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1 Introduction

In the absence of a clear-cut ultraviolet (UV) completion of gravity, it has proven fruitful
to seek and identify general, model-independent principles that any theory of quantum
gravity ought to satisfy. This is the ultimate aim of the swampland program [1] (see [2-5]
for reviews), which has hitherto constructed a network of principles to distinguish theories
of gravity that can be consistently UV-completed from those that cannot. These principles
are largely conjectural to a varying degree, although some proofs in restricted contexts are
available. Their mutual reinforcement and consistency suggests that they are pointing in



the correct general direction, but so far, top-down evidence toward these proposals is almost
completely found in string-theoretic constructions (see, however, [6, 7] in the context of
asymptotic safety). A natural avenue to explore in this context is higher-spin gravity [8],
which may offer an alternative construction of consistent UV-complete theories. Whether
higher-spin gravity is part of the string landscape remains an outstanding open problem.
In high-dimensional supergravity, evidence is accumulating to the effect that string theory
covers the entirety of theories satisfying swampland constraints [9-13], but higher-spin
gravity offers a different setting where these techniques may not be directly applicable.

In order to explore higher-spin gravity from the point of view of the swampland program,
one can turn to holography, where higher-spin symmetry appears in a large-N limit of
(Chern-Simons) vector models. The swampland distance (or duality) conjecture [14] comes
to mind: in its most general form, limiting regimes in a family of theories of gravity result
in the emergence of a (possibly dual) weakly coupled description controlled by an infinite
tower of light states.! The namesake of the conjecture originates from the fact that the
most well-understood examples of such families of theories are parameterized by moduli
spaces, over which usually a canonical Riemannian metric is available. Limiting regimes
are then identified as infinite-distance limits. The distance conjecture has been refined in a
number of directions (see, e.g., [15-18]), most notably the emergent string proposal [19-21],
stating that the leading light tower comprises either Kaluza-Klein states or higher-spin
excitations of a tensionless critical string.

The latter is certainly relevant for any investigation of the higher-spin swampland, but
the most appropriate version of the distance conjecture for the purposes of the present paper
is its holographic incarnation, often dubbed the conformal field theory (CFT) distance
conjecture [22, 23]. This particular proposal lies entirely within the CFT side of the
holographic duality, and is thus particularly convenient to discuss higher-spin gravity via
large-N vector models coupled to Chern-Simons theories. Concretely, the conjecture mainly
consists in the equivalence between higher-spin symmetry and infinite-distance loci in the
Zamolodchikov metric on a conformal manifold. This is indeed the dual notion of the metric
on moduli spaces defined by non-linear sigma models of scalar fields in the gravitational
bulk side. This formulation makes for a remarkably precise statement of the conjecture,
but other cases of interest fall short of its purview due to the absence of a proper conformal
manifold. For instance, known non-supersymmetric string constructions cannot readily be
tackled with this approach, since they lack moduli (see, however, [24-26] for generalization
to this context) and stability, and neither can the holographic duals of large- N limits of
vector models.

A natural extension of the Zamolodchikov metric that can be employed to circumvent
this issue is the (quantum) information metric [24, 26-28], where infinite-distance limits
universally translate into factorization of correlators [26] (see also [29] for another link with
string theory, albeit in a different direction). In this paper we consider this generalized
setting to define a distance for large-N limits via renormalization group (RG) flows and

n the context of holography, “light” often refers to scaling dimensions at most of order one in the limit
of large central charge. However, in the context of the distance conjecture and in this paper, “light” refers
to asymptotically, but never strictly, massless in the infinite-distance limit.



studying the fate of higher-spin points with respect to the information metric. There are
a number of holographic proposals regarding higher-spin gravity, including the breaking
and recovery of higher-spin symmetry [30-32] which is relevant for our discussion. We will
concentrate on the higher-spin/vector-model AdS/CFT duality [33-39], although there is
also an interesting relation between massless higher spin fields and tensionless strings [40-42]
with a lot of progress on the string theory side over the last years [32, 43-47]. There is
also a scenario [48] with string theory on AdS; x CP? vs. ABJ models that allows one
to interpolate between matrix- and vector-like duality. Finally, we would like to mention
another approach based on matrix-model constructions [49-55] (see also [56]).

In order to construct a sensible notion of distance over discrete parameter spaces, we
introduce multicritical vector models and discuss a possible bulk interpretation including
Chan-Paton dressings of the usual higher-spin duality. We find that the higher-spin points
do lie at infinite information distance, but the anomalous dimensions of higher-spin currents
do not vanish exponentially, rather in a power-like fashion. This departure from the expected
stringy behavior may be ascribed to the difference between vector and matrix models, as we
shall explain in detail and corroborate with examples. Whether this indicates a quantum
inconsistency of higher-spin gravity as suggested by the distance conjecture, or merely
a separation from the string landscape, is unclear. To further investigate this issue, we
explore the theory space in the direction spanned by the Chern-Simons coupling. It turns
out that, consistently with the above observations, the decay of higher-spin anomalous
dimensions is exponential along this direction, where indeed matrix-like gauge degrees of
freedom dominate, at least in the regime that we study.

The paper is structured as follows. In section 2 we review the swampland distance
conjecture, focusing on its CFT variant, and we describe its extension involving the quantum
information metric. In section 3 we introduce multicritical bosonic vector models, computing
large-N beta functions and the resulting RG flows in section 3.1, while focusing on the
information metric in sections 3.2 and 3.3. In section 4 we mirror the analysis for the
fermionic case. In section 5 we collect our results and use them to compute information
distances for the models at hand, studying higher-spin limits to uncover their infinite-
distance properties. In sections 5.1 and 5.2, we present the distances for the bosonic and
fermionic models respectively, while in section 5.3 we introduce a Chern-Simons sector in
order to study limits in which matrix-like degrees of freedom dominate over vector-like ones
in the information metric. In section 6 we recall the basics of higher spin holography in order
to conclude in section 7 with some closing comments on the implications for the swampland
program, higher-spin gravity and its separation — if any — from the string landscape.
In appendix A we discuss the unrelated case of generalized free fields as an example of
theory space where a higher-spin limit does not lie at infinite information distance, and we
propose a rationale for this result.

2 Distance conjecture for CFTs and beyond

As we briefly recalled in the introduction, the swampland program aims at identifying general
principles to distinguish those theories of gravity that can be consistently completed in the



UV from the ones that cannot. These proposed principles form a deeply interconnected
web of ideas in which almost every conjecture exists independently of any particular top-
down construction. The distance(/duality) conjecture [14] stands on somewhat different
grounds: while it bears connections to other theory-independent swampland constraints, its
underlying rationale seems to be more closely connected to string theory proper rather than
a model-independent quantum gravity principle, in particular because of string dualities. For
the purposes of this paper, the two key claims of the distance conjecture are the following:
approaching an infinite-distance A — oo limit in moduli space, asymptotically

1. an infinite tower of states becomes massless, and

2. the masses m vanish exponentially fast along a sequence (pr,)n>0 of points in moduli
space, according to?
MUPn) 22 (1) =00 Aonro) (2.1)

The clear distinction between these two points will turn out to be crucial for our considera-
tions. The latter statement can be equivalently phrased in terms of geodesics in moduli
space, but the formulation above, employed in [23] and depicted in figure 1, is more general
and more convenient for our purposes, since it more easily lends itself to extensions (see
also [59] for a discussion on different ways to approach infinite-distance points).

The distance conjecture has been refined and generalized in many directions [15, 16, 19—
24, 26, 57, 59-64], but in this paper we will concern ourselves with two of them in particular.
The first is the holographic, or CFT version of the conjecture [22, 23]. It can be formulated
very precisely for CFTs admitting a conformal manifold, where the tower of states is dual
to a higher-spin tower of currents and the masses are replaced by their dual anomalous
dimensions ~g. In this context, the moduli space is identified with the conformal manifold
of the CFT, and the relevant metric that defines distances is the Zamolodchikov metric. The
holographic dictionary then allows one to recover the bulk distance dividing by /Cr, the
square-root of the central charge defined by the stress-tensor correlators [22]. This conjecture
concerns conformal manifolds, on which C7 remains constant in all known examples relevant
for holography. Its presence is however important to convert the boundary distance into
the bulk one, which is normalized by the Planck mass. Moreover, it will become crucial
later on, in the generalization of the CFT distance conjecture that we discuss in section 5.

