important point to stress is that
the spacetime and R-symmetry dependence of these correlators are not at all arbitrary, as
the SCWI (5.2) must be satisfied. This provides a fundamental constraint that allows to
fix all free parameters in the ansatz, which was somehow implicit in the discussion of the
(D1D1D1Dq) correlator since in that case we were working directly in terms of the function
that solves the SCWI automatically.

Given the ansatz (5.31), let us briefly discuss how the various constraints of section 3 are
adapted to the current setting. We observe here that the main modification arises from the
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fact that, as for the (112£) correlators of section 6, we are no longer dealing with a four-point
functions of identical operators and therefore we should consider constraints coming from
the OPE both in the direct (xy — 0) and from the crossed (y — 1) channel.

o AdS unitarity method. The set of constraints coming from AdS unitarity, namely the
fact that one can compute the highest logarithmic singularities from CFT data at
previous orders (up to resolving degeneracies), is essentially the same in this context
but with a small caveat: the direct (d) and crossed (c¢) channel OPE are no longer
related to each other by crossing symmetry, so one should consider a decomposition of
the correlators analogous to (3.24), both as an expansion in powers of log y and one in
powers of log(1 — x) (independently):

ggi{p,qaq} X1, G2) = Zg{pz,?q} X, G1, G2) IngX
(5.32)

= ZQ{N,M} X, (1, G2) logh(1 — ),

Izz?q} gp(’;fz q}(Xv (1,¢2) are holo-

morphic at yx = 1. The statement of AdS unitarity is then that we can obtain all

gfp(; ?q}(x, (1,¢2) and x = 0 and g;j”;f])’q}(x, (1,C2) for k > 2 from CFT data at previous

orders. We will not repeat the expansion for each such function over superconformal

where G2 o (x,¢(1,¢2) are holomorphic at y = 0 and G

blocks, as it can be easily argued from (5.11) using the results of appendix B.

e Bose symmetry. Again it is useful to focus on the two transformations that generate
the Bose symmetry group, namely braiding and cyclic ones. Given the exact braiding
symmetry (5.8) of the free theory (due to the fact that we are considering pairwise equal
operators), we can use braiding as a constraint at each order in perturbation theory
precisely in the spirit of (5.33), since the presence of anomalous dimensions (related to
powers of log y in the direct channel OPE) once again one breaks the symmetry in a
“weak” sense. Hence, in full analogy with (5.33), we have (note that this is a statement
about the OPE in the direct channel)

L—k

d,(k,0) Z k+m m " Ly

g{p(,pqq}(X7€1’C2) - ( m >(_1) log ( )g{pqulﬂ)(%’%vﬁcil).
m=0

(5.33)

On the other hand, since the four operators in (D,D,D,D,) are not all identical for
q # p, cyclic transformations are no longer a symmetry, as one could expect. Instead,
we can use these transformations to define the configuration (D,D,D,D,) via

Jr

g{pqq,p}(x’ C1,G2) = X7 g{ppq al=x1-0,1-0), (5.34)

whose direct channel OPE is completely equivalent to the crossed channel OPE for
(DpDyDyDy). The superconformal blocks of [1] are in fact the correct ones for the
expansion of (D,D,D,D,) for small x.
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o Compatibility with the OPE. The requirement of compatibility of our ansatz (5.31)
with the OPE in both channels (direct and crossed) contains a richer structure than
one could naively expect. Indeed, we have three types of constraints. The first
two are analogous to what we had for (D1D1D1D;): expanding the ansatz (5.31)
around x = 0 (x = 1), the OPE gives information about the smallest power of
X (1 — x) that can appear in the expansion, since this is related to the dimen-
sion of the lightest exchanged operator. Moreover, we can also exploit the infor-
mation coming from the knowledge of all OPE coefficients between short opera-
tors (5.27), which again can be used as a constraint both in the direct and in the
crossed channel. The third constraint, on the other hand, is new and deserves a more
detailed explanation.

The spectrum of the free theory at strong coupling is such that certain operators are not
degenerate, i.e. for certain given representations of osp(4*|4) there is only one operator,
even in the free theory where all operators have integer (if bosonic) or half-integer (if
fermionic) dimension. As it can be argued looking at the tables in [1], this is the case
for long superconformal primary operators with weights3”

w={A*0,[a,b]}, and w={A*+1,0,[a,b]}, A*=341p+2, (535)

which in particular are the lightest long operators with spin zero and sp(4) representation
[a, b] appearing in the spectrum of the theory at strong coupling. The importance
of the existence of non-degenerate operators rests on the fact that their anomalous
dimension can be computed from any arbitrary correlator where they appear in the
OPE. On the contrary, where degeneracy is present, one should consider a family
of correlators and diagonalize an anomalous dimension matrix to obtain the exact
conformal dimension of each operator in the degenerate family. We are going to exploit
this fact working for one fixed value of p at the time and increasing p by one unit at
each step, as follows. Start from p = 1: the OPE of (D1 D1D,D,) in the crossed channel
contains operators in the sp(4) representation [0,q — 1] (see (5.11)), and the two with
lowest dimension (A = ¢+ 1 and A = ¢ + 2) are non-degenerate. We can then extract
their exact anomalous dimension from (D1D1D,D,) alone and use this information
as a constraint on (DaD2D,D,), where the operators in representations of the type
[0,q] are exchanged and we now know the anomalous dimension of some of them.
This, together with the previous constraints and the observations on the Regge limit
that we will mention below, seems to be enough to obtain (DaDyD,D,) at all orders.
From this one can extract the anomalous dimensions of new non-degenerate operators,
which in turn allow to derive (D3D3D,D,). The procedure continues increasing p at
each step and using all the information about non-degenerate operators coming from
correlators with lower values of p. Analyzing the OPE for a few (D,D,D,D,) correlators
one can also guess a closed-form expression for the one-loop anomalous dimension of

3"Note that for b = 0 there is actually no operator with A = %‘1 + 3.
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non-degenerate operators:

2
73, = (algz ) (1180 + 723 + 752b + 107a? + 216ab + 1125?),
0,[a,b]

(5.36)

1
72 =4+ (1088 + 692a + 328D + 10502 + 104ab — 4b7).
L4 [a0) Loy 96

e Regge limit. To conclude, the observations on the Regge limit are completely analogous
to those of section 3, in that we require that for each representation [a,b] of sp(4) the
averaged anomalous dimensions at any fixed order have the mildest possible growth
at large A. Such growth turns out to be the same as that found for (D;D1D1D;) in
section 4 and in particular does not depend on a and b:

w%fgf[) AT (A 00). (5.37)
0,[a,b

In the next two sections we will briefly comment on how this method is applied to
bootstrap tree-level and one-loop correlators, but we shall skip most of the technical details
as they are analogous to what we already discussed in the previous sections. Instead, we will
focus on the solution of the bootstrap problem, which has an interesting structure that can
be described uniformly in terms of p and ¢ and is related to the expression of the correlator

as a sum of Witten diagrams arising from the Lagrangian (2.7).

5.3 Tree level

Let us consider now the case of tree level correlators, for which according to (5.31) we should
make an ansatz of transcendentality one

P
1 m,n m,n m,n
Tlpnan (000G = 30 e (00 +r3™"(0) Tog(1 =) + ™" (x) log)

(5.38)
(m.n)

where we remind that all rational functions r;" " (x) are symmetric in m and n and, as in
section (3), are only allowed to have powers of y and 1 — x in their denominators. For all
values of p, using all constraints except the Regge behavior still leads to an infinite amount of
solutions corresponding, as in the previous sections, to contact terms with higher and higher
number of derivatives in the quartic vertex. However, assuming the mildest possible Regge
behavior for each p and using, step by step, all the available information on non-degenerate
operators, it is possible to pinpoint a unique solution for each p, with a simple polynomial
dependence in ¢ (of degree p + 1, taking into account that we assume p < q). Remarkably, it

is possible to express the result in a closed form as a function of p and ¢, which reads
(1) _ (1) (0) 1
ghﬁpﬂ»‘]} - pqg{l,lvlvl} g{p—lvp—l,q—laq—l} + Pl )(3‘:, X)), (5.39)
where P() are polynomials given by

PO (x,y) =300 GV (x,9). (5.40)
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tributing to the first tributing to the sec-
term in (5.39). ond term in (5.39).

Figure 10. Schematic representation of the Witten diagrams contributing to (D,D,D,D,) at tree
level. Black lines represent free theory propagators, while blue lines crossing in a thick dot represent
lines connected by the quartic vertex in (2.7).

where we have introduced the differential operator

P+q

QW = (20,)* + (y9,)* + 2y 9, 0, — (€0 +ydy) , (5.41)

)
D40}
as arising naturally from the Witten diagrams generated by the Lagrangian (2.7) and from

and in the argument of gg; we replace X — x and X, — y. This result can be seen
the fact that the half-BPS operators Dy are simply given by normal-ordered products of
k copies of Dy (with an appropriate symmetrization in the R-symmetry indices). Given
that at O(A~1/2) there is only a quartic vertex including for ¢’s (the superprimary of the
D; multiplet), there are schematically two types of diagram that can contribute to any
(DpyD,D,Dy) at tree level, represented in figure 10.

Diagrams of the type represented in figure 10(a) are such that each external operator is

1/2 The dependence on the coupling

connected to a quartic vertex, which carries a factor A\~
constant is therefore saturated and the remaining operators must be connected by free theory
propagators. This kind of diagrams is therefore completely factorized, with the quartic
vertex contributing as in (D;D1D;D;), multiplied by a free theory term corresponding to
a (Dp_1Dp—1Dy—1D4—1) four-point function, hence the first term in (5.39). On the other
hand, diagrams of the type represented in figure 10(b) have one operator connected to the
quartic vertex with two lines, two with one line and one operator which is only connected
to the others by free theory propagators. Understanding the contribution of these diagrams
to (5.39) is simple if one focuses on the lines connected to the quartic vertex. With the

position of the lines as in 10(b), one has

Jim (D1 (tr, 1) Da (b, ) Di (b2, 52)Di (3, y5)) ) = —3(12) (13), (5.42)
y:‘)yl
where notice that the limit gives a finite result since we are taking y,. — y1, which corresponds
to defining a protected operator Dy at position (¢1,y;). Diagrammatically, we can express the
identity (5.42) as in figure 11, which notice is precisely the kind of diagram that one should
(1)

evaluate to compute the OPE coeflicient Cll127 where the superscript denotes a tree level
contribution. In particular, we can see that the effect of collapsing two points in a quartic
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Figure 11. Collapsing two points in a quartic vertex produces the same effect as a couple of free
theory propagators.

vertex produced the same result as the product of two free-theory propagators. Therefore,
diagrams of the type 10(b) are actually equivalent to free theory diagrams, just with different
combinatorial factors (and up to a A-dependent overall factor). Therefore, they contribute to
the second term in (5.39), which can be seen as the action of an operator on (D,D,D,D ),
as described by (5.40), where the operator has the role of suppressing certain diagrams
and appropriately modifying combinatorial factors. Hence, it would have been relatively
simple to argue the result (5.39) directly by looking at the structure of Witten diagrams
(once the result for (DyD;D1D;)Y is known), and it is reassuring that the bootstrap result
confirms the expectations.

The structure of (5.39) has an important implication for the first order correction to
the spectrum of the free theory. As we have already stressed, the ¢-th order anomalous
dimensions of the operators exchanged in a certain correlator at order A\=%/2 can be extracted
from the part of the correlator that is proportional to logyx. In (5.39), the second term
only depends on x polynomially and therefore all the terms proportional to logx arise
from (D1D1D1D1>(1). Similar diagrammatic arguments immediately show that a four-point
function between any four operators only receives contributions proportional to log x through
a product of free-theory correlators and <D1D1D1D1>(1). One can then expect that the
anomalous dimensions of all operators can be extracted equivalently from any correlator,
with averages of anomalous dimensions over different four-point functions leading to identical
results. This can only happen if operators that are degenerate in the free theory remain such
when the first-order perturbation is turned on, thus justifying the claims of section 2 on the
structure of the dilatation operator at tree level. Therefore, at tree level all the symbols of
averages can be dropped around anomalous dimensions. The only way this can happen is if
the first-order correction to the dilatation operator is insensitive to the detailed structure of
the operators and only depends on certain simple properties such as their quantum numbers.
We find that this is precisely the case and the dependence is particularly simple and tree-level
anomalous dimensions of operators in a certain representation of osp(4*|4) are proportional
to the quadratic superconformal Casimir eigenvalue of that representation. More precisely,
if an operator O is, in the free theory, in a representation R with weights w = {A, s, [a, b]}

(with A, as usual, the unperturbed dimension), then its anomalous dimension at first order is
(1) 1 1 1 1,
Yo :—§C2(R):—§ A(A+3)+Zs(s+2)—§a —ab+2)-b(b+3)|, (543)

using the conventions of [1]. This can be argued by inspecting the anomalous dimensions
extracted from (D,D,D,D,) or by observing that the action of the quadratic Casimir dif-
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ferential operator EUSP(4*\4) is such that

1~
=35 ¢osp(4*|4) <DPDPDQDQ>(O) ) (5'44>

1
(DyDyDyDy) log x D)

since the superconformal blocks are eigenfunctions of Eoﬁp(4*|4) with eigenvalue cs.

This is a crucial fact about the spectrum of the theory at strong coupling, that we have
heavily exploited in the previous sections. In particular, we have used the fact that when the
expression of correlation functions as sums over conformal blocks is expanded perturbatively
for large A, certain products of anomalous dimensions and OPE coefficients arise, which
should in principle interpreted as averages over a certain correlator. However, due to the fact
that the free theory degeneracy is not lifted one has, for any representation,

(YN =Mk, (5.45)

s;[a,b] s,[a,b)

with the average taken on any correlator.

5.4 One loop

Moving to one loop, one should make an ansatz of transcendentality two. Given the results
found for (D1D1D;D), for simplicity we can directly exclude terms with Lis and (2), but
it is also possible to include them and then show that their coefficient should vanish once
all the constraints are imposed. To start, one should compute the terms contributing to
the highest logarithmic singularities in the two OPE channels (xy — 0 and xy — 1). At one
loop, one only has a log? x singularity, which in the direct channel (x — 0) has an expansion
over superconformal blocks given by

dee 1 0) 1 (INE
g{p,pﬂ],q} -0 Z <a( ) (7( )) >£§
" Afa,b] ’

T (5.46)

for ¢ = 2, using the notation of (5.32). We have written the equation for general ¢ as this
it gives the log’ x contribution to an ¢-th order correlator in a uniform way. Now, thanks
to (5.45) we can drop the symbol of average from the anomalous dimensions any ¢, and
using (5.43) as well as the superconformal Casimir equation (see [1]) we obtain

¢ ?
e 1 © (1) _ (1 (0)
Yippaat = 0 Az[:b]<a )>£§,[a,b] (756‘,[,1,1)]) B fap] = <_2 ¢°5P(4*I4)) Glopaay: (547

meaning that as observed for (D1 D1D;D;) in section 4 the highest logarithmic singularity at
each order can be obtain simply by repeatedly acting with the quadratic Casimir operator
on the free theory result. Analogous expressions can be obtained for terms proportional to
log?(1 — x) in the crossed channel expansion, around y = 1.