We are interested in generalizing these ideas to settings where a conformal manifold is
absent. A natural extension of the Zamolodchikov metric to the theory space of quantum
field theories is the (quantum) information metric [27, 28, 65, 66], which was recently
revisited in [24-26] in the swampland context. More specifically, the notion of information
metric is both quite general and unique. Extracting a metric from a (family of) probability
distribution(s) is essentially unique, but the choice of the distribution leaves at least two
seemingly inequivalent choices: the distribution described by the ground states of a family

2Here, and in the following, we denote by O(1) any positive constant that does not diverge nor vanish in
the asymptotic regime at stake. Bounding the decay rate remains an important problem, but some partial
results have been achieved [15, 23, 57, 58].



Figure 1. A sketch of a generic moduli space with infinite-distance points. They typically correspond
to weakly coupled regimes (perhaps in a dual frame), thus we start the sequence (p,)n>0 With po
already close to an infinite-distance point. More precisely, there always is an extra parameter such
that the starting point is pgs1, and we take the endpoint p,.ksx to infinite distance with n — oo.
In the models we consider in this paper, this parameter is a large rank N > 1 of the symmetry
group, which along the sequence grows to M N > N.

of theories [24] or the one described by a (Wick-rotated) functional integral of a family of
theories, namely the free energy [27, 28, 67] (see also [68] for a related notion of metric). In
this paper we consider the latter for a few reasons, namely its manifest spacetime covariance
and the ease of computability.

The information metric as originally defined in [27] employs the family of distributions
e™%/Z = "~ in field space, where the classical (Euclidean) action S depends on some
parameters (e.g. couplings) {\;}. Thus, also the (source-free) partition function Z and
the free energy W depend on the \;. The metric is defined by the vacuum expectation
value (VEV)

G = ((dW — dS) @ (AW — dS)), (2.2)

and its tensor components G;;() transform accordingly under coordinate changes in theory
space. If the action S is linear in the \;, one finds the more manageable expression

Gij = — 80w (2.3)



in terms of the “Euclidean density” of free energy w = — % log Z, where Vol is the
Euclidean spacetime volume. In practice, this is the formulation we shall use to compute
information distances.

Extending the distance conjecture to settings where exact moduli spaces or conformal
manifolds are unavailable is interesting in its own right, as well as important to study
non-supersymmetric models [24-26]. For the purposes of the present paper, our underlying
motivation is to study infinite-distance limits in the context of higher-spin gravity. We
restrict ourselves to the conjectural holographic duals of vector models [33-39]. A useful
feature of the higher-spin/vector models duality is the zoo of non-supersymmetric models
of this type. The parameter that governs the anomalous dimensions of (weakly broken)
higher-spin currents is the rank N > 1 of the symmetry group [36, 38, 69-73]. In order to
assess whether it makes sense to talk about infinite-distance limits in higher-spin gravity
and, if so, what is its status in relation to the swampland, it is thus natural to employ the
information metric of [27, 28] to the theory space of vector models, connecting different
symmetry groups via RG flows.?

To this end, the simplest setting for our construction is a slight generalization of
ordinary critical vector models: in this paper we examine RG flows and information metrics
in multicritical models [75-85], where the symmetry group is extended to a product of
factors. The upshot of this intuitive generalization of the (CFT) distance conjecture is a
concrete result regarding the two basic tenets described above. Specifically, we find that the
large- N limits in which higher-spin symmetry is recovered indeed lie at infinite distance.
However, as we shall discuss in detail in section 5, it turns out that the anomalous dimensions
of higher-spin currents appear not to decay exponentially, but rather polynomially fast. A
posteriori this departure from the expected behavior is not especially surprising, since the
exponential behavior seems characteristic of strings. Furthermore, it is not clear whether
a sensible finite-rank bulk description of higher-spin theories of gravity exists, although
settings such as ABJ triality [48] may help shed light on this matter. As we shall discuss
in section 5.3, already the coupling space of Chern-Simons-matter CFTs exhibits stringy
matrix-like degrees of freedom, and does lead to exponential decay in this direction of
theory space.

In the following sections we present the multicritical field theories at stake, studying RG
flows and computing the information distance along suitable trajectories in theory space.

3 Multicritical bosonic models

In this section we describe in detail the bosonic models that we consider. The well-known
critical O(NN) vector models can be generalized to multicritical models, whose field content
comprises spacetime scalars

b1y, Pk (3.1)

3The interplay between RG flows and information geometry has been explored in [28] and more recently
in [67, 74].



e=1 e 1
Bose (d =4 —¢) | large N (numeric) pert. exp. N > 1 (analytic)
Fermi (d =2+ ¢) | large N (numeric) | pert. exp. 1/e > N > 1 (analytic)

Table 1. Our scheme of approximations.

where for each a = 1, ..., k the field ¢, belongs to the vector representation of O(N,).
The symmetry group of the theory is thus O(N7) x - - - x O(Nj). In particular, the bicritical
case k = 2 plays a role in critical phenomena of condensed-matter systems [79, 84].%

The quartic couplings that preserve this symmetry are packaged into a symmetric,
positive-definite matrix Ay, and the Euclidean action reads

Aab
5= [ty (50007 +5r 2+ 22 2 63) (32)
In order to simplify the ensuing analysis, let us introduce some notation. We write
= >, Ny for the total rank and we define the ratios z, = % For d spacetime

dimensions, one can further define dimensionless couplings 74 = 1% go and Agp = = g in

terms of the RG scale p.

3.1 Bosonic beta functions

In order to study infinite-distance limits of RG flows in multicritical models we shall focus
on two limiting regimes: the e-expansion and the large-N limit. The latter is defined by
N > 1 with z, and g4 fixed, both for the bosonic and the fermionic case. The former is
defined by € <« 1 with d = 4 — € in the bosonic case and d = 2 + € in the fermionic case.
Since we are interested in infinite-distance limits, we work at leading order in the large- N
limit in the remainder of this paper, unless otherwise stated. Since this is not sufficient
to perform all computations in closed form, the e-expansion will serve as an additional
analytical tool to obtain explicit expressions. We will then compare the results with the
numerics for e = 1.

The first step toward infinite-distance limits is to compute beta functions. Both in the
e-expansion and at large N the beta functions are dominated by the one-loop contribution.
In the bosonic model, the one-loop beta functions were worked out in [82, 84], which we
recovered via a heat-kernel computation. The resulting beta functions read®

dga ( 4B ) Gab
2% = _9g, — 2B - =
“du Ja o= T Oab 1+gq’

dgab ( 2 > Yac Gbe 8B g2b
n i YGab ¢cTN ( ac bc) (1 + 90)2 N (1 + ga)2(1 + gb)2

(3.3)

where B = 2&1)’; = 113 + O(e) and Qg1 is the volume of the (d — 1)-dimensional unit

sphere. Let us remark that, for large N, eq. (3.3) are reliable even for ¢ = 1, namely
ind=3.

“The “frustrated” models of [78] are somewhat similar, but their theory space and RG flows are different.
5Here, and in the following, we leave summations over a, b, ¢, d dummy indices implicit, unless there is a

potential ambiguity.



Since we are going to study RG flows connecting critical points, we work in a massless
scheme. To further simplify the flow equations, we define rescaled couplings as in [84]:

4—d <1

Gab = ﬁ Qgp 27726 Qgp (34)

as well as the RG time u
t=(4—d)log 3.5
(4= d)log 7~ (35)

which absorbs the dependence on the UV cutoff in the RG flow. With these conven-
tions, eq. (3.3) can be recast in the simpler form

4

. 2
Qgp = — Qgp + (xc + N (5ac + 5bc)> Qge Ope + N agb 5 (36)

where the dot denotes a derivative with respect to the RG time t.

3.1.1 Bosonic renormalization group flows

The RG flows described by eq. (3.6) possess many fixed points where the global symmetry of
the theory in eq. (3.2) is enhanced.® This occurs whenever the coupling matrix o comprises
decoupled diagonal blocks, each of which has the appropriate fixed-point value. For instance,
the upper-left m x m block can decouple and acquire the fixed-point value corresponding
to the critical O (301 N,) model. In particular, there are flows where two factors O(N,)
“break” according to

O(Ny) X O(Np) —  O(Ny+ Nyp), (3.7)

while all other couplings stay fixed. The beta functions decouple and the RG flow is
effectively bicritical.” For reasons that will become apparent in section 5, we will consider
chains of RG flows composed of elementary steps of this type. This allows us to effectively
restrict computations to simple bicritical models, up to some adjustments of the ranks and
fixed-point values of the couplings. In this context one can thus display bicritical couplings
as symmetric 2 X 2 matrices.

As we will explain in more detail in section 5, we will focus on O(N)™ multicritical
models, where all the ranks are equal and the chain of RG flows comprises M — 1 steps.
Specifically, it takes the form

OMN) — O(M-1)N)xO(N) — O((M —2)N)x O(N)?