Once the terms proportional to log? y and log?(1 — x) are computed as above, one can
use a braiding transformation to obtain the rational function multiplying log x log(1 — x), so
that assuming no Lis(x) is present we have computed all terms of transcendentality two. All
is left is therefore the ambiguity given by tree-level contact terms, namely the infinite set of
solutions to the tree-level bootstrap problem. As usual, a unique solution for each p can be
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obtained by exploiting all information on the OPE and non-degenerate operators obtained
from correlators with lower p, as well as assuming the mildest possible Regge behavior for
our correlators, corresponding to

(YD) a ~ A% (A= 0), (5.48)

0,[a,b]

for an average over any correlator and for all values of a and b.

As for tree-level correlators, the final result admits a closed-form expression in terms
of p and ¢, which is closely related to the structure of the associated Witten diagrams. We
can express our results as

@ _ . c®@ (0) PY(2) (g 2 50
g{pvp’qvtﬂ’ - pqg{l’lvlul} g{p—l,p—l,q—l,q—l} + 2 <2> (2) (g{171’171}> g{p_27p_2:q_2’q_2}

6 2 2
+gon) PP, 60 + PP (R, X,

p,p,q,q9

(5.49)

where 9831’171} and gg) 1y are the tree-level and one-loop four-point functions of the

71717
displacement, ggf)p;)q g} can be computed from the first connected contribution to the six-
2)

point function of the displacement, while P§2) and Py are certain polynomials given below.
More precisely>®

6pt plq 0 a(p 0
gEP?I)?«Lq} 9 (2) Gu(X: G, G2) ggp)—lm—l,q—%q—?} T 2 (2) Gx(x: 1, G2) ng)—Zp—?,q—l,q—l}
Py (4 1 o1 (0)
" 2<2> <2> £odx 1’ G 1’ G2 1) g{P—Q»p—Lq—?,q—l}

Py (4 (0)
"‘ 2 <2> <2> :{* g*(]- - Xa ]- - Cl) ]- - CQ) g{pfl,p*llJ*Q,Q*l} )

(5.50)
with
Gu(X,€1,¢2) =D fu(x),
00 = [=4x(2 = X) +2(2 = 2x + ) log(1 - x)] g_bi;g
+ [X(5 = 5x = 2% + 4x°) + 2(1 = 0)*(2 + x + x?) log(1 = x)] l(;g((ll—_xx)) .
(5.51)
On the other hand, ng) and PgQ) are polynomials, given by
PP (y) =P a0 g, (5.52)

38Here, when evaluating G.(x ', ¢; L (o 1), we consider that all the arguments of log have an absolute value,
in agreement with the observations about braiding symmetry of section 4. This allows us to write, for example,
log [1 — x'| =log|1 — x| — log|x]-
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and
P (z,y) = QPG (x.y). (5.53)
where the differential operators QP and Qg) are
QY =3pg QY + (20, +y9,)] ,

.y
o) — {9 o (Q(l) n W) 204 g-2) = L (p—q)? (20, +yd,) (5.54)

2 36 4 16
33 +
+nyazay <$8x+y y_p2qﬂ .

As in the previous section, to understand this structure one should look at the Witten
diagrams that contribute to (D,D,D,D,) at two loops. The first term in (5.49) can be traced
back to diagrams of the type 12(a), where two quartic vertices are used to form a loop and all
the remaining D; insertions are connected by free theory propagators, so that these diagrams
are completely factorized as products of the one-loop contribution to (D1D1D1D;) and a
free theory four-point function where all external operators have weights lowered by one
unit. The first line of (5.49) is completed by a contribution coming from diagrams of the
type 12(b), where eight of the external D; insertions are connected by two pairs of four-point
vertices, giving rise to the square of <D1D1D1D1>(1), with the remaining insertions connected
by propagators to form a free theory four-point function where all external operators have
weights lowered by two units. Moving to the second line of (5.49), the first term originates
from the same type of diagrams that would contribute to a (D;D1D1D1D1D;) six-point
function at O(A~1), with two pairs of D; insertions collapsed to the same point: a six-point
contact term, which appears in (2.7) with a factor of A1 and is represented in figure 13(a), as
well as an exchange diagram drawn using two times the quartic vertex, represented in 13(b).
The four terms in (5.50) reflect the four inequivalent ways to collapse the six-point function to
four points, each dressed by suitable free-theory four-point functions connecting the remaining
D; insertions. The second-last term in the second line of (5.49) arises from diagrams of the
type 14(a) where one uses two times the quartic vertex, but one of them has two legs collapsed
to one. Finally, the last term is a rational functions of x and receives contributions from
two types of diagrams: one where one uses two collapsed quartic vertices, as in figure 14(b),
and one where a collapsed six-point vertex is used, as in (14(c)).

In this case, while as we have just observed the general structure can be argued
looking at the Witten diagrams that contribute at this order, the expression of one-loop
(DpD,D,Dy) requires the knowledge of the six-point function <D1D1D1D1D1D1>(2), in addi-
tion to <D1D1D1D1)(2). Since we have not computed any six-point functions, which would

9 our bootstrap approach

be considerably harder than the four-point ones discussed here,?
should be seen as an even greater simplification of the traditional diagrammatic algorithm.
Moreover, the contribution of a collapsed six-point function to <DprDqu)(2) finally lifts

the degeneracy of operators in the free theory and the anomalous dimensions (7(2)> L8004
0,[a,b

398ee [61] for the computation of higher-point functions on the Wilson line at weak coupling and [120] at
strong coupling.
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(a)  Contribution
from one-loop dia-
grams with quartic
vertices only.

(‘>.<
N_—

(b)  Contribution

from the product

of two tree-level

quartic interactions.

Figure 12. Type of diagrams contributing to the first line of equation (5.49). We have highlighted
four-point vertices in blue and six-point vertices in red.

(a)  Contribution
from tree diagrams
with sextic interac-
tions.

(b)  Contribution
from collapsed
six-point ex-

change diagrams.

Figure 13. Type of diagrams arising from a six-point function and contributing to (5.49) as in (5.50).
We have highlighted four-point vertices in blue and six-point vertices in red.

(a)  Contribution (b)
from a “full” quartic
vertex and a col-
lapsed one.

Contribution (c)
from two quartic
vertices with two
points collapsed.

Contribution
from a sextic vertex
with three legs col-
lapsed.

Figure 14. Type of diagrams contributing to the last two terms in the second line of (5.49). We
have highlighted four-point vertices in blue and six-point vertices in red. Diagrams of the type 14(a)
contribute to P?) G| while diagrams 14(b) and 14(c) only contribute to sz).
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extracted from (5.49) should really be seen as averages, which depend on the correlator from
which they are computed. As an example, for long operators in the singlet representation
of sp(4) @ su(2), from (D1D1DyD,) correlators we find

) )
@) Wy O IR gy 200+9) + (4+T7q) 3

(5.55)

where the dependence of the anomalous dimensions of the exchanged operators on the
external weight ¢ is a clear sign of operators mixing.

We would like to conclude this section with some comments on the relation between the
structure of (D,D,D,D,) and that of the dilatation operator. At tree level, we observed that
the terms in the correlator that produce anomalous dimensions (those proportional to log x)
are all generated by the quartic vertex in (2.7), as depicted in figure 10(a). Hence, for the
purposes of understanding the dilatation operator at tree level, it is essentially enough to
know the four-point function <D1D1D1D1>(1), with all logarithmic terms in <DprDqu)(1)
fixed in terms of that, as clearly expressed by (5.39). In particular, as we discussed in
section 2, the fact that the dilatation operator D) is fixed by a quartic vertex implies that
DM cannot change the length of operators and it can be decomposed as a sum of blocks
acting on spaces Hj of operators with fixed length:

D =@, DV U H (5.56)
L

On the other hand, at one loop we have seen that the knowledge of <D1D1D1D1>(2) is
no longer sufficient to determine all (D,D,D,D,)?. On the contrary, as clear from (5.49),
one also requires the knowledge of the six-point function <D1D1D1D1D1D1)(2), which is due
to the presence of a six-point vertex in (2.7), that cannot be detected by (D;DD;D;)P.
The presence of a sextic vertex in the Lagrangian also has implications on the one-loop
dilatation operator D), as it is clear also from the presence of log x in (5.51) (which therefore
contribute to the anomalous dimensions). This is closely related to a crucial property of
D® that we have introduced in section 2: the fact that this time it can in fact change the
length of operators, but only by two units at most. We could write

p® =@ PP, edP D),  DFL,: He o Hre. (5.57)
L

Similarly, at higher orders more vertices in (2.7) would contribute, further complicating the
structure of the dilatation operator (and that of (D,D,D,D,)). In particular, at O(A~%/?)
in order to determine all (D,D,D,D,)¥) one would need to know the (2¢ + 2)-pt function
of Dy at that order, with the associated structure of D) given by

-1
L
D= @ 1Y, (5.58)
L a=—(¢-1)

with the same notation as (5.57). This is precisely the structure that we discussed in section 2.
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5.5 Two loops

The strategy applied so far could be in principle carried out for all (D,D,D,D,) at two
loops as well, without addressing the mixing problem (which would not be true at three
loops). However, the result is not really necessary for our purposes and the problem starts
getting more complicated. We have so far limited to computing the two-loop answer for
(D1D1DyDy) and (DaDyDoDs), which we present here. We will not go into the details of
the derivation, since the results follow from the usual strategy and a transcendentality-three
ansatz completely analogous to that used for (D;D1D1D;) at two loops.

For (D1D1D,D,) one can actually solve the Ward identities in terms of a single function
like in the ¢ = 1 case. As in (4.1) we have

<D1D1DQDQ> —f X2
(D1D1)(DyDy) " 12
The topological data has an expansion up to two loops

3¢ | 3qa=D(2¢—-1)  q(14—2q+28¢" +5¢°)

+D fo(x) - (5.59)

_ 2
fg=142q— NI + 75) YL +0O(1/X9),  (5.60)
while the reduced correlator at two loops can be expressed as
4
q
P00=> <n> FE00, (5.61)
n=1

where by definition fq(?l) (x) = f®(x) given in (4.82), while for the higher orders we have

2(x2—2x+2 _ _
f(3)(X):_ML3(X)_4X5 8x*+4x2 5X+2L3(1—X)

2 (x—1)2 (x—1)2x
_ 4 3 2 2 4 _ 3 2_
_ (1=x)(9x +5§X:5x +2x+27) log?(1—y)+ X (9x 34;((;1% 28x+14) log(1—x) log? x
18X 47X +40x " —12x° —8x* +10x —4 log?(1— ) log x
3(x—1)%x
—2)x3(8x2—11x+11 —1)(8x3+18x24+15x+29
+(x )><2((Xx_1)3 x+11) log2x—|—(x )(8x 2xX X+29) log?(1—Y)

5_or A3 2490 (x=2)x(x2—x+1
_ 16x 25x2(;(_—1i-)222x +2x—1 log(1—x) logx—k% log x

(=2 (P -2x+3) log(l—x)+4x2_5"+2 C(3)+X(131x—28)

A(x-1) (x—=1)%x 8(x-1)
—2)x3 1) (x3+x2+6 —9)y3
1300 =22 L3(1—x)+(x)(’;—2x)log?’(l—x)—((xxff)xz log?(1—x) log x
9(x—1) (x> +x+2 92 (x2—2x+2
ADOER) 10g2(1 —y) - % log(1—x) log x
3(x%2—x+1 _
+ (>2<(X_><1) )log(l_X)+3X2((1x5§1)l)’
3 15>
fad00 =501y (5.62)

To express the result for (DyDeDyDs) at two loops it is convenient to first solve the
Ward identities, which in this case can be done in terms of one constant and three functions

of x. Explicitly, we have

2
<gz2£§%2pgi> =f ngQ + D1 f1(x) + D2 f2(x) + D3 f3(x) , (5.63)
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where in terms of the OPE coefficients C,q ~ (DpDy D)
fo =14 Coo9 4+ Cooy4, (5.64)

while the differential operators D; are given by

2 X 5
Dy = x* (v —v1v2x0y) , Dy = =Dy, D3 = x°vive, (5.65)
C1 ¢
where v; = x 7' — ¢! as in (4.2), while 9 = x 72 — ¢, ' ¢; . At two loops we have
(3) 1341
fy" = 4 (5.66)
while
(3) _ 2(8xT—41xO+77x%—49x* —3x3+29x2 —13x+1)
A7) = - N L(x)
2(8x7—15x°—x®—x*+31x>—49x2+35x—9)
- e Ly(1 =)
_ 2x2(21x0 137X +374x* —556x > +480x2—337x+50) lo?
3(x—1)° og" X
(2(63x®—305x7+584x0 —557x5+265x*+6x° —53x2+13x—1)) 9
+ 3(x—1D*x 10g XlOg(l - X)
2(63x5—199x7+213x°—70x° —25x* —29x3+104x2 —73x+15) 9
- 3(x—1)3x2 10g X IOg (1 - X)
2(21x84+11 x5 +4x*+10x3 +x2+108x—105 3
( 33 ) lOg (]‘ - X)
2 4 3 2 4 3 2
X2 (78x%—3503+604x2 —569x+114 78x*+38x3+22x2+99x—123
( — )log2x+( . )10g2(1—x)
(x-1) X
(156x°—468x5+474x* —168x°+53x2—47x+3)
- (x—1)3x IOg X 10g<1 - X)
(68x* —88x>—89x2+154x—57) log(1 ) (68x*—184x3+55x2+16x—12) o
26D Bl T X 2617 &X
2(40x* —80x3+84x2 —44x+9) 535x2—535x+88
(x—1)4x? <(3> + 4(x—1)2 ) (567)
(3) _ 2(x—2)(9x0 —27x°+43x* —23x3 —11x2+27x—9)
f2 (X) - (x=1)*x LS(X)
2(9x7—35x°+49x° —31x* +x > +x2+15x—8)
- —1)3x2 L3(1 - X)
B 2x?(105x0 —648x5+1693x* —2414x3+2017x 2 —972x+324) log?
3(x—1)° 0g" X
" 2(315x5—1614x7+3360x° —3589x°+2020x* —491x> —61x2+63x—18) loo? v 1o (1 )
3(X71)4X g X g X
(2(315x®—1284x7+1987x0 —1412x5+422x* —59x>+100x 2~ 111x+43)) 9
- 3(X,1)3X2 lOgXIOg (1 - X)
2(105x5—108x5 —x*—10x3—4x2—11x—21 3
( 3x3 ) log (1 - X)
x2(123x*—594x3+1162x2—1136x+568) loo?
(x-1)* 08 X
(246x5—939x°+1335x* —837x3+306x2 —190X+76) log x log(1 )
(X_1)3X gx log X
123x%1—99y3 —22x2—38x—78 9
+ =2 Jog?(1 - x)
(57x* —199x>+227x2 —56x+28) log v + (57x*—154x3+89x2+88x—68) log(1 )
2(x—1)3 gX 2(x—1)2x & X

B 2(8x*—14x2+23x—8)

T <(3) + 1253x2—2147x+806 : (5.68)

4(x—1)2
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f(3)( ) = 2(2X8—18X7+64X6—116x5+126X4—76X3+70X2—36X+9)L (x)
3 \X) = (x—1)%% 3LX
2(X+1)(2X8—18X7+57x6—98X5+113x4—98x3+57x2—18x+2)L (1 )
=D BETAX
n 2X2(30x7—166X6+370X5—387x4+119X3+167x2—7x+324) loo®
3(x-1)7 & X
2(90x° —403x3+720x 7 —647x5+346)x° —171x* +38x> —20x2—12x+9) 1oo2 + Io (1 )
3(X_1)6X g X log X
2(90)(107308x9+430x87396x7+386x67375x5+333x47277x3+147x2723X75) 9
+ ey log x log”(1 — x)
2(30)(8711X7+28x6734x5+24x4734><3+28x2711x+30)1 3
- 3(X71)2X4 Og (1 - X)
X(SOXGf138x5+7x4+42ox37558X2+848x+16)1 9
N (x-1)8 08 X
(100x®—168x"—108x5+340x°+7x* —477x>+338x > —54x—8)
+ =152 log x log(1 — x)
x—1)°x
6 5 4_ 3 2
_ 50x%4-70x% +33x 602x 3+33x +70x+50 log2 (1-x)
(x—1)%x
(88x5—46x°—276x*+619x>+375x2 —52x—8) log(x)
2(x—1)°x &X
(44x5+25x5 —8Tx*+35x> —87x2+25x+44)
- 1.2 IOg(l - X)
(x—=1)*x
2(40x® —56x*+80x3 —55x2+18x—2 4_fgyB3_ 1742
+ ( — )C(?)) _ 26x"—4x 17)51 4x+26 ) (569)
(x—1)°x 2(x—1)*x

We would like to make a comment on a subtlety concerning this result, which it would be
interesting to clarify in the future. As usual, the bootstrap algorithm leaves a number of free
parameters corresponding to higher-derivative contact terms, and we can constrain these
parameters by analyzing the Regge limit.?® In particular, we require that

(Ya ~ #AY, (A = o), (5.70)

for all three exchanged representations ({0, [0,0]}, {0, [0, 2]} and {0, [2,0]}), consistently with
the result obtained for <D1D1D1D1)(3). However, simply requiring that A% and higher are
absent still leaves us with two unfixed parameters. It turns out that requiring the coefficient
of A% in (5.70) to be the same for any pair of exchanged representations fixes an additional
parameter, and moreover gives

72 — 30
<’707[070}>A ~ <7(§?[)0,2]>A ~ <’Y(():’3[)270]>A ~ BT A4, (A — o0), (5.71)

that is only setting two of them equal makes all three representations equal, and moreover the
coefficient of A% is the same obtained in the (7)) A obtained from (D;D;D;D;)®). We take
this as a strong indication that this constraint is indeed a property of the theory, although
it would be interesting to better understand its origin. At this point we are left with only
one parameter, which we can also fix using a somewhat speculative procedure. If one focuses
on the terms in fi(g) (x) of transcendentality one or zero, which are the ones affected by
the ambiguity, it is possible to observe that there is a special choice of the remaining free
parameters such that, for all three functions: 1) the coefficient of log y is less singular for

498ee also [121] for similar observations in a related context.
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X — 1, 2) the coefficient of log(1 — x) is less singular for y — 0, and 3) the rational term is
less singular for both y — 0 and x — 1. By “less singular” we mean that such a choice for
the free parameter reduces the order of the pole of the rational functions by at least one unit.
While this would of course require a detailed justification, it is highly non trivial that just
by fixing one parameter one obtains these many independent simplifications. We then take
this as our final constraint and obtain the results quoted above. It is interesting to observe
that we have a non trivial check for our result: from the correlator above it is possible to
extract the average (a(04®) 4+ a(M~()_,  which we use at the end of section 6 in order
to study the mixing problem at third order for singlet operators of free theory dimension
A = 4. The upshot of that analysis is the third order anomalous dimension for the exact
eigenstates of the dilatation operator, which can then be compared with a fit on the results
obtain from integrability around A = oo [13, 14]. We find perfect agreement.

6 The mixing problem

Let us now turn to the main technical novelty of this paper: the study of the mixing problem
at second order (one loop). We remind the reader that in section 4 we have bootstrapped
the four-point function of the displacement operator using the strategy of section 3, which
uses the knowledge of CF'T data at previous perturbative orders to compute the coefficients
of the highest logarithmic singularities of a certain correlator (the equivalent of the double
discontinuity in higher dimensions). However, as it is often the case in perturbative CFTs,
extracting CFT data from a single correlator turns out to be insufficient, due to the presence
of degeneracy between operators in the free theory. We have anticipated some general
considerations on the mixing problem in section 3.5, while in this section we will consider
the specific problem of interest: that of computing the average

(0) ((2))2 - (0)y2 (- (D)2
(@™ (v*) >A‘<D1D1D1D1> = % (ko' ) (0))*, (6.1)
o1hY)=A

for singlet long multiplets, where O are exact eigenstates of the dilatation operator whose
dimension at A\ = oo is A, while ug)) are the OPE coefficients in the Dy x D; OPE in the
free theory. This gives the quantity (4.93), which we have already used in section 4 and
that we will be derived in this section.

6.1 The length basis

While (6.1) is the most intuitive way of expressing the quantity of interest, as it involves
eigenstates of the dilatation operator (the operators Q) and their eigenvalues ('Yg )), it is not
necessarily the most useful. In particular, at this stage we do not have much information
on the dilatation operator at one loop, and certainly we do not know how to diagonalize it.
It is therefore convenient to choose a different basis, which we can construct explicitly, and
since we are working perturbatively in 1/v/A we construct such a basis at A\ = oo, where
the theory is free. We remind the reader that the operators we are interested in are the
superconformal primaries of long, singlet superconformal multiplets, and in [1] we discuss

precisely how such operators can be constructed from the fundamental fields in the AdS

— 83 —



Lagrangian description. In particular we will choose a basis of operators with fixed length
L: as we discuss later, this will greatly simplify our task.

To be more precise, for each fixed A the operators O that appear in (6.1) belong to
the degeneracy space d(ﬁé[o,o]) of long singlet supermultiplets whose free theory conformal
dimension is h(®Y) = A. For brevity, let us from now on denote d(A) = d(ﬁé[o,o])’ since we
will only deal with singlets in what follows. As discussed in 2 and more at length in [1],
it is convenient to organize such space as

a(8) = Par(a), (62)
L=2

where each dr(A) is a vector space whose dimension for large A grows as [1]
dim[dp(A)] ~ A2 (A = o). (6.3)

We then choose a basis of operators O of fixed L, namely each of them belongs to a given
dr,(A), while the choice of basis within dz,(A) is completely arbitrary. Such basis is related
to the basis of eigenstates O of (6.1) by

On = M,P Op, (6.4)

where the indices o, = 1,...dim[d(A)] span the degeneracy space d(A) and
M € GL(dim[d(A)]). Note that @ need not be normalized and one can introduce a
metric tensor

g: d(A) xd(A) > R, gas = (00| 0)0) (6.5)

containing the two-point functions computed in the free theory. Since obviously operators of
different length are orthogonal in the free theory, one also has a block-diagonal decomposition

gr=Per, gL do(A) xdr(A) - R. (6.6)
L

The metric tensors gy, can be easily computed by Wick contractions in the free theory, once a
basis of operators is found with the methods described in [1]. Following completely analogous
steps to those of section 3.5, one can then express the various averages of interest in terms of
an arbitrary basis of operators. For an arbitrary four-point function (57.5253S,), focusing
on the exchange of singlets, we have

0 —1\a 0
(@) g g snsy = o0 (€2 i
0 2)\a 0
(@1 a g 5,5, = e CE) b (6.7
(@ ) a] g o os = 120 TR (88)5 (TR wis

I'® is a representation of the one-loop dilatation operator in the chosen basis, restricted to
the space of exchanged operators: we shall refer to it as the anomalous dimensions matrix and
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its eigenvectors and eigenvalues are the pairs {(’),'yg )} of (6.1). For arbitrary operators S; in

the representation R; of osp(4*|4) we have defined the OPE coefficients in the free theory
0 0
S s, © A(R) X A(R;) x d(Re) = CF, s o = (SiS;S). (6.8)

where # denotes the number of invariant structures of the type (R;R;jRy): only # =1 is
relevant in this work, such that each p(© is simply a number.

As anticipated, while one could in principle work with any arbitrary basis for d(A),
we find it convenient to work in a basis of operators with definite length, which we will
consider from now on. This is due to the observations of section 2.3 on the structure of the
dilatation operator in this model: we have proved that at one loop the dilatation operator
only connects operators whose length differs at most by two units. In terms of the anomalous
dimensions matrix I'® this implies the structure

2 2

IELA),)Q—Q FEA222—>4 (2? 0 0

o (Caaa)” I;2A),4—>4 F(A234—>6 (2? 0
N 0 (FA74~>6)T I(‘2A),6a6 F(A2 68 0> (6.9)

0 0 (FA,6H8)T FA,8~>8 0

where
2

F(A?L1—>L2 cdr, (A) —dr, (A) . (610)

Now that we have understood the general structure, let us go back at the object of interest,
namely (4.93), expressing it in this basis. A crucial fact is that in the D; x D; OPE in the
free theory only operators with L = 2 can appear, or in other words

(0)
MDlDl(aﬁa X 01,2 - (6.11)
Moreover, we learn from [1] that
dim[d;—2(A)] =1, (6.12)

that is the length two operators are non-degenerate. Since these are the only operators
exchanged in <D1D1D1D1)(O>, we also have that
~ TB+AIL+A}(A-1)

© N2 _ /0 _
N X (N oA , (6.13)

which is just the quantity (4.16) (note that in section 4 all the averages are taken over
(D1D1D1Dq)).We then have

(a® (12)?)5|

— (D1DiDiDh) _ (1(2) 2 @)
(v@)?) = = (T LT (A),  (6.14)
‘<D1D1D1D1> <a(0)>A|(D1D1D1D1> ( A,2—>2) q
where
2 2
5Fg31)(A) = F(A,)Qa4 "84 F(A’)2*>4 . (6.15)
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Moreover, still using the fact that only operators with L = 2 are exchanged in the Dy x D;
OPE, we also have that

(al®) 42y o
()| - oo, =18 2. (6.16)
(DiD1DiDy) (@) alip,p,0,m1) -
so that from (4.60) we immediately read off
2) W 5,0, JA 6
Q) =V oV +72 (—11— 2 — +4aH A, (6.17)
' 8 Ja +2
where W(Al) = —% ji = —%A(A + 3). We have therefore achieved a great simplification

compared to the initial problem: in order to extract the quantity (6.1) of interest, we only

have to compute the vectors Fgg _,4- Note that only even values of A appear in the OPE,

so that the length of the vectors Fg,)z _,4 is determined by [1]
dim[dz—4(A)] = [(A/4)?], (A even). (6.18)

Thus, the number of operators that contributes to the mixing problem grows quadratically
with their conformal dimension: this can be contrasted with other cases where mixing
problems have been successfully solved, such as those arising in the study of holographic
correlators.*! In all those cases [35-40] one is interested in the mixing between “double-trace”
operators, and the growth of the degeneracy is only linear in the dimension. This makes
our problem considerably harder.

6.2 The strategy

Having identified the quantity of interest, let us discuss how it can be computed. The
common strategy that is adopted in the literature is that of bootstrapping/computing families
of correlators, extracting averaged CFT data from each one, and computing the relevant
quantities once enough averages are available. More precisely, from a one-loop correlator
(515253S54) such that singlet supermultiplets appear both in S; x Sy and in S3 x Sy, one
extracts the average

(@09 P)a] g o oo = mion O uly, (6.19)
The OPE coefficients can be computed in the free theory once an explicit basis of operators
is chosen. By varying the external operators one computes, through the quantities (6.19),
linear combinations of the entries of Fg): so long as these are linearly independent from each
other, for each A a finite number of averages (6.19) will be enough to extract all the entries
of the matrix. The question of linear independence is not an irrelevant one, and is related to
whether the free theory OPE coeflicients span, when varying the external operators within
the chosen family, all the directions in the degeneracy space d(A).

“Tn the case of the e-expansion [56] one makes an ansatz of pure transcendentality, with only a handful
of parameters to fix, so that it is enough to consider the mixing problem only for low dimension of the
exchanged operators.
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This work will be no exception from this point of view, but we would like to stress again
an important difference with the double-trace mixing encountered in the study of holographic
correlators. In that context, it is enough to consider four-point functions between half-BPS
operators or arbitrary weight, which are dual to KK modes of fundamental fields on the
internal space. This would correspond to studying (D,D,D,D,) correlators at one loop,*?
which was done in the previous section and was our initial motivation to study that specific
set of observables. However, as we discussed in section 5, the situation here is very different:
as opposed to KK modes, the operators D,, are not independent from each other but rather
obtained as powers of D;. This reflects into the considerations around (5.20): consider the
three-point function (Dpr@L>(O), where O is an element of dz,(A) (hence we can think of
it as a vector). This vanishes for p < L/2, as one can easily see from Wick contractions,while
for p > L/2, regardless of the precise definition of @L, one has

~ p ~
(DyD,OL) ) = ( /2> (DL/2DL/2OL>(O)- (6.20)

One can then choose a basis in each dr,(A) such that <DL/2DL/2@L)(O) is only non-zero for
one specific operator, and the same will be true for all <Dpr@L>(O). Hence, (D,D,D,D,)
correlators only give access to a one-dimensional subspace of dz,(A) for each L, and therefore
cannot be used to extract the whole vector F(AZ?Q _,4: one can use them to extract exactly one
entry, which is only enough for A = 4 but already insufficient at A = 6.

To overcome this problem, one has to consider a different family of correlators where at
least one of the external operators belongs to a long multiplet: since there are no semi-short
representations at strong coupling, this is the only alternative to half-BPS multiplets. In

particular, we focus on the following class of observables:

(D1D1D2Loext) = <D1D1D2£§j*570}> ; (6.21)

which we bootstrap up to one loop still using an adaptation of the method of section 3, as we

discuss in the next subsection. Let us first explain how we use (6.21) to compute Ff)z 4

First, note that in the direct channel OPE one has

DixDi=I@Dy®Y Lijg, DoxLiTg=Da®> Lijpg®. .-, (6.22)
h h

where in the second expression we have suppressed terms that do not contribute to (6.21), so

that the exchanged operators in (6.21) in the direct channel are the same as those exchanged in
hex
0,0,0]

the superprimary of L} 0,0 but rather its (unique!) descendant in the representation [0,2]%,

(D1D1D1Dy). The only caveat here is that the exchanged long operator in Dy x £ is not

see [1]. We also note that since the three-point function (D Dy L] 0 0}> is completely fixed
in terms of a single number by superconformal symmetry, we have (see [1] for a derivation
and more comments)

(0)

O g = h(h+1) 0 (6.23)

/'L Dl'Dl(’)h 9

42Note that singlet supermultiplets appear in the OPE Dy, X Di, only for ki = ka, so our restriction to
pairwise equal weights still gives access to the same amount of data as (D, Di, Dy Dk, ), at least so long as
singlets are concerned.
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where following the notation of [1] we have denoted by O" the superconformal primary of
the relevant £37[070} supermultiplet and by O" its descendant in the representation [0, 2]8.
Then, say we are able to bootstrap (6.21) at one loop for a certain choice of Lext: this allows
to extract averaged anomalous dimensions which, using again (6.11) and the structure (6.9)
can be expressed as

©) 4@y, | = (a®),] r® © X 24

<CL fy >A <D1D1D2£ext> <CL >A <D1D1D2£ext> A,2—>2 + H'D1'D10€:2 A7£ex1: ? (6 )

where H(;)D 5a is the three-point function coefficient between two D; insertions and the
1AV _o

unique operator of dimension A and L = 2, while

XA Lo = (F(AQ,)Q—ML) 'N(O) (6.25)

A. )
D2 Lext sz 4

where ,u(DO)E 5a should be thought of as a vector of OPE coeflicients, whose entries are
2hextYr _y
determined by all possible choices of (9%24 € dr—4(A). Thus, for each choice of Lext one

has access to a given linear combination of the entries of F(AQ)Q _,4» defined by (6.25). The
(0)

D2£ext6f:4
which, upon varying Ley¢, determine linearly independent vectors, as it can be seen by

coefficients in the linear combination are determined by the OPE coefficients p

computing such objects directly in the free theory using Wick contractions. Hence, as
opposed to (DpDpD,D,), the correlators (D1D1D2Lext) do provide enough information to
compute the entries of FA272_>4.