— ... — ON)xOWNML — oWwM (38)

in the bosonic case, while in the fermionic case the flow goes in the opposite direction. The
k-th step of the chain is

O((k+1)N) x O(N)YM=F=1 5 O(kN) x O(N)M~*, (3.9)

5There also exist “conical” fixed points where different O(N,) are coupled but no symmetry enhancement
occurs [75, 79, 84].

"Let us remark that, since the 't Hooft couplings a refer to the total rank N, the fixed-point values are
rescaled with respect to the ordinary bicritical model.
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Figure 2. Streamplot of the RG flow for the bosonic model for the bicritical flow with both ranks
equal to 1000. The straight line represents a single step of the type of eq. (3.9). The direction of the
flow is following the directions of the arrows, or equivalently from blue to red on the highlighted
single-step trajectory. The fixed points FPg (resp. FPp) corresponds to the fixed point of the
(un)broken configuration, while GFP represents the Gaussian fixed point of zero couplings.

At each step, we dub the corresponding fixed points FPg and FPp, since the symmetry

group O((k + 1)N) at the “symmetric” point FPg goes to O(kN) x O(N) at the “broken”

_ 2B

= ;—; g are dimension-independent at the fixed

point FPp. The matrices of couplings «
points, where they take the values

MN MN MN 0
FPy : <<k+1\14)}¥+8 (kﬁ\%”) —» FPp: <kf%+8 MN). (3.10)
(k+1)N+8 (k+1)N+8 N+8

The flow diagram, restricted to the bicritical subspace, is depicted in figure 2. Examining
the beta functions of eq. (3.6), one finds that at large N the specific trajectory of eq. (3.10) is
simply the line connecting FPg to FPp. Since the information distance is reparametrization
invariant, we choose to parametrize it with v € (0, 1) according to

a(u) = appg (1 —u) + app, u (3.11)
= afpg t VU, '

where v = app, — arp, is the tangent vector to the line.



3.2 Information metric at large N

In this section we set up the computation of the information metric in the bosonic model.
Since we are interested in infinite-distance limits, we work at large V.

We begin introducing Hubbard-Stratonovich fields o, to rewrite the quartic interactions
in terms of the cubic interactions o,¢2. Integrating out the @, the resulting effective action
takes the form [76, 84]°

N N
Seff = — T (g~ Hb /ddy Oa 0p + 5 Ta Trlog (—O+41rq +20,), (3.12)
where g~! denotes the matrix inverse of g. The above expression is now amenable to a
saddle-point large-N expansion, where the z, are kept fixed.”
For constant o, the effective potential reads

N, 1w N Auvv gdp )
Vie — — ab o, 2P + 14 20,), 3.13
off 1 (97 )" oao 5 T / (2m)d 0g (p r o ) ( )

and the saddle-point condition yields the gap equations
Oq = 2gabxbﬁ(rb+2ab), (3.14)

where L(r) = ‘é—f and we have defined

L(r) = / fov (;ij;d log(p* + 1)

3.15
= il g ——i—— .
d2m)d r 27 2 r

Finally, denoting the saddle-point gaps by @,(r,g) as a function of the couplings, the
large- N negative energy density —w = ﬁ log Z takes the form

—w Nf%l - eff(ﬁ(r) g)) ) (316)
and its Hessian in coupling space
a 0 _
G (ab)(cd) = — agab%%ﬁ(a(&g)) (3.17)

gives the (intensive [24]) quantum information metric restricted to the subspace of vanishing
quadratic couplings. While ordinary diagrammatic perturbation theory in this subspace
is subject to IR divergences, we expect the non-perturbative result to be well-defined.
Indeed, we have verified that the analytic result from the e-expansion matches the numerical
computation of eq. (3.17). Furthermore, we have verified that, in the ordinary O(N)
model, eq. (3.17) matches the calculation of [28], including all the combinatoric factors.

8The same result can be obtained with a variational calculation [85].
°In principle one could also build a large-N expansion where some of the N, = Nz, are fixed
instead [84, 85].

~10 -



3.3 Information metric in the e-expansion

Let us now compute the information metric in the e-expansion. We are interested in critical
RG trajectories which remain massless, but we first present the result in the massive case
since it is simpler. We will then extend our technique to the massless case.

Since for € < 1 the complete RG flow along a critical trajectory remains perturba-
tive, the information metric can be computed from the second-order!? (negative) vacuum

energy density
1

—wa(g) = Vol log Z|o(g?) ; (3.18)

which is calculable in perturbation theory. Naively, a diagrammatic computation would yield

4 (g2, No Ny + 2N, g2
_wQ(g) = ( ab (;ﬂ'):)’dNQ . aa) Thanana

9 (3.19)
+ 49ab9ocNaNpNe + 16gaagabNa Ny + 16gaaN

a
(2 )3IN2 Thubble »

where the (UV regulated) integrals stemming from the banana and triple-bubble Feynman
diagrams would be

d%p diqd®k
PP (p+q+k)?’
d%p diqdik

P22kA

Thanana = (27T>3d/ddy Go(y)4 = /
(3.20)

Tl = (27)* / d"y Go(0)* Go(y)* = /

However, it is clear that in the massless case these expressions are IR-divergent. Since we
shall work in the large IV, both for e = 1 and € < 1, the appropriate treatment that avoids
these IR issues involves solving eq. (3.14) perturbatively at weak coupling. As a result, the
correct asymptotics of the loop integrals as functions of the gaps o, includes a logarithmic
term. Indeed, one finds

_ «1 B

Oq RS §gab Ty, (321)
so that the relevant terms in the (negative) free energy (density), corresponding to the
leading-order terms in the metric, read

1 N 1
—wy(g) N 16 B’ Ta o Te gab Gbe (2 — log (B gra xd)> : (3.22)
in units of the UV cutoff. The resulting metric can be readily computed via eq. (3.17),
taking special care of the fact that the matrix derivatives are to be taken along the subspace

of symmetric matrices.

10The first-order term can be computed more easily. However, it is irrelevant when evaluated on critical
RG trajectories in a massless scheme, since the reduced metric involves two derivatives with respect to the
quartic couplings only.

- 11 -



4 Multicritical fermionic models

Let us now describe the fermionic counterparts of the models that we discussed thus far.
The generalization now involves the Gross-Neveu model. Its multicritical version features
fermions (¢q)q=1,...,k, each of which belongs to the defining representation of U(N,), so
that the symmetry group is U(N7) x - - - X U(N). By and large, the treatment in this section
closely follows the one for the bosonic case, hence we will highlight the main differences as
we proceed.

To begin with, in the presence of spinors, Wick rotation to Euclidean signature needs
slightly more care. Our starting point is thus the Lorentzian (mostly-plus) action

5= [ diy (=000 + 72 Gt @) (1.1

and we introduce Hubbard-Stratonovich singlet fields o, analogously to the bosonic case.
The resulting auxiliary action is

1
S = /ddy <_waa¢a + Ua(@ﬁba) - Niab Ua0b> . (4'2)

One can then perform a Wick rotation, which replaces —@; — @z and changes the sign of
the other terms.

4.1 Fermionic beta functions

Following the computation in the preceding section, one would integrate out the fermions
and seek saddle points with constant gaps o,. The renormalization of the couplings due to
UV-divergent terms in the functional determinant contain the leading-order terms in the
beta function. However, in order to match the next-to-leading order accuracy of eq. (3.6),
one needs to integrate out the fermions around a non-vanishing background. Performing
a general background-field expansion to second order in the fluctuations do, , 610, , 69,
around a constant background, the quadratic kinetic operator for fluctuations takes the form

0 a — 04 Yq
po|i-e 0 W |. (43)
Yo Wy

Setting the fermionic background to zero yields the leading-order large- N result for the
effective potential. Since the kinetic matrix mixes bosonic and fermionic fluctuations, for
complex bosons the formula

AB) .
det(CD>—detAdet(D—CA B), (4.4)

for block matrices is replaced by the Berezinian'!

det(D—-C A71B)
det A

"The conventions of eq. (4.3) translate into eq. (4.4) written with the “Fermi-Fermi” block in the

(4.5)

upper-left corner.

- 12 —



In our case, since the bosons are real, the bosonic contribution in the numerator comes
with a square root, which translates into a factor of % in the corresponding term in the
effective action. One thus finds that, up to a constant irrelevant for the beta function and
the effective potential, the contribution to the one-loop effective action is

1 4  —
— N, Tr log(—D + aﬁ) + 3 Trlog(l N Ap(d — 0)_1¢> , (4.6)
where o = diag(o,) and A = (A\sp) are intended as k X k matrices in multicritical flavor

space. In order to obtain the beta functions, one can expand the logarithms keeping the
terms that correct the vertices. To this end, one can observe that the last term contributes

2 _ Aov qdp 1
— Aaa 0a¥q¥a I2, I = — 4.7
Fhwobanl, = [ (4.7)

while the first term contributes — IV, ag I5. The next step is to integrate out the o, fields to
obtain the corrected coupling, but one can simplify matters observing that the correction
to the saddle-point value o, = % Aap¥ptp does not contribute to one-loop order. Therefore,
one finds the corrected Euclidean coupling

- )y (Batie) (Btn)

) ) (4.8)
(AR)gp = Aab + N I (Nc AacAbe — B (Aaa + App) >\ab> -

From this expression one can extract the beta functions. Letting the dimensionless running
couplings gqp = 42 Agp, one finds

2B 1
/Bab(g) = (d - 2) Gab — W (Nc Jac Gbc — 5 (gaa + gbb) gab) y (49)

and in particular to leading order in an e-expansion for d =2 + ¢

2 1
/Bab = €dab — ﬁ (Nc Gac Gbc — 5 (gaa + gbb) gab) . (410)
In order to obtain an expression along the lines of eq. (3.6), in analogy with eq. (3.4) let
us define
d—2 7r
Yab = o5 Qah st 5 €Qgp , (4.11)

and once again t = (d — 2)log zf—. One finally arrives at a result similar to eq. (3.6),

. 1
Qgp = Qgp — (xc - ﬁ (5ac + 5bc)> Qgc Ope - (412)

To our knowledge, the above is the first computation of the beta functions of the multicritical
Gross-Neveu model in the literature.
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4.1.1 Fermionic renormalization group flows

In the fermionic case, similarly to the bosonic one, we will consider models of the form
U(N)M and compute the information distance as a function of M >> 1. In this case, the
chain of RG flows is

UMN) <«— U(M—1)N)xUN) <+— U(M —2)N)x UN)?2

4.13
— . — UIN)xUWMTL UM, (4.13)

Analogously to eq. (3.9), the single-step RG flow
UkN) x UN)M=F  —  U((k+1)N) x U(N)MH+1 (4.14)

now connects the “broken” fixed point FP g to “symmetric” FPg. The matrices of couplings

o= % g are once again independent of the dimension at the fixed points, where they take

the values
k%Nl 0 (k+]‘14)]1\\[771 (k+j‘14)]1\\[771
FPp : 0_ MN — FPg: MN MN . (4.15)
N—1 E+D)N—1 (k+1)N—1

The flow diagram, restricted to the bicritical subspace, is depicted in figure 3. In
complete analogy to the bosonic case, the relevant trajectory of eq. (4.15) is simply a line
to leading order in the large-N limit. Thus, we choose to parametrize it according to

a(u) = apps (1 —u) + appe u
= appy t VU,
where now v = arpy — app, is properly oriented tangent vector to the line.

4.2 Information metric for fermions

Similarly to the bosonic case, evaluating the effective action on a background with constant
gaps o4, one obtains the effective potential for the fermionic models. With the same
definition in eq. (3.15), it takes the form

N
Ver = (97 )" 00 — N L(07), (4.17)

and the corresponding saddle-point gap equations now take the form
0o =4 gap xy0p L(0) . (4.18)

In particular, for d = 2 + €, one has
. B 1
L(UQ) €,<\<J1 Z log <1 + U2> . (4.19)

The full large-N metric can then be computed numerically, but analogously to the
bosonic case one expects the calculation to simplify dramatically for € < 1, since the
entire RG trajectory is weakly coupled. However, since close to d = 2 the Gross-Neveu
model develops gaps that are exponentially suppressed in the couplings, one cannot apply
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Figure 3. Streamplot of the RG flow for the fermionic model for the bicritical flow with both ranks
equal to 1000. The straight line represents a single step of the type of eq. (4.14). The direction of
the flow is following the directions of the arrows, or equivalently from blue to red on the highlighted
single-step trajectory. The fixed points FPg (resp. FPp) corresponds to the fixed point of the
(un)broken configuration, while GFP represents the Gaussian fixed point of zero couplings.

conventional perturbation theory to approach eq. (4.18). Numerical precision is also
compromised by exponential underflow. We were not able to solve eq. (4.18) analytically
for generic (small) couplings, but we managed to find a closed-form solution along the
RG trajectory that we need to consider. Similarly, we managed to arrive at a closed-form
expression for the pullback of the metric G along the relevant RG trajectory. Although the
general form of G close to d = 2 is unknown (and unnecessary for us), one can compute it
numerically in d = 3. Since we are ultimately interested in computing distances along a
specific RG trajectory, the pullback method does not bring along any further complications.

Starting from eq. (3.17), one can explicitly write the derivatives via the chain rule, e.g.

Ve OVegr 0o
O9ap ~ Oo o=5 09ab

(4.20)

and so forth. Then, to compute the pullback of the metric, on account to eq. (4.16) one need
only contract the (ab) indices with the constant tangent vector v. This yields a complicated,
but explicit, expression for the pullback

Gy = Gg(u) (’1)7 ’l)) (421)
along the RG trajectory in terms of the quantities

o, grad(o)(v), Hess(d)(v,v) (4.22)

~15 —



evaluated along the flow as functions of the parameter u. Our task is then to evaluate each
of these quantities along the flow for ¢ < 1, starting from eq. (4.18) and its derivatives.
More precisely, only for the e-expansion the limit we work with is % > M,k > N> 1.
The hierarchy M ,k > N is the one leading to the infinite-distance limit, and in this regime
the bulk interpretation of the theory lies on shakier grounds. However, this is not ultimately
an issue, for a number of reasons: the relevant case for the holographic picture that we have
in mind is d = 3, for which the information distances are computed numerically without
assuming M > N. We use the e-expansion as an analytical tool to obtain closed-form
expression that we can compare qualitatively to the relevant case. Finally, as we shall see,
the numerical computations fit the pattern of the e-expansion even outside of the hierarchy
M > N. We will elaborate on this point in section 5 and section 6.

The crucial non-trivial step is finding an asymptotic expression of the gap 7(g(u)) along
the flow. Once obtained, it can be substituted in the first and second derivatives of eq. (4.18)
to solve for the gradient and Hessian in eq. (4.22). The latter step is manageable, albeit
cumbersome. To approach the former, we begin by observing that only two components
of the gap contribute to the metric in eq. (4.21), since only a bicritical 2 x 2 submatrix of
couplings varies along each step of the flow. Writing out the two gap equations from eq. (4.18),

€ 1 U 1
0'1’\/5 O'l].Og 1—._0_7% +E0'210g 1—"0_7% N

€ 1 1
o9 ~ — ((1—u)02 log (1—1—2) + uoq log (1—1—2)),
2 lop; o1

so that the solutions @7 , 79 are

one finds

(4.23)

01~ 09 ~ e /e, (4.24)

This result mirrors the well-known exponentially suppressed gap in the ordinary Gross-
Neveu model.

Armed with eq. (4.24), one can proceed differentiating eq. (4.18) to solve for the
gradient and Hessian perturbatively in €, thus obtaining the pullback G,, of the metric
in eq. (4.21). Let us stress that this procedure applies equally well to the bosonic case, where
however we where able to obtain the fully perturbative metric. In the fermionic case, the
non-perturbative nature of the gap complicates matters considerably, and a straightforward
expression of G for general couplings is not available. The final result is then independent
of M and reads

e<1
7e/ce Gyy ~

2(k+1)N ((k+1)N)?
(k+1)N—u—-12 ((k+1)N=2)((k+1)N =1)((k+1)N —u—1)
((k+1)N —2)((k+1)N — 1) ((k—1)N)? (4.25)
B (k+1)N —u—1)3  (n—1(1—u)(kN = 1)((k+1)N —2)

EN3 (—(k* + 1)N + ukN((k + )N —2) + k + 1)
S (N=1)(kN -1)((k+ 1N —1)(N(kNu(u—2)+ k+1)—1) "

Until this point, this is an exact result in N, k, expanded only in e. Further expanding
this result in N, k with the hierarchy k£ > N > 1, we find that the first three terms are
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subleading with respect to the last two, and keeping only the leading orders one arrives at

1
2/ EPR>N>1 1—Nu B 1 N 1-N(1—-u)u 196
meeGuy 1-N2—-wu NIl-u) (I-w)l-N2-wu) (426)

In the next section we discuss how to use this result, together with its bosonic counterpart,
to compute information distances and study infinite-distance limits.

5 Computing distances

To summarize, in the preceding sections we have presented the computations of large- NV
information metrics for the four cases under scrutiny, namely the multicritical bosonic (resp.
fermionic) model in d =3 and d =4 — € (resp. d =2+ ¢) for e < 1.