As a concluding remark for this subsection, we would like to emphasize that the choice of
<D1D1D2£gff&0}> is arbitrary, as one could have chosen for instance <DprDq£g’T‘(iq]
moreover the component of the singlet exchanged supermultiplet is the superconformal primary

), where

and not one of its descendants. However, a crucial ingredient of the procedure streamlined
above is the knowledge of the explicit form on the external and exchanged long operators in
terms of free fields in AdS. This is what allows to compute the free theory correlators that
provide the starting point of the bootstrap analysis of the next subsection, as well as allowing
to compute all free theory OPE coefficients from Wick contractions. The construction of
the superconformal primaries of Eg,[o,o] multiplets and their [0,2]4 descendants, relevant

for <D1D1D2£8f["0‘70]> is discussed in [1]. In particular, we are only interested in exchanged
operators with L = 2,4 and we will only consider Leyy of the same length, which turns
out to be sufficient for our purposes (note that in the free theory (D1D;DaLext) vanishes
when L[Lext] > 4). Similarly, we will only consider Lext of even dimension (in the free
theory), since this is the relevant case for intermediate operators. On the other hand, the
application of the procedure discussed above to <DprDq£gTot,q]> would require to construct
independently both singlet and {0, [0, ¢]} superconformal primaries.

6.3 Bootstrapping (D1D1D2Lext)

Let us now describe how the bootstrap algorithm presented in section 3 is adapted to the
case of (D1 D1 DyLext) correlators. The superconformal kinematics and blocks are discussed
in [1], here we will simply use the results. The correlator is determined in terms of a unique
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function F(x) as

Vi-Y3)(Yo-Ys) [ tip \ e
(DIDIDsLors) = TG T (L1 ) iy (6.26)
ti3t3s tratay

where Y; are polarization vectors for the operators D; and Da, see [1] for more details. Since
the four-point function is not crossing-symmetric, we defined two inequivalent OPE channels
which again we refer to as direct (d) and crossed (¢) channel, with associated behavior of
the cross ratio and exchanged operators given by

direct (y = 0) : Do P Zﬁg,[o,o] ’
h

(6.27)
crossed (x > 1) : D1 @ Zﬁg,[O,l} )
h

where recall that, as discussed above and in [1], the exchanged unprotected operator in the
direct channel is actually the [0,2]} descendant of Eg,[o,o}' The associated superconformal
blocks are derived in [1] and we will not repeat them here. We denote them with §40(x)
(§c,0(x)) for the exchange of an operator O in the direct (crossed) channel. The main
observation regarding the structure of the conformal blocks is that they not only depend
on the dimension of the exchanged operators, but also on the external long dimension heys.
When expanding around A = oo, the appearance of derivatives of blocks and logarithms
in the OPE will therefore have two origins: the expansion of the CFT data of exchanged
operators around their free theory value, as well as the expansion

I @ 2

hext = Aext + ﬁ Ve(zxzc + < )\ er(zx}c +. ) (628)
of the dimension of Ly, where we have denoted with Agyt its dimension in the free theory,
and we will only consider the case of even Agy. As usual, it will be useful to organize

the analytic structure of the correlator highlighting the explicit powers of log generated
by the OPE in both channels, as

FO(y) = zzj FO L (x) logk( Z “f) X) logh(1 = x). (6.29)

d,log
k=0 =

With these ingredients, let us consider the bootstrap problem order by order.

Free theory. Consider a specific choice of Lext: then free theory correlators are simply
computed by Wick contractions. As discussed, this requires an explicit construction for
Lext: for operators of length L = 2,4 this is given in [1] (note that there are no singlet
long multiplets with L = 1,3), while these correlators vanish identically for L > 4. The
OPE in the free theory reads

FO(x) = o), ap, () + Z<a&°>>A Faa(x)

(6.30)
= a((:?l)?l Sc,Dl + Z A Sc A )
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where regardless of the specific choice for Lext, the sum in the direct channel runs over even
values of A > 2, while in the crossed channel all A > 3 contribute. This is related to the
emergent braiding symmetry at strong coupling, where as opposed to a generic 1d CFT all
permutations of the four external operators lead to symmetries of the associated four-point
functions. In this case, the first two operators (D;) are identical and this leads to the invariance

FO(y) = F(O)(%) . (6.31)

The presence of only even values of A in the direct channel OPE is as usual related to this
fact and the property of superconformal blocks

Fa0(Eg) = (1) F0(x), (6.32)

which is a symmetry when hexy + ho is an even integer, which will be always the case for
the correlators considered here (in the free theory limit). As in the previous cases, although
the braiding symmetry is naively only present in the free theory, we will always be able to
use it as a constraint order by order in perturbation theory, in the spirit of (3.29), and we
will always be able to define an extension of the correlators beyond x € (0,1) such that
braiding is an exact symmetry.

In terms of explicit results, there is an obvious difference between the case L[Lext] = 2
and L[Lext] = 4: in the former, there is exactly one operator for each dimension, of the
schematic form O(Lkz)Q ~ @dF, with dimension Ae = 2+ k in the free theory for even k
(see [1] for explicit expressions). It will be easy to give closed form expressions as functions
of k in this sector. In particular, for free theory correlators (where we normalize (’)(Lk:)2
such that go = 1) one has

_ NEPA+E)2+E)A+k) 14 (1 — )2tk

(0)
Fiploy(x) V205 + 2h)] v : (6.33)
which using (6.30) gives the OPE data
NONE VRN (B)Y2(1 + k)2 + k) (4 + k)!
d, Do (5 n 2]43)' 5 (6 34)
(@O, = 2224+ A1+ k+ A)! '
d (1+2A0)N (k)12 7
in the direct channel, where
16(3 + 2k) (5 + 2k)(2k + 1)!
k) = .
N = =G B+ nath) (6.35)
and
0
(0) ail,)Dz
QeDy = "
6.36
(a0 0, A<2+k, (6.36)
Qe /A = A—2)(A+k+5)(A—k—2) (0
(—1)A+L )(15+IF)I(EA)+(2)! : afl,)pg , A>k+2,
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in the crossed channel. On the other hand, the large degeneracy present for L[Lext] = 4
makes the result heavily dependent on the choice of basis, which is completely arbitrary,
and we have not found an organizing principle that selects a particularly convenient basis.
For this reason, we will not give explicit results in that sector but the interested reader can
contact the authors. The main structure that we have observed in the results is that one
can choose a basis for dy—4(Aext) such that

1— Aext /2 1— Aext/2—1 1— 2
F(O)(X):{( X’gext o Xﬁxt—z o (><4X)’0""’0 (6.37)

where we notice that out of a total of dim[d;—4(Aext)] = [(Aext/4)?] operators, only the
first % give non-vanishing correlators (with a very simple structure), while the remaining
ones give zero. This fact can be explained by noticing that the number of L = 4 operators
(9%;’2 that give a non-vanishing four-point function (DlDngsz‘D(o) is the same as the
number of long operators of dimension Agy appearing in the (D; x Dy) x Ds triple OPE.
In turn, this can be obtained from the OPE C’) "5 X Dy by varying A, and this number
grows linearly with Agge.

We have no closed-form expression for the squared OPE coefficients appearing in the
blocks decomposition (6.27) in this case, we limit to mention the fact that in the basis (6.37)
the <a£l))A are all zero for A > Ag — 2 and (ae (© ))A all vanish for A > A, for all
cases in (6.37).%3

Tree level. Moving to the first perturbative order, we make as usual an ansatz of tran-
scendentality one

FO(x) = r1(x) + ra(x) log(1 — x) +r3(x) log x . (6.38)

It is convenient to introduce the following combinations

FUR™ 00 = X272 (94)" (9a0) ™ X AT Fa0(x)

(6.39)
3200 = X2 (08)" (080) X2 Be0(X).
which allow to express the OPE at this order as
ch,llz)gl () = = 7em FOX Z ad ’7((11) YaFaa(x)
Fc(j())gl (X) = Z<ag0)7¢: )Agc,A(X)
A
1 0,1 0 0,1 0
Fé,h))go(x) Yo a0, 80m 00 + Y (@A (0] + a8 a3 ()
. N (6.40)

+ Z o\ ), 340, (X) + Z<a&”>ASd,A<x> ,
Fiiog (00 = Q30000 + Z 30 00] + 2 (a7 a 3 ()

+ Z agngcﬂ)l Z Agc ) .
A

43 A similar behavior was also observed in a related context in [121, 122].
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Given the discussion of the previous sections, we have by now proved that the anomalous
dimensions at first order are proportional to the quadratic superconformal Casimir and in
particular given by (5.43). We can therefore use such result, and in particular

1 1 1
o= 5 Ben(Bers +3), WA= —5AR+3), A =-JAL+3)+2, (641)

to resum the first two lines in (6.40) and obtain the two functions r2(x) and r3(x) in (6.38).
This determines the full correlator only up to the rational function r;(x), which is constrained
by braiding symmetry:

ri(0) =), (6.42)
as well as by the boundary conditions dictated by the OPE

FO(x) ~ x84 O(x 2= (x = 0),

FO() ~1+01-%), (x—1). (643

Put together, these constraints turn out to fix F' (1)(X) for each Lext of dimension Agyy up to
Aext /2 parameters, which are related to the necessity of resolving mixing for the tree-level
OPE coefficients. However, it will turn out to that it is still possible to compute the averages

(a(o) 7(2)> A‘ without fixing this ambiguity, so we disregard it for the time being.
(D1D1D2Lext)

As for the free theory, results for L[Lext] = 4 have to be discussed case by case and we
shall not give them here, while for L[Lext| = 2 we find, for example,

1) (2+ k)al(io%g ft3
Foa) =17 +tk—5x—2+kx—-(x-1D"(+k+2x),
08 4(1 - X)X (6 44)
o QERGHET20alp, y -1\
c,logl (X) - 4 X .

Moreover, let us stress that the explicit form of tree level correlator is not necessary nor
particularly illuminating: for our purposes, they are just a necessary intermediate step since

(1)

as we discuss in the next paragraph) one needs to compute (a; ')A (up to the ambiguities
di in th t h ds t te (a, to th biguiti

0)

discussed above) in order to extract the averages (a(®) ~(2)) A’< from one loop

D1D1D2Lext)
correlators.

One loop. The highest perturbative order we are interested in is one loop, where we
make an ansatz of transcendentality two, this time assuming the absence of Liy(x) from the
final answer. This seems natural given the fact that it never appears in the other results
discussed so far and moreover as stressed in section 4.7 it cannot be obtained from the
diagonal limit of single-valued HPLs in higher dimensions, which is the case for all other
functions appearing in our results. We then set

FO(x) =r1(x) + [r2(x) + r3(x) log(1 — x)] log(1 — x)

(6.45)
+ [ra(x) + r5(x) log(1 — x) + 76(x) log x] log x .

Note, however, that we are not interested in bootstrapping the full correlator at this order,
since our motivation for considering (D1D;D2Leyxt) is really just related to the necessity
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of computing the averages (6.24), which can be extracted from the log y singularity in the
direct channel:

Fy 12>g [ra(x) + r5(x) log(1 — x)] log x - (6.46)

Let us then discuss how this quantity can be computed. The OPE for the relevant parts
of the correlator reads

1
Féilgz(X):ﬁ( S FO00+5 Z ad Vd 1 e(zxzc)>ASd,A(X)’
1
Fi 200 =52 () a8ea (),
A

FD 100 = =7 FO 00— (16)* [alp sw?(x) (@) aFEN ()]
0 [0, Fapa 00+ (@) A Faua 00+ (@ 48 A BEY 00 -3 ()]
A

+Z (648D a4 1’>Asd,A<x>+<ag°> (238 00)

(6.47)

2
g 00) and FL (%),
can be computed from CFT data at previous orders using the fact that the degeneracy is

from which it is clear that the highest logarithmic singularities, F?

not lifted at tree level. One then obtains

ra() = Fp (0, 1600 = Fip »(0), (6.48)

while braiding symmetry fixes the remaining term of transcendentality two to be

rs(x) = —r3(x) + rs(327) (6.49)

(2)

the other function appearing in F i log! is constrained to be braiding symmetric

ra(x) = ra(5) - (6.50)

and the other constraints from braiding will not be relevant here. Compatibility with the
OPE also requires that

2 7Aex
Fii,00 ~ X2 (x = 0), (6.51)
and some experimenting with the ansatz shows that the correct denominator for r4(x) seems
to be xy2e= (1 — ), although this can be shown in practice by looking for solutions with other
denominators and imposing the constraints. All together, these constraints fix Ffligl(x) up

to a finite number of coefficients, in analogy with what happens for Cgl) o(x). However,
©)

in this case F' log! (x) is what allows us to compute the averages (6.24), so it is important
to understand how to fix such coefficients.

Before explaining how this is done, an important remark is in order. In (6.47), the first
term in the expansion of Flfig)l (x) contains ’yézzc and we should clarify what we mean by that,

since the external operators Leyy we are working with are not eigenstates of the dilatation
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operator, and therefore their conformal dimension is not well-defined. One should really
interpret that part of the OPE as follows. For an external operator Leyy with hg?{)t = Aext,
fix an arbitrary basis O in d(Aexs), with o = 1,. .., dim[d(Aexs)]. Then, the term we are
focusing on should really be interpreted as

Fia (0] = {ngtrﬁ (O] PR (6.52)

where note that Ffe)xt above is expressed in the basis chosen for the external operators, which
needs not be the same as that used for the exchanged operators. In principle, one should then
either choose the same basis for the two sets of operators or work out the explicit change
of basis relating the two. In practice, however, it turns out to be sufficient to treat the
entries of the matrix F(Azzxt appearing in (6.52) as unknown parameters, with no need to input
their correct values: the constraints that we discuss below are still sufficient to fix the result
uniquely, and this allows us to treat the external and exchanged operators independently.