In the bosonic case we have access to the full metric, numerically in d = 3 and
perturbatively in the e-expansion. The same numerical technique works also for the
fermionic case in d = 3, but the e-expansion about d = 2 is considerably more difficult
compared to the bosonic case. This is due to the fact that, while in the bosonic case
the leading-order solution to gap equation is perturbative, up to logarithmic terms, the
leading-order term in the fermionic gap is non-perturbative, of the form o ~ e~¢. In order
to circumvent this, instead of computing the full metric (in a neighbourhood of the Gaussian
point g = 0) Gg, we computed its pullback Gy, (u) = Gg(y)(v,v) on the RG trajectory that
we consider. The length of the RG trajectory represents the single-step distance APIY on
the boundary side of the holographic correspondence, and is given by

1
Abdry _ /0 Goo(u) du. (5.1)

Generalizing the holographic correspondence between metrics from the case of a conformal
manifold to the information metric, one is thus naturally led to propose the bulk distance [22]

1 1
Ab““mi/ wo(u)d 5.2
85 N \/ Goo(u) du (5.2)

at large Cp central charge. The rationale behind the asymptotics in eq. (5.2) is that dividing
by Cr is strictly speaking only unambiguous when Cr does not vary along the curve, e.g.
on known conformal manifolds with an holographic interpretation [22, 23]. In the spirit of
keeping our proposal as close as possible to this well-established case, we shall compute the
distance (5.2) along RG trajectories that provide single steps along which Cr varies the
least. This way, one minimizes the discretization of the trajectory with respect to the case
of a conformal manifold and, as we shall discuss shortly, this definition seems sufficiently
robust in our context since C remains parametrically constant in the large- N limit.

In order to probe large distances in theory space, indeed, as we have anticipated one
ultimately need consider the hierarchy M > N > 1 in the RG flows of eq. (3.8) and
eq. (4.13), and whenever % > 1 it is also the largest parameter in the hierarchy. We do this
within the e-expansion in order to obtain more manageable closed-form expressions for the
large-distance behavior, but our numerical computations do not rely on this assumption.
In the large-N limit, Cr does not vary to leading order over a single step, and eq. (5.2) is
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well-defined. This is consistent with the intuition that only the large- N limit of the theories
we discuss seem to describe sensible gravitational physics in the bulk. However, since we are
interested in the leading % corrections (to anomalous dimensions of higher-spin currents),
picking the trajectories where the subleading part of Cr varies the least seems to be the
most sensible option. The general structure is [86, 87]

C¥ ~aN+b (5.3)

for a single, decoupled critical sector with symmetry group G = O(N) or U(N), where
a,b = O(1) are known constants [86, 87]. For a free sector, b = 0 instead. Therefore,
summing over the decoupled group factors

ol = o Y @b, (5.4)

1

where b; = b for critical factors and b; = 0 for free factors.

In order to simplify the computation of the information distance, we consider simple
multicritical models of the form O(N)M or U(N)M | i.e. with fixed equal ranks N >> 1.
The higher-spin limit then amounts to taking M — oo, since, as we will discuss in detail
in section 6, the anomalous dimensions g of the higher-spin currents of interest vanishes
according to

O(NM UNM
s s o) 5.5)
O(N)M ’ U(N)M M : :

THS THS
We are interested in expressing eq. (5.5) in terms of the information distance along the
chain of single-step flows connecting the initial and final fixed points. According to the
preceding discussions, the chain of RG flows in eq. (3.8) and eq. (4.13) comprises M — 1
steps, and the full bulk distance is then the sum over single steps of eq. (5.2), namely

M-1

Abulk Z Azulk (5.6)
k=1
where the k-th step connects
O((k+1)N) x ON)M=F=1  _—  O(kN) x O(N)M~* bosonic ,

U(EN) x UNYM=F U ((k+1)N) x UN)M=*=1  fermionic. (5.7)

In the following we derive expressions for APUK(M) in order to check whether it diverges as
M — oo and, if so, how eq. (5.5) depends on it in this limit.

5.1 Bosonic case
5.1.1 Distanceind =4 — ¢

In the e-expansion for the bosonic model the asymptotics of the metric can be computed
explicitly from eq. (3.22), but its expression is quite long and cumbersome. However, for
k> N > 1 the pullback of eq. (4.21) greatly simplifies to

2

€ 4
o~ — o log () 5.8
¢ 9mZN 08 <e2(1 —u)u) (58)
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Figure 4. Bosonic distance for d =4 — 1073, N = 100 and M < 1000. The numerical computation
(left panel) agrees with the perturbative prediction (right panel). The square-root behaviour is fitted
with a power-law model.

Bosonic distance (pert. vs.num.),d =4 - 1073, N = 100
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Figure 5. Ratio of the bosonic distances for d = 4 — 1073 and M < 1000, computed using the full
numerical model and the small ¢, large-M perturbative analysis. The difference between the two
approaches gives an error less than 5 x 1072,

The single-step bulk distance is therefore independent of k and scales as 1/v/ M due to the
factor of Cr in eq. (5.2). The total bulk distance thus scales like v/ M, or more precisely

1
AbPUk % log — vV M (5.9)

€

up to an irrelevant numerical factor. Thus, the distance diverges as M > 1, which is a
proper infinite-distance limit. We have compared the prediction APUk ~ O(1) VM with
a numerical computation, and the resulting very good agreement is depicted in figure 4.
Importantly, the agreement does not rely on M > N. Examining the ratios, one finds a
relative discrepancy of less than 5 x 1072 for M < 103, as shown in figure 5.
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Figure 6. Bosonic distance for d = 3, N = 100 and M < 1000. The square-root behaviour is fitted
with a power-law model.

5.1.2 Distance in d = 3

For d = 3, arguably more interesting for higher-spin holography, the perturbative ap-
proach breaks down and we relied on a numerical method. In more detail, we numerically
solved eq. (3.14) for couplings along the trajectory, and subsequently computed the pullback
metric of eq. (4.21). Finally, we evaluated the total distance summing over single steps
according to eq. (5.6). For M < 1000 and N = 100 the results are shown in figure 6, where
a polynomial fit shows a behavior seemingly compatible with the square-root result from
the e-expansion, once again without assuming M > N, so that the regime of validity of
a bulk interpretation for d = 3 has an overlap with the power-like scaling of the distance.
Indeed, the fit in figure 4 also shows similar variance for the exponent in the fit.

5.2 Fermionic case
5.2.1 Distanceind =2 + ¢

In the fermionic model, the e-expansion exhibits exponentially suppressed gaps. This means
that numerical methods are considerably less reliable with respect to the bosonic case.
In particular for, say, ¢ = 10~ the numerical analysis completely breaks down due to
underflow. Fortunately, for ¢ < 1 we can derive a closed-form expression for the distance
starting from eq. (4.26).

We cannot straightforwardly expand eq. (4.26) in N, since combinations such as Nu
can be arbitrarily small within the integration domain u € [0, 1]. In particular, zeros and
poles of Gy, as a function of u depend on N. For finite N, this is a function of u that
has a positive and a negative part, with zeros located at % (1 + N]§4> and poles at
1—4/1- % and 1. G, is positive between the two zeros. Furthermore, when N — oo,
all zeros and poles are pushed to 0 or 1 and we have a smooth positive definite function
of u € [0,1], which we can express by expanding the expression of G, in powers of N
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1 1 N—4 1 1 N—4
for u € {2 _2\/N’2+2\/N]’

—2/e
e 1
Gy ~

(5.10)

Te 2—u

When N — oo, this is the leading contribution to G, defined on (0,1), and indeed the
integral of eq. (4.26) (defined with some determination of the square root) has a vanishing
imaginary part for N — oco. Thus, the single-step integrated bulk distance is

e~ 1/e 1
Ve VNM

up to an irrelevant numerical factor. For the full trajectory U(N)M — ... — U(MN), the
integrated bulk distance is therefore

M-1 “1/e | pr
Abulk _ Abulk € M 5.12

k=1

(5.11)

1 1
Abulk 1 / G dtt ~
K VCr Jo “

again up to an irrelevant numerical factor. Notice that both closed-form expressions for
€ < 1 feature the same VM scaling for M > 1, which is therefore an infinite-distance limit
also in the fermionic case. Let us observe that the e-dependence of eq. (5.12) and eq. (5.9) are
related by the substitution eggse = e~ 1/erermi This can be traced back to the e-dependence
of the solutions & to the respective gap equations in eq. (3.21) and eq. (4.23), which are
also related in this fashion.