Let us now go back to the problem of fixing the undetermined parameters in 74(x).
We use the recursive procedure outlined in [2]: imagine to know the averages (a(®)y(3)
computed on (D1D1DyLext) correlators for all external operators Leyxt of length L = 2,4 and
free theory dimension 2 < Agyt < A— 2, for a certain even integer A. Combined with the
knowledge of the free theory OPE coefficients, that we can compute with Wick contractions,
such averages are enough to compute the components of F(AZ?Q g for A =2,..., A+ 2,
using (6.24). This information can be used to compute (a(o)’y@)) A for (D1D1DyLext) where
now we increase the dimension of the external operator by two units: Aexy = A, for all values
of A < A + 2. These averages can be used as constraints on the small y expansion of Fﬁigl

using the OPE (6.47), and they turn out to provide exactly enough information to fix all the

undetermined parameters in 74(x), even if we have been agnostic about the entries of F(Aze)xt

in (6.52) and we have not fixed the ambiguity in the determination of <a£ll)> A. By studying
the OPE for operators with A > A +2 we can then obtain all the averages (a(0y2) A for all
A and all Leyze with Aggy = A. This completes our recursive step and one can then move to
the next by repeating the above with A — A + 2. Note that for the procedure to work it is
important that we always allow Loyt to range over all operators with L = 2,4 and a certain
dimension Agyt, as only this way one can explore enough directions in the degeneracy space
dr—4(A). The starting point of the recursion is A= 2, so we should explain how we computed

A2—sd for A = 2,4. The answer is simple: for A = 2 there is a unique operator with L = 2

)

=2,24
is a real number which can be extracted from, e.g., <D1D1D2D2)(2).

and no operators of L =4, so I‘(AQ is empty; for A = 4 there is a unique operator with

L =4so Fg):4 254

The explicit results for Fg): 1954 depend on the choice of basis, so they are generally not
particularly illuminating, although we shall give some examples in the next subsection. What
we are really interested in, on the other hand, is the average (6.14), which does not depend
on the basis. In practice, we compute all entries of Fg): 424 0 AN arbitrary basis up to a
certain A, obtaining enough data as to allow us to guess a closed-form expression for (6.14).
In particular, considering all Leyy with L = 2,4 and 2 < Ay < 14 allows us to access entries

of I‘(AQ): 1954 for 2 < A <16. With an ansatz based on the expected transcendentality of the
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result (in terms of harmonic sums) and the reciprocity principle,** this is enough to guess

' 2 _ 9 342 — 4
TR =3 <_JA2 (S—2(A+1)+((2) + JAS HiH)

_4(JR)* +8(jA)* — 15(jR)* — 36

29(j2)3 + 108(j3)* — 56(j% )% — 288
4(53 +2)

32(5% +2)

Haq1 +

(6.53)

We then performed a consistency check by pushing our procedure to Aeyy = 16 and comparing
the average thus obtained for A = 18 with the prediction of (6.53), finding perfect agreement.
Moreover, it is important to highlight that at every step of the recursive procedure described
above the total number of equations that determine the entries F(AQ?z _,4 is more than the number
of unknowns, so that we are always dealing with over-constrained systems of equations: the
fact that they admit a solution represents a non-trivial check of the validity of this procedure
and of our assumptions.

In the simplest case where Lqyt is the unique operator with L = 2 and A = 2, the

correlator does not depend on any free parameter and we can bootstrap it completely, obtaining

2 1+ (1—x)?
F(O)(X>:\/5(X2)7
2 |5=Tx+(1—x)3(5+2
P = 2| 2 10y (1 025+ 220 0g(1-)
194(1—x) +109x
24 ’

@) 1 [50.150x+145x2 —40x3+15x* —20x°+9x% .
FYY(X) = —= 5 log®x
NG% (1-x)
50—100x +45x2+9x3+18x* — 18
- . log xlog(1—x)
-X
—1304-260x —117x% —13x3+28x*
+(1—)%(20+20x+9x2) log2(1—x) + X (1_22) XX 60y
6+56x —113x2+19x3 +28y* 17278(1—x)+11519y2
+ X log(1—x)+ ( 57)6 (6.54)

Another interesting result that can be expressed in a simple way is the average (7(2)> A

computed for external operators of length two:

1 1 . , , '
<7(2)>A’<D D1 D,0W :7(A)8A7(A) + (j7/2 + jA)Hita + (GR/2 + 53 /2) Hatk
1D1D20;2,)
L 200010+ 35) + 4R (=19 — Tjf + ji) = (FA)*(28 + 15j7) (6.55)

8(2+j2)(2+357) ’

#Note that in (6.14) we are expressing ((7?)?)a = (v?)2 + 5F§(21>(A). The whole quantity is not expected
to have an expansion in powers of jZ, due to the corrections discussed in appendix B, but the half-integer
powers are fully captured by (y(#)2, so that 6F§c21) (A) should have an expansion in integer powers of j% for
large A. All terms in (6.53), including the harmonic sums, have this property.
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where 'y(Al) = —j% /2 is the dimension of operators £0A[0 o at tree level, with jX = A(A + 3)

and j2 = Agx(Aexe +3) = (2 + k) (5 + k).

6.4 CFT data, unmixed

Let us collect here some of the results that we have obtained from the study of the mixing
problem at strong coupling.

Singlet operators with A = 4. We start from the d(EOA’[E%]), that is the sector of singlet
long multiplets whose conformal dimension is four at strong coupling. There are two such
operators, with L = 2 and L = 4 respectively, so there is no ambiguity in the choice of basis
and the two operators have the schematic form (note we use O to stress that operators are
in the basis of fixed length, as opposed to the eigenstates basis)

O ~pdPot ..., 0LV ~ ot (6.56)

where the derivatives act in such a way as to give a superconformal primary and the dots
denote terms with superconformal descendants of ¢, see [1] for more details. On the other
hand, the second operator only contains terms in ¢ and we are only being schematic with its
normalization. Given that there is just one operator for each length, the mixing problem
in this sector can actually be solved by looking just at (D,D,D,D,), and given that the
maximum length is four it would in principle be enough to consider p = 1,2 for some g > p.
One would normally resolve the degeneracy for the free theory OPE coefficients together
with the first order anomalous dimensions. However, as mentioned several times F(Al) is
proportional to the identity and therefore cannot be used for this purpose. We then consider

the two averages (a(9)a_y and (a(®) y))s_, for this purpose. In particular, we have®

(0) -, Q) _bq 2001 (0—
{a >A:4‘<DprDqu>—Nppa(A:4) Hogbamn = 7 [1+5(p 1)(q 1)},

(0) . (2) _ (0 T2 (0) 2.2, P4 D g—
@O Daca] s = i) T i =16+ 55 [2694+57(p=1) (g~ 1)]
(6.57)
where we have defined the vector
(0) _{ (0 (0)
pr6<A:4> = <Mpp(5§f\‘24)’ Mpp@(LA44)) . (6.58)

It is clear from the diagrammatics that the free theory OPE coefficients (6.58) can be at most
quadratic in p, and moreover since the second operator has length four the OPE coefficient
must vanish when p = 1.6 We could of course (and we have) compute (6.58) in the free
theory, but it turns out that these observations on their dependence on p together with the
constraints (6.57) are enough to find both the OPE coefficients (6.58) and the entries of F(AQ):4
(which, of course, must be independent of p and ¢!). The result is

0 4 /2
M;p)émzzl) - (ﬁ’ plp=1) 35) ’ (6.:59)

45We are implicitly normalizing the operators. Moreover, since they have different lengths, they are of course

orthogonal in the sense of the free-theory two point functions.
46Note that this input is crucial, as it distinguishes between the two operators. Without this, one could
only unmix this sector up to a O(2) rotation parameter.
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as well as

A) 4= (;i;i 72\(5) : (6.60)

Note that all entries are non-vanishing and in particular this implies that the eigenstates of
the dilatation operator mix different lengths at second order. We find that the matrix (6.60)
is diagonalized by the two states

\/; 163 \/; + 163
(O(A=4) O(A:4)> () (@( 4) @(A:zl)) M( _ 2 262569 2 " 21/62569
1 y ~2 L=2 » Y L=4 ) A=4" \/ + 163 \/7_ 163 ’
21/62569 2 262569
(6.61)

The corresponding OPE coefficients are

(0) __p 1_ 163 [ - 1 163
prO(A:4)_76O\/%( L 188 (—43+/62659—120p), /3 +5 82 (43+ 62659+120p))

~ (0.0998p(p—1.7277), 0.2172p(p+2.4443)),
(6.62)
)

while the eigenvalues of I'\”, read

7 7
2 = —(1033 — v/62659) ~ 45.6565, ~'?,_, = —(1033 + v/62659) ~ 74.8602,
ol 120 ol 120
(6.63)

and note that we are fixing a sign ambiguity in determining the eigenstates (and associated
OPE coefficients) by requiring that (6.62) are both positive for p = 1. Other choices are
possible and equally valid. One could have actually derived the same results by starting
directly with the basis of eigenstates, and thinking of the averages (6.57) as

0 _ 0 (0)
<a( )>A:4‘(DP’DPDqu) = Hppo(a=4) 'qu@(A:4) )
(2
- 0 6.64
(@@ ) ay IR K e YU
~(Dp DDy Dy) ppO(8= 0 7((9(>A:4) qqOA=
2

Now we have one less unknown, as we have assumed a diagonal form for the anomalous
dimension matrix. On the other hand, in this basis both OPE coefficients are (a priori)
arbitrary polynomials of degree two in p: we have simply traded the information on one

(2)

of them vanishing for p = 1 with the vanishing of the off-diagonal entries of I'\”, in the

eigenstates basis. Requiring the OPE coefficients to be positive for p = 1 and choosing, as

(2) (2)

above, Vo (a=a) < Vo (a=a), ODE TECOVETs the same results.
1 2

It turns out that in the A = 4 sector we can actually go further, exploiting the fact
that in section 5 we have derived the two-loop correlators (D1D1DyDy) and (DayD2DyDs).
This will allow us to unmix the first order OPE coefficients together with the third order
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anomalous dimensions. We have the averages

(1) —g (9 _ 3
(N a=4| p ppopy =1 (90 14q> )

(1) _ 388
a B — _ 388
< >A74 (D2D2D2D2) 815

, (6.65)
= 4-(90563 — 46125¢ — 8100¢),

(® A3 4 g @y,

(D1D1D¢Dy)

(0) ~(3) (1) A (2) _ 224377
(@ +a ) Az (DyDsDa D) i

We can interpret these in the length basis, where

1) _ 0 e (1) .0
(a >A:4’<D1'D1'Dq'Dq> - 'uppa(A:@ qu@(A:@ T “ppa(A:zl) 'uqq(/’)\(A:4) )

O yrp® 0

0 3 1 2
<a( ),7( ) + a( )’Y( )>A=4’ = (,U A=4 /’qu(Z)\(A:AL)

(D1D1D,Dy) PppO(L=4)
(0) T2 @)
ppO(L=4) ) I‘A:4 lu’qq(/r)\(A:AL)

(1) T2 (0
ppa(A=4)) FA=4 lu“qqa(A=4) :

(6.66)
+ (u

+ (1

We now can solve (6.65) for the first order OPE coefficients and third order anomalous

dimensions. The study of tree level correlators from section 5 suggests that H(l)a( A=) should
ppO(A=

be of degree three in p, but this time we lack any basic consideration based on diagrammatics

that can impose further constraints like we had in the free theory. Thus, although just using
ey

ppO(A=1)
able to so up to one free parameter, that we label o. The results read

the data in (6.65) we can solve for p for generic p, as well as for " A3): 4» We are only

€] _ (p(386-135p)  p(p—1)(1-36p) (0) _ (01
Hopba=n = ( 90v7 6+/70 ) T VL ppoa=n > €7 (‘1 0) 7 (6:67)
and
o 4424 10087 " o
15
Pa—s = | 10087 _Sgiégo t+a (6 Pay —TAZy 6) ; (6.68)
36110 36

where T(A2): 4 is the second order anomalous dimension matrix in the length basis, as appearing

in (6.60). The undetermined parameter « is clearly related to the ambiguity of performing
infinitesimal rotations in the free theory. We will soon resolve such ambiguity in two distinct
ways, but first let us note that its presence is not related to the fact that we have considered
only few correlators from which to extract the averages. To make this more explicit, note
that plugging in (6.66) the solution (6.67) and (6.68) we can compute the averages

<a(”>A:4‘<D1D1Dqu> = 5 (54(p°(1—9)+¢*(1—p)) — 3 (83(p+q) —74pq) +389) ,

<a(°)7(3)+a(1)7(2)>A=4’ = — 524 (23490 pq (p+q)—15390(p* +4°)

(D1D1DyDy)
143710 (p+q) — 21075 pg—118883) ,
(6.69)
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which are independent of the undetermined parameter «. Note, moreover, that while we
do not have access to other correlators at two loops, we can cross-check the prediction for
(a(l)) against the results of section 5, finding perfect agreement. A similar logic applies to
averages extracted to other four-point functions.

There are two ways to fix the coefficient «. The first is a bit indirect and consists
in realizing that there has to be a unique value of a and physical quantities should be
independent of it. Now, suppose that we knew the product of the eigenvalues of Fg), which

we will call ’YS()A:‘*) and ’YS()A:‘*)' Then we could solve the equation
1 2

det T®) = 485 — 49(_ 112624202 + 174342v/10a + 37927675),  (6.70)

which in general has two solutions. A unique solution is present if and only if

29057 \/3
= ———\4/= 6.71
“ T 1wV e (6.71)
which gives
1) ([ p(23279924—7575105p)  p(—62569(p—1)(36p—1)—290570)
HopBa=n = ( 5631210v/7 ’ 375414y/70 ) ’ (6.72)

and

3
F(A)=4 =

90573427 11071459 \ﬁ
312845 187707 'V 2
_ 11071459 \/3 _ 291199111 ) (6.73)

2

187707 2252484

Note that, a posteriori, the criterion that fixes o seems to be that u(l)a( a—q) 18 actually one
PP —2

degree less than ,u( )O a—4) 38 a polynomial in p. The same holds for the free theory result
L=4
and presumably can be used as a criterion at higher orders as well. There is, however, a

more instructive way to fix a. Note that in (6.66) we have insisted on using the length

basis, but we could have used the basis of eigenstates instead: the solution for u(®) and

72 is known from the analysis above, while x(!) and v®) are unknowns, but since we are

diagonalizing the anomalous dimensions matrix we have one less unknown than previously,

where the analysis was done in the length basis. The anomalous dimensions ’y((j’()A:4) and
1

7( 2A _y found with this method match precisely the eigenvalues of (6.73), thus confirming

the validity of the previous analysis. We are then ready to put everything together, and
give the result for the dimension of (’)& Y and (’)g 4

WA= 4 14 +7(1033—\/62569)_7(673805561—1581637\/62569)+m

1 AL/2 120\ 22524840 \3/2 ’ (6.74)
BOB g 14 +7(1033+\/62569)77(673805561+1581637\/62569)+m

2 AL/2 120 \ 29524840 \3/2 ’
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and their OPE coefficients

) (43 +120p — v62569)2 p*  ,[389 — 249p + 219p? — 108p?
Hopo>=9 = 375066 — 2282v/62569 630

~ 510526661 + 5856154953 — 5169773793p? + 1101464676p3 | 1 N
394184701/62569 AL/2 0T
) (434 120p + V62569)? p*  ,|389 — 249p + 219p* — 108p?
Fopol®=9 = 975066 + 2282+/62569 630

N 510526661 + 5856154953p — 5169773793p> + 1101464676p3 | 1
394184701/62569 AL/2
(6.75)

These results are found to agree perfectly with the numerical analysis of [13, 14] after a
numerical fit at strong coupling (for p = 1). We thank the authors of those papers for
sharing the relevant data with us.

Singlet operators with A = 6. Moving to A = 6, we have a dimension four vector
space d(EOA[E%}), containing one operator of length two, two operators of length four and
one operator of length six. We choose our basis to be?”

0=y ~ 0" +..., 0=, ~0%*+..., 0=, ~0*p*+..., O0= ~¢°, (6.76)

where again the dots denote terms with ¢ and f. Moreover, although we have not been
careful in spelling out the structure and the normalization, we are considering all operators
to be unit-normalized in the sense of the two-point functions. Note that since there are
two operators for L = 4 there is arbitrariness in the choice of basis within dL:4(£OA7[E760}): we
have chosen an orthonormal basis for simplicity, but this is in general not necessary. We
need to choose four correlators that can explore this four-dimensional degeneracy space. We
can use (D,D,D,D,) correlators to span one direction in dr(A) for each L, so we need one
more independent piece of information since there are two operators with length four. To
this end, we can use (D1D1DsLext) choosing the simplest Loy, namely the unique operator
with A = 2 and L = 2 in the free theory. Note that the (y(?)) extracted from this can be
read off from (6.55). We will not repeat a detailed analysis here, but following the same

logic as above we can obtain

110619 9v165 3v429 0
560 8

2
9165 3541 28 13 1365
o) =8 21 3V3 V2 (6.77)

8
A=6 — | 3+/429 28 /13 20323 /42 ’

2 3 5 120
1365 1035
0 /1% i 105

4"More precisely, we have a derivative structure of the type

OPZ0 0 = (980 — L3(90)%) 9 + 2(009) + ..., 028, = (9% + 2(99)°) ¢ — 3(pdp)” + ...,

see [1] for details of the explicit construction.
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Table 2. Degeneracies of long multiplets ['oA[o 1] at strong coupling, organized by length.

from which the eigenvalues can be easily read off. An interesting observation is that despite
the structure (6.9), that is respected by this result, the eigenstates of F(AQ):G mix operators of
all lengths: the simplification in the structure of the dilatation operator seems to be present

only in the length basis but is completely lost once we go to the basis of eigenstates.

Higher A. Moving to higher A one has operators of length up to L = A and moreover the
degeneracy spaces dr,(A) are non-trivial for L > 6 starting from A = 8. Thus, (D,D,D,D,)
are no longer enough to resolve the degeneracy for L > 6 and (D1D1D2Leyt) can only be
used for L = 4. Therefore, starting with A = 8 the system of correlators that we have
considered is no longer enough to fully resolve the degeneracy and determine the eigenstates
and eigenvalues of the dilatation operator. Instead, for A > 8 we limit to extracting Fg,)z 4
and computing its norm, which is what allows us to guess (6.53).

Operators in the {0, [0,1]} representation. While our main goal in addressing the
mixing problem was to compute the average (6.1), which concerns the sector of singlet long
multiplets, as a byproduct of our analysis one can extract plenty of information regarding
the spectrum of the theory. In particular, so long as there is only one degenerate operator
for each length the (D,D,D,D,) correlators are enough to determine the exact eigenstates
and eigenvalues of the dilatation operator. As an example, let us consider long multiplets
£0A’[071}. From the analysis of [1], we can argue the degeneracies listed in table 2 for the first
few values of A. We thus see that for A = 3,4 there is no degeneracies and indeed the
one-loop anomalous dimension of such operators follows from the general formula (5.36) for
non-degenerate operators. On the other hand, for A = 5,6 the degeneracy is twofold but
the two operators have different lengths in both cases, so that from (D,D,D,D,) correlators
one can extract the matrices

_ 979 /231 B 3455 5v/91
F(Q)(ﬁoA,m?u):< 537 303 ) o TOLgRd) = (5\2/%?1 2at5 | (6.78)
4 3 24

where in both cases we have used a basis where the first operator has L = 3 and the
second has L = 5.

7 Discussion

In this paper we have presented several results for perturbative four-point in the 1d defect
CFT defined by the half-BPS Wilson loop in planar N’ = 4 SYM, focusing on the case of the
fundamental Wilson loop at strong 't Hooft coupling A. Such results are obtained through the
application of an analytic bootstrap method that consists in formulating an ansatz in terms of
HPLs, which has proven particularly useful in the context of 1d holographic CFTs. Our results
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include correlation functions between half-BPS operators as well as mixed correlators between
short and long multiplets, which we bootstrapped to second order in perturbation theory. This
was instrumental to addressing a certain mixing problem due to the degeneracy of operators
at A = oo, which in turn allowed to bootstrap the four-point function of the displacement
supermultiplet up to fourth perturbative order, corresponding to three-loop Witten diagrams.

There are a few aspects that we would like to emphasize and that are worth of future
investigations. The first concerns the explicit expression of our perturbative results, which
have turned out to be considerably simpler (especially at high loop order) than the ansatz
that we have started with. More precisely, in the final expressions the HPLs combine to
form certain functions known as Lewin polylogarithms, in such a way that the results can be
expressed purely in terms of ordinary logs and the weight-three Lewin polylog. It is then
natural to investigate the origin of such simplicity and try to exploit it to obtain new results.
In the main text we have discussed a relation between the functions appearing in our results
and the single-valued HPLs that naturally occur in higher-dimensional four-point functions:
it would certainly be interesting to understand whether such connection persists at higher
perturbative orders and to develop a precise understanding of the type of functions that
can appear in the 1d correlators we are interested in.*® This would allow, for example, to
formulate a more stringent ansatz for the displacement four-point function at higher orders,
possibly allowing to bypass (at least to a certain extent) the study of the mixing problem at
higher orders. This would be in the spirit of [41, 42], where a suitably constrained ansatz
was formulated for the spacetime expression of the two-loop graviton four-point amplitude in
AdSs x S, allowing to obtain the result without addressing the mixing problem.%’

The mixing problem itself is certainly one of the central points of our work. The more
involved nature of this problem compared to those usually encountered at first order in
holography has led us to conduct a careful investigation of the structure of the dilatation
operator in perturbation theory, reminiscent of what has been done for gauge theories at
weak coupling [43]. Moreover, the structure of the theory has forced us to include in our
analysis mixed correlators between short and long multiplets, which has not been considered
so far in the study of holographic correlators. We would like to propose the idea that the
methods presented here should be of universal applicability in other perturbative CFTs: in
the mixing problems considered so far in the literature one was always able to resort to
simpler methods, but enlarging the class of observables and understanding the structure of
the dilatation operator will presumably be instrumental to tackle mixing at higher orders. A
possible application of this could be the study of mixing between triple-trace operators in
the holographic regime of N’ =4 SYM, where in [124] it was suggested that external i—BPS
operators could play a role.® Moreover, the study of mixed short-long correlators provides
an entirely new class of observables in the study of holographic correlators, providing access

48 An understanding of the structure of four-point functions in this model can also be developed considering
the large charge approach of [105], where perturbative results in terms of HPLs are also obtained.

198ee also [123] for an analogous gluon scattering amplitude in AdSs x S*. In that case, however, it is not
completely clear that the two-loop gluon amplitude can be separated from the contribution of gravitons, which
appear at the same order in the large central charge expansion.

08ee [125] for a recent investigation of triple twist operators in the e-expansion using higher-point correla-
tion functions.
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to a vast array of new CFT data. This could potentially be relevant in the study of gluon
scattering in AdSs x S3, which after a series of recent works [34, 38, 123, 126-128] is now on
a similar footing to graviton scattering in AdSs x S°. In this case, gravitons propagating
in the bulk reduce to a combination of both short and long multiplets in AdSs, so that a
better understanding of mixed correlators is necessary for the study of mixed scattering
amplitudes between gluons and gravitons in that context.

The challenge presented by the mixing problem has led us to a detailed analysis of the
spectrum of the theory at strong coupling, as well as to an investigation of the structure
of the dilatation operator in perturbation theory. While at tree level we have been able
to obtain the complete result for the spectrum of anomalous dimensions of long operators,
which takes the simple form of a quadratic Casimir, already at second order we have focused
on a particular subsector of operators. On the other hand, given the compactness of the
first order result and the simplifications observed in the general structure of the dilatation
operator at higher orders, it would be interesting to take a more systematic approach to
understand whether higher order corrections also admit analogous expressions which could
shed light on the result at all orders. This type of analysis would also be relevant for other
holographic theories, for which so far investigations of the dilatation operator have been
limited to the double-trace spectrum, with a thorough analysis only available for N’ = 4
SYM [115, 129, 130]. We hope that our work will provide useful input in this direction.

It is also worth mentioning that the same model considered here has recently been subject
of thorough investigations using a combination of integrability and numerical bootstrap
methods, a technique that has been dubbed “bootstrability” [12—-14, 131]. This exploits the
knowledge of the spectrum from integrability as an input for a numerical bootstrap algorithm,
which combined with the integrated correlator constraints found in [14, 131, 132] has been
shown to put stringent bounds on the OPE coefficients of certain long multiplets. All of these
developments make the half-BPS Wilson line defect an extremely interesting playground
where one can learn how to combine different approaches in an attempt to completely solve
the model. In this context, it is going to be interesting to work out the constraints arising
from the study of mixed correlators (with short and long multiplets) in the bootstrability
approach. The methods and results developed in the companion paper [1], as well as the
analytic results obtained here at strong coupling, provide essential input and cross-checks
to explore this new territory.

Another interesting direction would be that of considering generalizations of the current
setup, which in the context of the half-BPS Wilson line in N' = 4 SYM could include the study
of 1/N corrections, Wilson lines in other representations than the fundamental, or higher
point functions. We expect the bootstrap techniques used here to apply to those cases as well,
and variations on the current setting would improve our understanding of the perturbative
structure of correlation functions. This is true in particular for higher-point functions,
which have only recently become subject of investigations in the context of the analytic
bootstrap [61, 62, 133-136].51 Moreover, the integrated correlator constraints of [14, 131, 132]
have not played a role in our analysis,’? but could be instrumental to the study of these

51Gee also [120] for a recent computation of a six-point function on the half-BPS Wilson line in N = 4 SYM
from direct computation using a novel method.

520ne can check, however, that they are satisfied, which provides a further consistency check of the validity
of our results.
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generalizations, and it would be interesting to study their extension to higher-point functions
or four-point functions between half-BPS operators of higher rank.

Besides the half-BPS Wilson line, there are other interesting defect SCF'Ts that one could
study with similar methods. This is certainly true for the half-BPS Wilson line in ABJM,
which has been studied at tree level with analogous techniques to those used here [48], and
where the study of perturbative corrections would probably have a similar structure to that
presented in our paper. On the other hand, the half-BPS surface defect in 6d N = (2,0)
CFTs initiated in [58]% provides an even more interesting extension, since one can use Mellin
space methods which have the potential to drastically simplify the expression of the results,
in a model where we expect the structure of the dilatation operator and the type of mixing
problem to be analogous to the ones that we have considered.

Finally, we would also like to mention that having obtained a large class of explicit results
for four-point functions one could use them to further investigate analytic tools for 1d CFTs.
In particular, an inherently one-dimensional formulation of Mellin space was proposed in [46],
and it would certainly be interesting to understand whether it allows to reformulate the
bootstrap problem directly in Mellin space, with similar simplifications to those occurring
in higher dimensions. This would be also relevant for the study of the structure of Mellin
amplitudes for holographic correlators beyond one loop, which is currently unknown. In a
similar spirit, a 1d version of the Lorentzian inversion formula was proposed in [69], but it was
never applied to a concrete 1d model. It is natural to ask whether the use of such an inversion
formula allows for a simpler derivation of our results, or a more systematic reformulation, or
even an explanation of why only certain combinations of HPLs seem to appear in our results.
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A Harmonic polylogarithms

In this appendix we discuss HPLs more in detail, giving an explicit characterization of the
basis of functions used in this paper, as well as its properties. In particular, we shall discuss
the transformation of the HPLs of interest under cyclic and braiding transformations, as

well as their properties as functions of a complex variable.

3See also [137] for a study of bulk correlators in the presence of this defect.
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A.1 A basis of harmonic polylogarithms

Multiple polylogarithms were introduced in the mathematical literature long ago [138], and
their structure and properties was more recently explored by Goncharov [139, 140], to the
extent that they are sometimes referred to as Goncharov polylogarithms in the physics
literature. They can be defined alternatively as nested sums or as iterated integrals (see [75]
for a physics-oriented review). Here we shall take the latter approach and define, for n > 0,

multiple polylogarithms recursively via

X
G(ab---,anax):/o

with G(x) = G(;x) = 1, for some constants a; € C. Following [75], we shall refer to the
vector @ as the vector of singularities, whose length n we call the weight, or transcendentality
(denoted with t in the main text) of the functions G(a; x).

In this paper we are interested in a special class of multiple polylogarithms, which

dt
t—a1

G (ag,...,an;t) , (A.1)

we refer to as harmonic polylogarithms (HPLs) following, e.g., [74].5 We then obtain the
definition given in section 3 of HPLs as

H(al,...,an;x):/Oxdtfal(t)H(ag,...,an;t), a; € (0,1}, (A.2)

with
p =1 P A3
fo()—;a fl()—ﬁa (A.3)

and
H(;x) =1, H(ﬁn;x)Z%log”x. (A4)

From the definition (A.2) two basic properties of HPLs should be clear. First, for fixed
transcendentality t there are 2* independent HPLs, corresponding to the number of ways of
assigning the entries of the vector of singularities from the set {0,1}. Second, when Y is taken
to be a complex variable the HPLs are holomorphic functions for x € C\ (—o0,0] U [1, +00),
with branch points located at x = 0,1, 00, due to the poles of the functions f,(¢) in (A.3).
This reflects the analytic structure of 1d correlators, as discussed in 3. In particular, while
the branch point at x = oo is always present, if a,, = 0 (a,, = 1), then there is also a branch
point at x = 0 (x = 1). Such branch points are related to logarithmic singularities: if for
some k one has a,_p_1 =1and a,_ = ... = a, = 0, then in the expansion around xy = 0
one encounters powers of log x up to and including log® x. The same holds interchanging 0
and 1, in which case one has powers of log(1 — x) in the expansion around x = 1.

A perhaps less obvious, but extremely useful for our purposes, property of HPLs is
that they form a closed set under the crossing symmetry group Ss that is relevant for
four-point functions [74]. Let us recall that the action of S3 on the unique cross-ratio y

of one-dimensional CFTs is given by

X 1 1 x—1
X_> {X?l_X7 [ ) ) }7 (A5)
x—1 x 1=-x" x

S4HPLs were introduced in the physics literature in [141], where the entries of the vector of singularities @
were allowed to take values in {—1,0,1}. Here we use the term HPL in a restricted sense.
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thus permuting the three singularities of HPLs located at x = {0, 1, 00}. This means that
when evaluating a certain HPL at one of the arguments given in (A.5), this can always be
expressed in terms of sums and products of HPLs of the same weight or lower, evaluated at x.
More details on this procedure can be found in section 6 of [141]. This gives the precise sense
in which we can use HPLs as a basis of functions in the bootstrap problem: when requiring
invariance of a certain correlator under the transformations (A.5), one can always map HPLs
with argument in (A.5) to argument x, and then require that the coefficient of each one of
this vanishes, given that they provide the basis as a vector space, in the sense of [142-144].
The identities satisfied by HPLs after the transformations (A.5) also involve certain constants,
known as multiple -values (MZVs), which for our purposes can be defined to be the result of
evaluating HPLs at xy = 1, when the result is finite. In particular, since we will consider HPLs
of transcendentality t < 4, we will only be interested in ordinary (-values, which arise from

HE 1) ==Y L (A6)
k=1

which is finite for n > 2. Notice that MZVs are naturally assigned a transcendentality, which
is that of the HPLs that they originate from.