5.2.2 Distance in d =3

In d = 3 once again numerical methods are the only tool at our disposal. However,
the fermionic case is still quite numerically unstable even at ¢ = 1, presumably because
of residual issues stemming from the exponential underflows at ¢ < 1. Our numerical
analysis shows that the computations are stable and reliable up to M =~ 120, which is not
particularly large. However, the plot in figure 7 still shows a clear polynomial trend, which
seems compatible with a large-M square-root behavior considering the larger uncertainty
of this fermionic computation. Moreover, as in the bosonic case, the power-like scaling
appears to hold also in the regime of validity of a bulk interpretation.

5.3 Chern-Simons-matter CFTs

In order to build a sensible bulk interpretation of (multi)critical vector models, the standard
procedure involves introducing a singlet constraint on spectra. In d = 3 this can be
implemented by coupling vector matter to a Chern-Simons sector [36, 88, 89] at positive
level kcg > 1. In the large-N limit with

N N

N= L=t
k kcs + N

€ (0,1) (5.13)

fixed, one finds a line of CFTs for all A, and higher-spin symmetry is present at the edges
of the interval, where the theory is equivalent to the critical/free bosons or free/critical
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Figure 7. Fermionic distance for d = 3, N = 100 and M < 100. The square-root behaviour is fitted
with a power-law model. The accuracy of the fit is limited by the range M < 100, over which our
method shows numerical instabilities.

fermions. Inside the interval, higher-spin currents are not conserved as operators, but their
divergence may vanish inside certain correlators [90, 91], and therefore it is natural to ask
whether the information distance in A-space behaves according to the expectations from the
distance conjecture. For a U(N) gauge group, the leading-order free energy on the sphere
S3 reads [92]

N-1

N .
FCS——logk+N jz::l —4) log(zsinkTN>, (5.14)

The role of these theories in the context of the CFT distance conjecture has been outlined
in [23], but since A is not a continuous parameter for any finite N one cannot rely on the
Zamolodchikov metric. However, the information metric can still be defined, since flows
connecting different values will result in the same distance. This is due to the fact that
there is only one possible simple curve connecting two points on a one-dimensional manifold.
From this perspective it thus seems sensible to promote \ to a continuous parameter.'?
Since we are interested in the intensive metric of the coupled Chern-Simons-matter
theory, the infinite-radius limit of the metric arising from eq. (5.14) is well-defined. Out of

the two potentially singular regions, only A\ < 1 is accessible from eq. (5.14), since

L1 N2 1
Fos V'~ 2 log 85 (5.15)

is the dominant contribution to the total free energy. The behavior in the complementary
regime A — 1~ would then be determined by duality. Since the action is linear in 1/\, the
second derivative of —Fcg with respect to 1/ yields the asymptotic metric

2 INS1 1) <1>_d/\®d)\ - 16
ds Ad(A @d(y)="5 (5.16)

12 An alternative approach to promote a discrete parameter to a continuous one is discussed in [26].
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up to a prefactor. Thus, the distance to A = 0 is infinite. By duality, one can argue that
the same conclusion applies to A = 1. This result also fits with our general expectations
due to how free theories and higher-spin symmetry are recovered at the endpoints.

More in detail, the distance A(\, A\g) ~ ¢ log % diverges logarithmically in A, where
A < Ag and ¢ > 0 is some positive constant. The anomalous dimensions of higher-spin
currents scale according to [91]

N>1 TA .9 <7T)\) bs . o >
s ~ ——————— lags — |+ =5 A, .
o SN sin(rN) (a sin” | 4 Sin (m) (5.17)

where as and b, only depend on the spin. For A < 1 one finds

§Ji>>1 (as + bg)m?

o 22 5.18
5 N 7 (5.18)

so that, in terms of the distance A,

~ € .

Hence, in the case of the Chern-Simons theory space parametrized by A, the recovery of
higher-spin symmetry seems to be exponentially fast in the distance. Consistently with
our preceding considerations, one may be led to speculate that the matrix-like nature of
Chern-Simons degrees of freedom, which dominates over the vector-like one in this case,
be responsible for the stringy exponential decay of higher-spin anomalous dimensions.
The presence of a gauge theory can also be detected via the large spin asymptotic of the
higher-spin anomalous dimensions, which is log s, see [93].

6 Higher-spin holography

Let us briefly summarize the main features of the higher-spin/vector model holography. We
will concentrate on the spectrum, i.e. on the dictionary between single-trace operators and
bulk fields, most of which is a simple consequence of representation theory. The most basic
example was anticipated [94] long before the AdS/CFT correspondence and concerns free
vector models. Two important twists of the story are to add critical vector models to the
scene [33-35, 37] and to extend all of the models to Chern-Simons vector models [36, 38, 39].

In the simplest case we have a O(N) or U(N) vector ¢' of free scalars. The free scalar
field corresponds to a unitary irreducible representation of the conformal symmetry algebra
so(d,2), say V. Then, it is a well-known result [94, 95] that all quasi-primary single-trace
operators (we do not display the tensor indices of the various operators and only indicate
their number)

Js =% +..., A=d+s—2,
J():(Z_si(bia A:d_27
are covered by a scalar operator Jy and by conserved tensors Js with s = 1,2,3,... for

the U(N) case and with s = 2,4,6,... for the O(IV) case. From the representation theory
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point of view this corresponds to the decomposition of V@ V or (V ® V)g into irreducible
representations of the conformal algebra. The standard AdS/CFT dictionary

amjmabc... =0 — 5(I)u1 e lbs v(,ulé,ug e fhs) (63)

implies that the dual theory has gauge (for s > 0) fields ®,, ..., with the same range of
s, i.e. all spins for the dual of the free U(N) model and all even spins for the dual of the
O(N) one.

Similarly, one can take a U(NN) vector multiplet 1; of free fermions. In d = 3 the
spectrum of the single-trace operators is very close to the one of the free scalar CFT:

Jo =90 i+ ..., A=s+1, (6.4)
Jo = vy, A=2. (6.5)

The latter property is a first sign of the three-dimensional bosonization duality [36, 90, 91, 96—
100]. Another comment is that all CFTs with higher spin conserved tensors in d > 3 are
free CFTs [101-104], possibly, in disguise.

A simple extension of this construction is to take several vector multiplets, ¢/, that
transform under U(NN) x U(M) or O(N) x O(M) and to impose the singlet constraint with
respect to U(N) or O(N) only. The higher spin currents then get decorated with U(M) or
O(M) indices

UN):  Ji = G20+ (6.6)

O(N):  J" =¢o*phe" + ... (6.7)

In the case of U(IV) x U(M) the single-trace operators take values in the adjoint of U(M)
and for the case of O(N) x O(M) the currents with odd/even spins take values in the
adjoint/rank-two symmetric plus singlet representations of O(M). Since U(M) or O(M) is
the leftover global symmetry, it becomes gauged in the bulk and one expects fields ®,, .. ..,
to take values in the same representations of U(M) or O(M). In particular, the spin-one
field always carries the adjoint representation. Likewise, one can decorate currents J;%,
built out of U(N) x U(M) free fermions ¢¢ with U(M). A thorough discussion of all free
cases from the representation theory point of view as well as supersymmetric extensions
can be found in [105].

Further generalizations of the basic dualities discussed so far can be obtained with the
help of critical vector models [33, 35]. A quartic interaction (Jy)? can be added and tuned
to criticality. In the large-N limit the only visible effect for the single-trace operators is
that the dimension A of Jy jumps from 1 to 2 + O(1/N) for the bosonic vector models
and from 2 to 14+ O(1/N) for the fermionic ones (also called Gross-Neveu model). As it is
well-known [106], the bulk effect of such double-trace deformations is in the change of the
boundary conditions on the dual field ®.
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While the microscopical origin of the singlet constraint is still mysterious in d > 3,
at least in d = 3 there is a natural mechanism:'® one can gauge the U(N) or O(N)
symmetry by also adding a Chern-Simons term at level k£ to the action. In the k — oo limit
the Chern-Simons terms effectively decouples while imposing the singlet constraint (see,
however, the discussion of the free energy puzzle in [108-110]). Moreover, the Chern-Simons
coupling brings in one additional parameter, the level k. In the large-N limit the effective
coupling is A = N/k, which is almost a continuous parameter. The conjecture of the
three-dimensional bosonization duality is that free/critical bosonic/fermionic vector models
coupled to Chern-Simons are pairwise identical as CEFT’s [36, 90, 96-99], e.g. the critical
bosonic vector model with the Chern-Simons interaction is dual to the free fermion model
coupled to the Chern-Simons term. It should be interesting to explore similar dualities
in the multicritical models that we have studied in this paper, as well as their symplectic
counterparts which could have an interpretation in terms of dS/CFT [111].

For a given CF'T to have a well-defined, semi-classical, local holographic description
with finitely many fields certain conditions are to be met (in some region of the parameter
space). Vector models violate several of the usual assumptions: there is no large gap in
the spectrum and, hence, the dual theory has to have infinitely many fields from the start;
the structure of correlation functions in free and critical large- IV vector models imply that
the dual higher-spin gravity has to be very non-local [112-115] and, as a result, cannot
be constructed with the help of the usual field theory techniques.'* A reconstruction, i.e.
fitting the most general Ansatz for bulk interactions with the already known correlation
functions, should be possible [112] and can, at least formally, be performed directly under
the path integral for vector models, see e.g. [121, 122] and references therein.'?

One subtle point regarding the interplay between the weakly gauged O(N) symmetry
on the CFT side and the leftover global O(M) symmetry that becomes gauged in the
AdS-dual gravitational description is that M should not exceed N, for the bulk fields must
be independent. Indeed, let us consider the anti-symmetrized product of n bulk fields

(#tlzl \j§1|5ilj1) e (gbg;} i:(sinjn) <~ (I)[aﬂbﬂ . (I)an}bn’ (6.8)
for which we also wrote down the dual operator. Clearly, the expression will vanish for
n > N, but it has no reasons to vanish on the bulk side for M > n. Recalling that the
bulk coupling G is of order 1/N we have some bounds on the size of the Yang-Mills group
M, G~' > M. In other words, for M large enough the large-N expansion is inapplicable.
Similar subtleties were also pointed out e.g. in [122, 137] and studied recently in [138].

131t was discussed already in [33] that as long as 4 — € expansion allows one to access the Wilson-Fisher
fixed point on the CFT side it may be some sense in which higher-spin gravities can exist in AdSs_.. At
least one-loop corrections to the free energy of higher-spin gravities can be computed in AdSs_. [107], but
we do not pursue this idea further in the present paper.

141t is worth mentioning that there exists a consistent and local truncation of the higher-spin gravity that
is dual to vector models [116-118], Chiral higher-spin gravity [116, 119, 120]. It should be dual to a closed
subsector of Chern-Simons vector models.

15 As a side remark one can also mention proposals for other higher-spin gravities with propagating degrees
of freedom [50, 55, 116-120, 123-128] and topological ones [129-136] that do not immediately fit the vector
model holography we discuss in the present paper. Meanwhile, all these theories are perturbatively local in
contrast to vector models’ duals.
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7 Implications for the swampland

The results that we have collected suggest a natural interpretation in terms of the swampland
distance conjecture [14], in particular regarding its CEFT counterpart [22, 23]. The RG
trajectories that we have considered always include a O(N) or U(N) symmetry subgroup
(we will refer to the former for brevity). It is thus tempting to impose a singlet constraint on
this subgroup to identify duals of higher-spin states in the bulk: at the decoupled O(N)M
fixed point the anomalous dimensions of the corresponding higher-spin currents scale as
YHS ~ % Gauging a diagonal O(N) subgroup, for sufficiently large Chern-Simons level the
above discussion is unaffected, with the proviso that only one stress tensor is now conserved,
allowing a more sensible holographic interpretation.'® To elaborate further on this point, in
the preceding section we have discussed how a proper bulk interpretation seems to require
M < N, while the infinite-distance limit requires M > N. This is not unexpected, since
infinite-distance limits encode a breakdown of the bulk EFT description, while its boundary
counterpart can remain perfectly sensible. We nonetheless find the same power-like behavior
of the distance A(M) as a function of the number of steps M, as depicted in figure 8.

The chain of RG flows gradually enhances the fixed points to O(M N), along a distance
A ~ /M. The anomalous dimensions gradually decrease up to vug ~ ﬁ Thus, in the
infinite-distance limit one has

O(NM UNM
'VHé : ’YHé : - o) 71
O(NYM °»  U(N)M A2 ( . )
YHS THS

This power-like recovery of higher-spin symmetry is qualitatively different from the expo-
nential decay that is apparently ubiquitous in string-theoretic constructions, and to our
knowledge eq. (7.1) is the first example of this kind. Of course, care must be taken in placing
this result in the context of the swampland distance conjecture, since distances outside of
ordinary moduli spaces have been explored to a much lesser extent [24-26]. Furthermore,
let us remark that alternative definitions of the distance at stake are possible, namely
applying the information distance(s) in different ways compared to what we have done in
this paper [26].!7 Nevertheless, our approach based on RG flows connecting discrete sets
of (fixed) points may be motivated by additional physical considerations. Namely, much
like moving in moduli spaces corresponds to changing VEVs with no energy cost, moving
in a discrete landscape of vacua corresponds to crossing domain walls, whose existence is
entailed by the cobordism conjecture in the presence of gravity [141]. Holographically, these
processes are described by RG flows interpolating between CFTs. This construction does not
promote parameters from discrete to continuous ones, and indeed in stringy constructions
the former typically arise from Dirac-quantized fluxes, number of fundamental (brane)
sources and so on.

Finally, it is unclear to what extent exponential decay is crucial in order to place a
theory in the swampland. In the context of string compactifications, a polynomial decay of

18T the presence of many independent conserved spin-2 tensors, the union of corresponding AdS spaces
glued at their conformal boundary has been proposed as a holographic description [139, 140].
1"We thank John Stout for pointing this out.
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Figure 8. The power-like behavior A ~ /M, or at least A ~ M® with a ~ 0.5, persists down
to small steps M < N, where a bulk description is more reliable due to the absence of the extra
constraints discussed in section 6 (see also [138]). The analytic control given by the e-expansion
provides a convenient cross-check, but our ultimate interest is in the case d = 3, and our numerical
technique does not require M > N.

KK modes was identified in [142], but it was ascribed to the highly non-geodesic motion
that the relevant axion undergoes in field space. It would be interesting to perform a
similar computation in the setting of ABJ triality [48], where a string-theoretic picture
is also available. This specific example, as well as general considerations in holography,
highlight the potential origin of the power-like vs exponential discrepancy, namely the
difference between vector-like and matrix-like holographic theories. We began analyzing
the issue in the context of Chern-Simons-matter CFTs, but it seems reasonable that the
same principle accounts for different scalings in large-N limits as well. To wit, computing
the same information distance along RG flows in N' = 4 Super Yang-Mills and its dual
supergravity leads to an exponential decay of Kaluza-Klein masses in the large- N limit [143].
It is conceivable that a scenario in which one can interpolate between the two behaviors
would feature higher-spin anomalous dimensions decaying with a steeper and steeper power
of the distance, eventually turning to an exponential decay in the matrix-like limit. At any
rate, defining and studying infinite-distance limits in discrete landscapes of stabilized vacua
is of considerable interest in phenomenological model building.
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In the most extreme scenario, in which only strictly exponential decays are consistent
and the construction that we have proposed is a correct extension of well-established
swampland principles, the models that we have discussed in this paper would be placed in
the swampland, or at least excluded from the landscape of string-theoretic constructions. In
the opposite extreme, in which our construction has nothing to say about the swampland,
one can regard our analysis as a test of an extension of Conjecture IIT as put forth by [23] in
purely CFT terms. Alternatively, one can regard this as a study of how higher-spin gravity
behaves differently from typical stringy expectations.

All in all, the main takeaway that we would like to emphasize is that the infinite
towers of light states that characterize higher-spin gravity indeed appear at suitably defined
large distances in the theory space of their holographic duals. On the other hand, the
specific exponential behavior of masses and anomalous dimensions seems deeply tied to
stringy or matrix-like degrees of freedom. This can be expected from general gauge/string
duality considerations regarding large-/N limits, and is corroborated by our analysis of
Chern-Simons couplings. Considerations of quantum-gravitational consistency of non-stringy
models based on distance conjectures should thus take this into account. As a final comment,
we stress that there may even be settings in which a light tower of states appears at a finite
distance. We provide a concrete example of this sort in appendix A where, on the other
hand, the price to pay is the absence of a local energy-momentum tensor, in line with the
considerations of [144].
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A Generalized free fields and compact theory spaces

In the preceding sections we have explored theories where higher-spin points lie at infinite
information distance. This nicely fits with the expectations coming from the distance
conjecture, even in the generalized setting of this paper. As we have remarked, one of the
most relevant features of the analyses of section 3 and section 4 is the power-like scaling
of the higher-spin anomalous dimensions with the information distance that we used. It
is thus natural to ask whether there exist cases in which higher-spin points do not lie at
infinite distance.
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In this appendix we examine generalized free fields as a simple example of calculable
theory space with a non-trivial metric, and we find that the theory space is compact with
respect to the information distance that we used in this paper.