The definition (A.2) provides a complete characterization of HPLs, as well as a uniform
way to label them which is uniform in their transcendentality. However, for the purposes of
this paper, they do not provide an ideal basis, mainly for the following reason. The natural
decomposition (3.24) of perturbative correlators, which is inherited by the structure of the
OPE, one would like a basis of functions where all powers of log x can be easily read off:
ideally, either one sees an explicit power of log y, or the function is regular in its expansion
around x = 0. While it is clear which HPLs are regular at Y = 0 and which are not, each of
the singular one can contain all powers of log x up to a maximum value, so that in (3.24)
each HPL could in principle contribute to various Gl(f;k, while we want to be able to make
()

log
switch, for each transcendentality, to a set of functions where the logarithmic singularities

an ansatz for each G, independently. It is then convenient to make a change of basis and
are completely transparent. A systematic way to achieve this can be defined using the
shuffle algebra (see, e.g., [141]) of HPLs and is described for general weight in section 5
of [145]. Fortunately, since we are ultimately interested in t < 4, all HPLs we are interested
in can be expressed in terms of sums and products of log x and the simpler class of Nielsen’s
generalized polylogarithms, defined by [146]

— o) (p)
(—1)n+p 1/1 dt . (—1)k8p+k i -
S = [ gn et pogP (1 ) = S L Ptk (G, T ),

(A7)

where we have stressed that Nielsen’s polylogs admit a regular expansion around x = 0, given
in terms of Stirling numbers of the first kind, defined for &k > m

(m) 1(k—14i\[ 2k—m il e
T g —1)" — A.
Sk gﬂ(lf—m—i—i)(k—m_i > (1) j (i —J) : (A.8)

=0
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with S,E,k) = 1. A special case of Nielsen’s polylogs is that of ordinary polylogs, which
arise for p = 1

Lin(x) = Sn_1.1(x) = H(0p_1,1;y) = Z X (A.9)

with the logarithm corresponding to the special case n = 1: Lij(x) = —log(1l — x). For
a detailed discussion of the properties of ordinary polylogarithms, see [147, 148]. These
functions allow us, for each fixed transcendentality t, to define the basis By of polylogs
used in the main text, for 0 < t < 4. All HPLs of transcendentality t can be written as
linear combinations of the elements of the set By, as shown explicitly in (A.13), so using the
functions below to formulate our ansatz is equivalent to using HPLs. Our choice is

By = {1},
By = {log(1 — x), log x} ,
By = {Lia(x), log?(1 — x), log(1 — x) log x, log? X}

(
Bs = {Lis(x), S1,2(x) ,log’(1 — x) , Lia(x) log(1 — x), Liz(x) log x,
10g2(1 - ) 10gX7 10g(1 - X) logQ X 10g3 X} )

By = {L14(X) S22(x)s S13(x), Liz(x) log(1 = x) , S12(x) log(1 — x) , Li3 (x),

log(1 = x), log*(1 — x), Liz(x) log x, S1.2(x) log x ,1og?(1 — x) log x,

log(1 — x) log x, Lia(x) log® x, log(1 — x) log” x, log(1 — x) log” x, log" x} .
(A.10)

By construction all functions involved, except for explicit powers of log y, are analytic at

x = 0, and actually they are so for x € C\ [1+ c0). Moreover, we notice that each By can be

written as the disjoint union of two sets of the same size. The first contains only functions that

are regular at x = 0 while the second, which contains functions with logarithmic singularities,
can be obtained multiplying each function in By_; by log x. In other words, we have

B = BJ(CO) U [Be—1 x logx] , (A.11)
(0)

where B
n (A.10)). Then, each function Gl(ﬁ;k (x) in (3.24) can be written as a linear combination
(0)

of functions in B,

contains functions that are regular at y = 0 (the first 2°~! in each set given

» With coefficients that are rational functions. Note that, in principle,
we could have used only ordinary polylogarithms, using the identities

51200 =Lia0)-+Lis 25 ) ~Lia() log(1 -~ g loe(1-x).
52,200 = C(4)+¢(3) Tog(1-x)+5¢(2) log*(1-x)+ 5 1 1og*(1-x) ¢ log*(1-x) log x
~Lis(n) log(1 =) ~Lis(1 =)+ Lis()+Lis (25 )
51.5() = C(4)+C(3) 108(1—x)+ 5 ¢(2) 1081~ x) ¢ og*(1—x) ¢ log®(1—x) log x
+5Lia () Tog2(1=)~Lis() log(1 =) ~Lia (25 ) og(1-0)~Lis(1-).
(A.12)
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to replace S 2(x), S2,2(x) and S13(x) in (A.10) with Liz (%), Lis(1 — x) and Liy (%)
However, this necessarily introduces Lis(1 — x) into the game, which has a branch point at
X = 0, spoiling the property that we discussed before. One could still avoid the use of 51 2(x)
and S13(x) at the expense of dealing with polylogarithms of argument %, but we chose to
work with the basis (A.10) as it also has the property that all functions have an expansion
around x = 0 which can be given in closed form, using the definitions (A.9) and (A.7).
Finally, we can give the expressions of all HPLs of t < 4 in terms of our basis (A.10).

t=0:H(;x)=1,
t=1:H(0;x)=logx, H(1;x)=—log(1-x),
1
t=2: H(0,0;x) =5 log”x,  H(0,1;x)=Lia(x),
. 1
H(1,0;x) = —Lia(x) ~log(1-x)logx, H(1,1;x) = ;log*(1-x),
1
3!
. ) 1
H(l,0,0;X):ng(X)—ng(X)logx—ilog(l—x)log%@ H(0,1,1;x) = S1,2(x)

t=3:H(0,0,0;x) = —log’x, H(0,0,1;x)=Lis(x), H(0,1,0;x)=—2Li3(x)+Liz(x) logx,

H(1,0,15x) = =251,2(x) —Liz(x) log(1=x), H(L L 1;x) = —élog?’(l—x),

H(1L,1,0) = 51,20+ Lia (x) Tog(1-x) + 5 log(1-x) logx.
t=4:H(0,0,0,0;x) = %bg‘*x, H(0,0,0,1;x) =Lis(x),

H(0,0,1,0; x) = —3Lis(x) +Lis(x) log x,

H(0,1,0,0:) =3Lis ()~ 2Lis () log -+ 5 iz (1) Tog? x.

H(1,0,0,05%) = ~Lia )+ Lis(x) logx— 3 Lia (x) log? x— g log(1—x) log"x.,

1.
H(0,0,1,1;x) = S22(x), H(0,1,0,1;x)= —252,2(X)+§L1§(X),

. 1. 1.
H(1,0,0,1;x) =—Lis(x) log(l—x)—ing(w H(0,1,1,0;x) = S1,2(x) logx—ngﬁ(x)
H(1,1,0,0;x) = —5S2.2(x)+51,2(x) log x —Lis(x) log(1—x)
. 1
+Liz(x) log(1—x) 10gx+110g2(1—x) log” x,

1
H(1,0,1,0;x) =2522(x) —251,2(x) log x +2Li3(x) log(l—x)+5Li§(x)

_LIQ(X) IOg(l—X) 10gX> H(0717171;X):Sl73(X)7
H(1707 1717X) = _51,3(X>_51,2(X) IOg(l—X)’

1.
H(1,1,0,1;x) =351,3(x)+251,2(X) log(l—x)+§le(x) log®(1—x),

1.
H(1,1,1,0;x) = —S1,3(x)—S1,2(x) log(l—x)—ngz(x) log”(1—x)

1 1
—glogg(l—x) log”x, H(1,1,1,1;x)= Ilog“(l—x% (A.13)

The basis of Nielsen’s polylogs is also particularly convenient because it allows us to express
the transformation properties of the basis functions (A.10) under the S3 transformations (A.5)
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in a uniform way. The whole group is generated by the two basic transformations

cyclic: x—1-—x,

A.14

braiding : x — X , ( )
x—1

which are ultimately all we are interested in, as detailed in section 3. From [146] we read

(=nr. 2, eloghy
Snp(l—x) = 08 (1—x)log? x+§ Sn—jp(1) =D (=1) 1 Or—kn—i(X) |
Ip! ! = !
log"™P(1—x) RS log/(1—x) (p+k—1
X )\ —(_1\n E : § : +j+k .
Snvp(x—]_)_( 1) n+p +] — = p J j' ]{: Sn—]—k,p-‘rk(X)v

(A.15)

which are sufficient to work out functional identities for all HPLs in our basis (A.10).

A.2 Single-valued polylogarithms

One of the main upshots of section 4 is that the result for (D1D1D1D;) at three loops is much
simpler than it could have been given the ansatz (4.85). Such simplicity manifests itself in two,
related, ways: first, the number of HPLs appearing in the result is less than the expected one;
second, such HPLs appear in special combinations that originate from single-valued HPLs.

A well-known property of HPLs is that, while it is possible to extend their definition
for complex values of their argument, giving rise to holomorphic functions, they are not
single-valued. The problem of defining a generalization of HPLs that gives single-valued
functions was solved in general in [144], by combining in a suitable manner holomorphic
and anti-holomorphic HPLs. More precisely, for each HPL H(z) it is possible to define
a function H(z, Z) such that it is real-analytic in the punctured complex plane C\ {0, 1}
and, when z and z are treated as independent complex variables, its discontinuities around
z = 0 and z = 1 are related (see [149])

disc,—oH = discs—oH , disc,—1 H = discz—1 H . (A.16)

Besides their mathematical interest, single-valued HPLs appear in several instances of
perturbative computations in physics [35, 41, 73, 74, 101, 149-151], so their relevance to the
present context should be no surprise. In particular, CFT four-point functions are required
to be single-valued in the Euclidean configuration z = z*, so that if they can be expressed
in terms of HPLs, these necessarily have to be single valued. Given that it is possible to
express all of our results using only the functions log and Li, with arguments x and 1 — ,
we are mostly interested in single-valued generalizations of these two functions. For log this
is of course straightforward, since naturally the single-valued extension of log z is log(z%),
as already discussed around (3.15). For the ordinary polylogs Li,(z), various single-valued
extensions are possible, due to various authors [114, 152-155], see section 2 of [156] for a
nice review. We are particularly interested in the definition given by Wojtkowiak, who
n [153] introduced the functions

: =y (-1)"
L,(z,z) =R, Z Li,_p(2) log® |z| — log |1 — z| log" 12| | , (A.17)
= n!
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where R, = R for odd n and R,, = J for even n, which are real-analytic and single-valued
for z € C\ {0,1}. These are interesting for us because of their connection with the functions
Ly, (x) introduced by Lewin [114] for real ¥, given by®

Ly =5 CV tog* [x] — T log 1 — 4] log™! A.18
n() = D = Tink(x) log" x| = *——log |1 = x| log" " |x], (A.18)
k=0 :

naturally defined for x € (—1, 1) but whose definition can be extended to x € R\ {0, 1} via
L,(1/x) = (=1)""'L,(x). We notice that these are related to Wojtkowiak’s function by
what we could refer to as “diagonal limit” in CFT language, i.e. by taking z =z = xy € R.
In particular, we have

. ~ _ 0, neven,
lim L,(z,2) = (A.19)
zE=X L,(x), nodd.

We can see this as a justification of the fact that, if we replace all Li,, with L,, in our results, we
only find L3 but no Ly or Ly: while there exists a single-valued extension of ordinary polylogs
with even weight, its “diagonal limit” vanishes and does not define a function of a real variable.

To conclude, let us highlight an interesting connection between Lewin’s polylogs Ly, (x)
and another interesting class of single-valued polylogs that is often encountered in the physics
literature: ladder integrals [35, 116-118]

- L
W, oy =2 =2) g~y CL=R)Y g o
P (z,2) = - kz:%( 1) RINE = k)l log"(2z) (Liar—k(2) — Li2p—k(2)) ,
(A.20)
that are related to each other by the differential relation
zZ—z zZ—Z
9,05 | —————— o) } =— o1z, 7). A21
{(1—z)(1—z) (2,2) 21— 2)(1— %) (2,2) (A-21)
It is interesting to notice that these are related to Lewin’s polylogarithms by
2 L—-1 L—k
(L) _ (- (=" " (2k +2)! 2L —2k—2
im @H(z,2) 2; R DIENL kT 8 X[ Lak1(x),  (A.22)

which, to the best of our knowledge, was not previously observed in the literature. In
agreement with our discussion above, only L, of odd weight appear in this expression.

B OPE in perturbative 1d CFTs

In this appendix we discuss in more detail some aspects of the expansion of perturbative
correlators over conformal blocks and their derivatives, and its connection to the role of
braiding transformations y — o1 . This complements the discussion of section 3.

%51t is interesting to notice that these can be defined for y € (0,1) as those functions satisfying

d (D"t s (logx | log(l—x)
— Ly =—— .
dy () n(n—2)! o8 X 1—x + X
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B.1 Perturbative OPE

As in section 3 we discuss here a non-supersymmetric model with s[(2) invariance. With
little adaptation, everything that we are going to discuss also applies to the Wilson line
defect theory. For simplicity, let us focus on the case of a four-point function of identical
operators ¢ of dimension h,

1

2h,

i an GO0 5 (B.1)
t12 t34

(p(t1) p(t2) p(ts) (ta)) =

where the function G(x) can be expanded over 1d conformal blocks g (x) in the channel
where t; — to:

G(x) =D angn(x), (B.2)
h

where the sum runs over all operators Oy, appearing in the ¢ x ¢ OPE, whose (non-perturbative)
dimension is denoted with h, and ap = 125 p3ap is the product of the OPE coefficients of pairs
of external operators with Op,. Let us also recall that the s[(2) blocks for this configuration
are given by

gn(x) = X" 2F1(h, h, 2h; X) . (B.3)

We now consider the following scenario, which is a model for most cases of interest in
this paper:°® the external dimensions hy are frozen, while we expand the correlator, the
dimensions of the exchanged operators and their OPE coefficients in a small parameter g.
For the purposes of this appendix we will neglect the issue of mixing, which is discuss in
detail in section 6. When a degeneracy of operators is present, one should simply replaced
the products of CFT data appearing below with their average value over each family of

degenerate operators: e.g. a(AO) 'y(Al) — (a® ~(M) A, With this understanding, we can write

G(x) = igé GOy,
=0 (B.4)

— Y4 >, Y4
h:A_‘_ZngY(A)’ ahzzgeag)a
/=1 /=0

where throughout all this paper we denote with A the dimensions of the exchanged operators
in the free theory (¢ = 0), and we are only interested in cases where A is a positive integer.

An elementary, but crucial fact about the 1d conformal blocks is that while the hypergeo-
metric function (and its derivatives with respect to h) appearing in (B.3) is analytic at x = 0,
the factor of x" produced powers of log x when the dimension h is expanded using (B.4).
To highlight these logarithms, it is then useful to introduce

00 =1 (5) a0, (85

56In section 6 we also consider a case in which one of the external operators is not protected, so it also
acquires an anomalous dimension. This amounts to a small modification of what we discuss here, where one
also expands the dimension of external operators perturbatively.
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which are analytic at x = 0 when evaluated at h = A, for integer A. It is then useful to
collect each power of log y appearing in the expansion of G(e)(x), via

Z Glog ) (log x)¥, (B.6)

©) (

where each Glo »(x) is analytic at x = 0. One can then rearrange the OPE collecting the
powers of log x produced by derivatives of blocks. This translates into an expansion for each

G(E)k(x) in terms of the functions in (B.5):

log
¢ 0k
G0 =Y HAY (0, (B.7)
A
where for each A we have
HY B ko) N~ (Y (KDY ) (»)
A =% Z ( ) [aA + 2 (m ) . oA (p, q)} gn (x)-
(B.8)
The coefficients )y’ )(p, q) are given by sums of products of one power of a(A#) and q pow-
ers of 7(#).
(—k—ql—k—q—m kq— K
TN N () (2+ho)  (2+ki—ko)
IR DEED DEED DEEEED DI Sk )
m=p kq_2=0 kq_3=0 ko=0 (Bg)
X oo X 7(A2+kq*27kq*3) ,Y(Ae*k*4+2*m*kq72) .

The most prominent feature of the Hg’k)(x) is that for 2 < k < £ they only depend on
CFT data that can be extracted from previous perturbative orders, the simplest instance
being the case k = ¢:

1 /
69,00 = ¥ 149 (49" gat0, (8.10)
A

which only depends on free theory and tree level data. This justifies the claim made in
section 3 that, for £ > 2, one can reconstruct all the functions Gl(f;k (x) for k > 2 from CFT
data at previous orders, modulo resolving mixing, if present. The first time new CFT data

appear is for k = 1, where only 'y(AZ) is present, while a%) makes its first appearance for k& = 0.

B.2 Braiding

Let us now turn to the issue of braiding, that is how the transformation y — % can be
used to constrain 1d four-point functions in perturbation theory. This issue was already
considered from different perspectives in [23, 29, 48] and is closely related to the fact that
in 1d there is no continuous group of rotation.®” However, as discussed in section 3, the
holographic origin of the model that we study implies that braiding symmetry must be

5"There is only a residual Z, parity invariance, sometimes referred to as S-parity — see [157].
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somehow restored, and can therefore be used to put constraints on correlation functions. In
this section we discuss in detail how this can be done.

Once again, we will take as a reference a four-point function of identical operators
in a theory with sl(2) invariance, as in (B.1). In that case, we notice that the conformal
blocks (B.3) have a simple transformation property under braiding,

gn(x) = (=1)" gn(25) - (B.11)

Now, in (generalized) free theories it is not uncommon that the conformal dimensions of the
operators are integers and in certain cases (often related to holography) the dimensions of
the exchanged operators in a certain correlator are either all even or all odd integers. A
simple example is the case of a generalized free theory, as discussed around (3.14), where if
the external operators have integer dimension then all the exchanged ones have even integer
dimension. In that case, we can say that in (B.4) for ¢ = 0 one has A € 2N and therefore

GO = G9(Ay), (B.12)

since it is true for each individual conformal block appearing in the OPE. While this might
seem a pretty stringent requirement, it is a property shared by all free theory correlators
of interest for this paper. Note, however, that not all 1d free CFTs share this property,
even when the external operators have integer dimension. For instance, even the simplest
(D1D1D1Dq) correlator on the Wilson line at weak coupling (A — 0) has no well-defined
transformation properties under braiding — see, e.g., [11].

Clearly, turning on perturbative corrections breaks the symmetry (B.12) as the exchanged
operators acquire anomalous dimensions, but the crucial point that we wish to make in this
section is that the symmetry is only broken in a weak and controlled sense, which still allows
to put constraints on our ansatz in perturbation theory. To see how this works, notice that

if we map y — % in (B.6) we obtain, at each order,
- ) k
GO(27) = 3 G () (log(—x) —log(1 —x))" (B.13)
k=0
but at the same time G(%) can be expanded as a sum over the transformed conformal blocks
9n(X) = 9n(25) = (=" 2F1(h, b, 205 x) (B.14)

as
G(X7) = Y andn0). (B.15)

h
where the OPE coefficients aj, are the same as those appearing in (B.2). Following the same

logic as in the previous subsection, the perturbative expansions (B.4) produce powers of
log in the OPE and at each order one obtains

l
G925 = fo;k(x) log"(—x) , (B.16)
k=0
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()

where the functions Glogk (x) are exactly those appearing in (B.6), for two reasons: first, the
hypergeometric function in (B.14) is the same as that in (B.3), and moreover in (B.7) one
always sums over the free theory dimensions A, which by assumption are even integers and
therefore (—x)® = x®. One should then equate (B.13) and (B.16), where the eql(lza;hty should

be interpreted as follows. Since as discussed each G( ; (x) (and therefore also Gl 5 (Xxl)) is
holomorphic at x = 0, and so is log(1 — x), one should interpret the equality as holdmg for

the coefficient of each power of log(—y), independently. From this, one can easily derive

{—k

G0 =3 (k ;m) (=)™ log™ (1 = %) Gy i () (B.17)
m=0

which as discussed in section 3 is the constraint that we enforce on our ansatz at each

perturbative order.

An alternative way to see how this can be derived is to work with the expansion (B.7),
over the blocks H(Az’k) (x) defined in (B.8). Each of these depends on conformal blocks and
their derivatives (B.5), where note that the derivatives really only act on the hypergeometric
function appearing in the blocks, all of them evaluated on the free theory dimension h = A,
which is an even integer. We have already discussed how the blocks transform under braiding
in this case in (B.11), where one should set (—1)" = (—=1)® = 1. It is not hard to see that
the “derivative blocks” (B.5) transform with

(2 = <k> log" (1 - x) g (). (B.18)
k=0
Now, at each order, one can rephrase (B.6) together with (B.7) as

=2 Z EIN ( >log xgx ") (B.19)

A k,m=0

for certain coefficients ﬁg’k) (that we stress are independent of m) that depend on the CFT
data.”® One can then combine (B.18) and (B.19) to compute

=3 3 0 () e () ()

A km=0 a=0 b=0

lo gk m— a+b log X g(a) %
1=k 00 o
. (€,k) k m—c m k—m
=2 > A jEnmel T,
A a,c,k,m=0
log~*~¢(1 — x) log“(—x) g%’ (x) ,
58The explicit expression, which is not important for the argument, can be given in terms of the a%’k)(p, q)

defined in (B.9), as

o3 () i S0 () oona).
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where we have used that, given the presence of the binomials, all sums can be actually
computed up to £, and we have changed the summation index b to ¢ = m — b. At this point
we note that neither the exponents of the logarithms nor the derivative index of the blocks
depend on m, so we can perform the sum over m explicitly. We find

l
S (-1me (mTf ) (’“ ‘am> = @ Sehas (B.21)
m=0

that is the sum over m localizes the sum over ¢ on ¢ = k — a, and replacing we get

9E) => Z BEH) < ) log"~*(—x) 9%’ (%), (B.22)

A k,a=0

which is just the same as (B.19) with each log x replaced with log(—yx). This gives us another
way to interpret how perturbative correlators behave under braiding transformations: if we
take x € (0,1) and log(—x) = log x + i 7, then comparing with (B.19) we can read (B.22) as

62 = 0w + X 3 m (£ 0. (8.23)

A k,a=0

where the second term is entirely due to the branch point of log x at x = 0 and provides what
we previously described as a “weak” breaking of the braiding symmetry of the free theory.

In practical computations, one can make use of this last point in an efficient way. In
particular, thanks to the fact that the basis of HPLs chosen in appendix A only contains
functions that are either holomorphic at xy = 0, or have explicit powers of log x, all HPLs
in the ansatz for the blocks Gfﬁ;k (x) in (B.6) are holomorphic at x = 0. Then, all branch

points in G (x) are due to the explicit powers of log x displayed in (B.6). Then, when
applying a braiding transformation, one can simply “forget” the powers of ¢ 7 arising from
log(—x) — log x = im, which corresponds to neglecting the second term on the right hand
side of (B.23). The result is an equality between G() (%) and G (y), which is completely
equivalent to (B.17). Equivalently, one could replace each log x appearing in (B.6) with
log |x|, to define

(0)

ZG x) log® |x|, (B.24)

so that for this function one obtains, from (B.23),
G9(%5) =G (B.25)

Finally, let us observe that repeating the same exercise for the OPE in the other channel,
which leads to an expansion around xy = 1, gives exactly the same results with powers of
log(1 — x) and one would obtain analogous statements, with the conclusion that to use
the full crossing symmetry group S3 as a constraint on the correlator, one would need to
replace log(1 — x) with log |1 — x|, in this case making the transformation y — 1/x an exact
symmetry. This also justifies the definition of the extensions f)(x) of each £ (x) to the
whose real axis, in section 4: each of those functions satisfies exact identities under crossing
symmetry, as in (B.25). Similarly, such prescription provides a justification of the absolute
values appearing in the Wilson line correlators discussed in [10].

- 115 -



B.3 Reciprocity principle

One aspect of the results that we have presented that we would like to briefly review and
interpret is the fact that all anomalous dimensions satisfy the 1d version of the reciprocity
principle. This was first introduced in [158, 159] and concerns certain properties of the
expansion of anomalous dimensions in higher-dimensional CFTs for large values of the spin.
It was then proved for general CFTs in [160], following analogous observations on properties
of the anomalous dimensions in N' = 4 SYM [161-163]. The one-dimensional analogue
of the higher-dimensional reciprocity principle can be obtain studying the Regge limit of
four-point functions, where operators with large conformal dimension dominate the OPE [29].
From that, it is possible to prove that anomalous dimensions YA = h — A in 1d CFTs are
functions of the combination A + 24,

Ya = F(A+2ya). (B.26)

This statement is equivalent to the requirement that, when expanded in (inverse) powers
of the “bare” conformal Casimir j%, F(A) contains only even powers of ja,”® — see [160]
for more details in the higher-dimensional case. One should think of (B.26) as a nested
equation, whose full content can be appreciated expanding the anomalous dimensions vy in
perturbation theory and comparing the two sides. This procedure reveals which combination
of perturbative anomalous dimensions 'y(Ae) (and derivatives thereof), at each order, should
admit such expansion in even (inverse) powers of jao. More precisely, expanding perturbatively

| K
we find that the combinations
/—1 k
—1) k.0)
70 _ 5 k(K B9

admit an expansion in even powers of ja for large A at each order, where we have introduced
the combinations

-1 —
= Z Z A pfmamme) () (B.29)
mp=1mg_1=myg mi=ma+1
The first few orders read
R,
ONERINEE UNCIOR
3) (3) (1)_(2) (113 (B.30)
FA7 =5 _aA(’YA YA )+3|8A( YA ) )
4 4
FY =2 = 0al) + 508 + 508 (08)) — H0R 0"

59Note that here we are discussing this in the context of a theory with only s[(2) invariance, but the same
statements apply to superconformal theories where the expression of the conformal Casimir is replaced with
the one relevant for that case.
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In terms of the type of functions appearing in the anomalous dimensions found in section 4,
it is convenient to consider the case j3 = A(A + 3) of interest for that section. One can
observe that all the harmonic sums encountered there, namely Hy A and S_o(1 + A), admit
an expansion in even powers of jao (and powers of log ji) for large A, while other harmonic
sums such as H ﬁ) A» Which do not share such property, do not appear. Finally, let us observe
that in the main text we are always dealing with averaged quantities over degeneracy spaces,

but the reciprocity principle seems to apply to those quantities as well.

C (DiDiLIGE LATY)

Although strictly speaking it did not prove necessary for the purpose of obtaining the three-
loops result for (D1D1D1Dy), in the course of our investigations we have also considered
correlation functions involving two D; multiplets and two singlet long multiplets. The
superconformal blocks for this four-point function have been found in [1] and here we would
like to present the bootstrap results up to one loop for the simplest correlator of this
kind: <D1D1L'O [0.0] L’A[O%Q where EOAE?O] is the unique supermultiplet whose superconformal
primary is a singlet of dimension two at strong coupling. Our bootstrap algorithm proceeds
in the same way as usual, with the main difference that here the four-point function of the
superconformal primaries is not enough to fix the whole correlator in superspace. Rather,
as explained in [1] we should consider three independent four-point functions. Let Oa—o be
the superconformal primary of EO 0.0]" The three functions correspond to the correlators
between the components of D; and Oa_s:

(p(t1,y1)0(t2,y2)On—a(t3)On=2(ts)) = 211%24 H¥(x),

t12t34
€aB€act
(Waa(t1,31) Uap (2, 42) On=alls) Ona(ta)) = Btijdy” " (x), (G)
12734
€av€Bs T €as€
(f(t1)f(t2)Opca(ts)Oaca(ta)) = —2L0 000 [ (y).
8t12t34

Note that all three correlators are invariant under braiding (in the usual sense) since the
first two operators are always identical.
The free-theory results are determined by Wick contractions and read

HOO () =14 20+ L= VI HOD () = -2, HOH(y) = —6. (C.2)
5(1—x)?

Moving to tree-level, one can implement the usual bootstrap strategy using the first-order
anomalous dimensions as an input. Braiding invariance and the input of certain low-A CFT
data that are known from other correlators are then enough to completely fix the result.
Alternatively, it is relatively straightforward to compute the six-point function of ¢ and take a
suitable limit where two pairs of points are taken to coincide in a suitable way as to create two
Opa—s operators. The results (for H (1’50)) are the same. The three correlators at tree level read

(1,0) _ 2x3(10—20x+21x%—11x3+2x?) _ 120—240x+302x2 —182)3+67x*
H (X) - 5(X*1)3 IOgX 3O(X*1)2
2(10—25x4-20x2—10x3+2x* —4x>+2x5) ]
Sx(x—1)2 g(1-x)
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d(q_ 2 _ 02 au3 4 _ 4
g1LY) (x) = 2x (&j)gjx ) log y — 12+24X(X9_X1)23X +2x* 2 6+)?;x+x ) log(1 — x),
H(x) =48 — 20D j0g(1 — y), (C.3)

The agreement of the Witten diagrams computation and the bootstrap result is a non-trivial
check of the validity of the results discussed in this paper. In particular, this latter result
provides additional evidence that all tree-level correlators between any external operators
have transcendentality one, as they can be always factorized as the product of a contact
diagram and a certain number of free theory propagators. In AdSs, contact diagrams between
external operators of integer dimension have transcendendality one for any number of external
legs [164]. This should be contrasted with what happens for analogous results in higher
dimensions, at least in certain cases, where the tree-level four-point function of two single-
particle operators and two bound states has the analytic structure of one-loop correlators
between single particle states in Mellin space [165].

Moving to one loop, once again one could in principle proceed computing six-point
Witten diagrams or with the bootstrap. However, we lack the knowledge of six-point Witten
diagrams at order 1/X at this stage, so we proceed with the bootstrap and it turns out that
the usual constraints are enough to fully fix the result. We find

2, x2(50—150x+295x2 —340x34-215x* —70x°+9x%) 2
H (29 — log~ x

5(x—1)4
—104+35x—45x2—25x3+75x*—165x°+191x°—98x " +18x3 1
- > og x log(1 —
5X(X_1)d gX g( X)
75—220x+220x2 —80x34+35x* —20x® +34x5 —28x7+9x 8
+ X+220x X5+2 X_1 - x°+34x X +9x 10g2(1 . X)
x*(x—1)
_ —30-+90x+485x2 —1120x3+1404x* —829x° +189x° 1o
I5(x—1)3 gX
1970—4865x+3232x2 —1193x3+634x*—1547x>+756x° B
60x(x—1)2 log(l X)
535—1070x+1568x? —1033x3+349x
+ 30(x—1)2 (C4)

2, x*(51—-102x+98x2 —47x3+9x?) —1204+114x—17x%2—3x>+18x° 2
H®Y(y) = G log® x + . log®(1 — )
1242 +54x2 —30x3+12x* —111x5+183x5 —133x 7 +36x°
2x(x—1)3
24—96x+226x2 —342x3+796x* —1134x°+751x 0 —225x7+20x®
+ 4(x—1)% log x
522—1293x4+1002x2 —181x3 —170x*4+323x° —185x%+20%7 1
Ix(x—1)2 g( X)
—564+1692x—1395x2 —30x3+575x% —278x5+40x°® 5
B 8(1-x)? (C.5)

6(50 — 48x + 9x2 + 3x°
( 2 ) log?(1 — x)

12(1+x) (2—3x+3x% =33 +3x*

+ (A+x)( XX X% =3x>+3x )logxlog(l )

—24+120x —262x 2 +328x3 —144x* —212x5+412x5 —328x7+165x5 —55x?+10x 10 1

T (x—1)° 08 X
648—312x422x2+22x >3 +40x* —5x5+10x5

- ™ log(1 — x)
(6962784 +4221x2 —2919x 3 +920x* —2235 +169x5 —80x7+20x5 ) (C.6)

2(x—1)* )

4 _1\4
H®D(y) = — B jog? y —
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