Concretely, we consider the momentum-space Euclidean action

_Ca [ d%
2 ) (2m)d

o(—p) [p|" 2 o (p) . (A1)

The inverse propagator Ga(p) = Ca |p|2A_d contains the scaling dimension A = % + v as
a free parameter. Here we define generalized free fields in terms of eq. (A.1), rather than
in terms of OPEs, since it is more convenient in order to compute the information metric.
As we shall see shortly, this treatment highlights how non-locality enters the discussion on
infinite-distance limits.

The action in eq. (A.1) depends on A in a non-linear fashion. Hence, according
to eq. (2.2), the information metric reads

GAA = <8A6AS> + OO0 log Z (A.2)

up to a volume factor, where a UV regulator A is implicit. Multiple decoupled generalized
free scalars would simply yield a diagonal metric ga,a; = ga,; A, 0. From eq. (A.2), a quick
computation gives

Adlp (CR20% Ip| 2 ||
QAA—/ (2m)1 (2(& " A logx+2log R (A.3)

where Cy = OaCAa.

The higher-spin limit A — % depends on the behavior of Ca. However, it seems that
for any reasonable normalization C'a the metric would be regular near the higher-spin point,
since C'y _ a2 = 1 for canonically normalized free fields. The absence of metric singularities
would then imply that the distance [ ,/gaa dA to the higher-spin point be finite.

If one were to trust the information metric of eq. (2.2) to extend the distance conjecture
beyond the standard settings, this result may appear thorny at first glance. However, it is
actually compatible with the considerations of [23] on locality. In order to have a sensible
theory of gravity in the bulk side of a holographic correspondence, the locality of the
stress tensor seems to be an important requirement. Thus, it seems reasonable to conclude
that this example does not constitute a proper counterexample to the (web of) distance
conjecture(s). Let us conclude briefly mentioning that the locality of a holographic dual in
quantum gravity also plays a crucial role in other aspects of the swampland program, as
highlighted in [144].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

~ 99 —


https://creativecommons.org/licenses/by/4.0/

References

[1]

2]

C. Vafa, The String landscape and the swampland, hep-th/0509212 [HUTP-05-A043]
[INSPIRE].

T.D. Brennan, F. Carta and C. Vafa, The String Landscape, the Swampland, and the Missing
Corner, PoS TASI2017 (2017) 015 [arXiv:1711.00864] [iNSPIRE].

E. Palti, The Swampland: Introduction and Review, Fortsch. Phys. 67 (2019) 1900037
[arXiv:1903.06239] [INSPIRE].

M. van Beest, J. Calderén-Infante, D. Mirfendereski and 1. Valenzuela, Lectures on the
Swampland Program in String Compactifications, Phys. Rept. 989 (2022) 1
[arXiv:2102.01111] [INSPIRE].

M. Grana and A. Herrdez, The Swampland Conjectures: A Bridge from Quantum Gravity to
Particle Physics, Universe 7 (2021) 273 [arXiv:2107.00087] [INSPIRE].

S. de Alwis et al., Asymptotic safety, string theory and the weak gravity conjecture, Phys.
Lett. B 798 (2019) 134991 [arXiv:1907.07894] [iNSPIRE].

1. Basile and A. Platania, Asymptotic Safety: Swampland or Wonderland?, Universe 7 (2021)
389 [arXiv:2107.06897] [NSPIRE].

X. Bekaert et al., Snowmass White Paper: Higher Spin Gravity and Higher Spin Symmetry,
arXiv:2205.01567 [iNSPIRE].

H.-C. Kim, H.-C. Tarazi and C. Vafa, Four-dimensional N' = 4 SYM theory and the
swampland, Phys. Rev. D 102 (2020) 026003 [arXiv:1912.06144] [INSPIRE].

S. Katz, H.-C. Kim, H.-C. Tarazi and C. Vafa, Swampland Constraints on 5d N =1
Supergravity, JHEP 07 (2020) 080 [arXiv:2004.14401] [INSPIRE].

M. Montero and C. Vafa, Cobordism Conjecture, Anomalies, and the String Lamppost
Principle, JHEP 01 (2021) 063 [arXiv:2008.11729] [INSPIRE].

A. Bedroya, Y. Hamada, M. Montero and C. Vafa, Compactness of brane moduli and the
String Lamppost Principle in d > 6, JHEP 02 (2022) 082 [arXiv:2110.10157] INSPIRE].

H.-C. Tarazi and C. Vafa, On The Finiteness of 6d Supergravity Landscape,
arXiv:2106.10839 [INSPIRE].

H. Ooguri and C. Vafa, On the Geometry of the String Landscape and the Swampland, Nucl.
Phys. B 766 (2007) 21 [hep-th/0605264] [INSPIRE].

F. Baume and E. Palti, Backreacted Axion Field Ranges in String Theory, JHEP 08 (2016)
043 [arXiv:1602.06517] [INSPIRE].

D. Klaewer and E. Palti, Super-Planckian Spatial Field Variations and Quantum Gravity,
JHEP 01 (2017) 088 [arXiv:1610.00010] [INSPIRE].

R. Blumenhagen, D. Klawer, L. Schlechter and F. Wolf, The Refined Swampland Distance
Conjecture in Calabi-Yau Moduli Spaces, JHEP 06 (2018) 052 [arXiv:1803.04989]
[INSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, Emergence of Weak Coupling at Large Distance in
Quantum Gravity, Phys. Rev. Lett. 121 (2018) 051601 [arXiv:1802.08698] [INSPIRE].

S.-J. Lee, W. Lerche and T. Weigand, Tensionless Strings and the Weak Gravity Conjecture,
JHEP 10 (2018) 164 [arXiv:1808.05958] [INSPIRE].

— 30 —


https://arxiv.org/abs/hep-th/0509212
https://inspirehep.net/literature/693508
https://doi.org/10.22323/1.305.0015
https://arxiv.org/abs/1711.00864
https://inspirehep.net/literature/1634451
https://doi.org/10.1002/prop.201900037
https://arxiv.org/abs/1903.06239
https://inspirehep.net/literature/1725205
https://doi.org/10.1016/j.physrep.2022.09.002
https://arxiv.org/abs/2102.01111
https://inspirehep.net/literature/1844458
https://doi.org/10.3390/universe7080273
https://arxiv.org/abs/2107.00087
https://inspirehep.net/literature/1873985
https://doi.org/10.1016/j.physletb.2019.134991
https://doi.org/10.1016/j.physletb.2019.134991
https://arxiv.org/abs/1907.07894
https://inspirehep.net/literature/1744430
https://doi.org/10.3390/universe7100389
https://doi.org/10.3390/universe7100389
https://arxiv.org/abs/2107.06897
https://inspirehep.net/literature/1885450
https://arxiv.org/abs/2205.01567
https://inspirehep.net/literature/2076040
https://doi.org/10.1103/PhysRevD.102.026003
https://arxiv.org/abs/1912.06144
https://inspirehep.net/literature/1770750
https://doi.org/10.1007/JHEP07(2020)080
https://arxiv.org/abs/2004.14401
https://inspirehep.net/literature/1793590
https://doi.org/10.1007/JHEP01(2021)063
https://arxiv.org/abs/2008.11729
https://inspirehep.net/literature/1813631
https://doi.org/10.1007/JHEP02(2022)082
https://arxiv.org/abs/2110.10157
https://inspirehep.net/literature/1949008
https://arxiv.org/abs/2106.10839
https://inspirehep.net/literature/1869552
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arxiv.org/abs/hep-th/0605264
https://inspirehep.net/literature/717890
https://doi.org/10.1007/JHEP08(2016)043
https://doi.org/10.1007/JHEP08(2016)043
https://arxiv.org/abs/1602.06517
https://inspirehep.net/literature/1422813
https://doi.org/10.1007/JHEP01(2017)088
https://arxiv.org/abs/1610.00010
https://inspirehep.net/literature/1489164
https://doi.org/10.1007/JHEP06(2018)052
https://arxiv.org/abs/1803.04989
https://inspirehep.net/literature/1662507
https://doi.org/10.1103/PhysRevLett.121.051601
https://arxiv.org/abs/1802.08698
https://inspirehep.net/literature/1657421
https://doi.org/10.1007/JHEP10(2018)164
https://arxiv.org/abs/1808.05958
https://inspirehep.net/literature/1688845

[20]

[21]

[22]

[35]

[36]

[37]

[38]

S.-J. Lee, W. Lerche and T. Weigand, Emergent strings, duality and weak coupling limits for
two-form fields, JHEP 02 (2022) 096 [arXiv:1904.06344] [INSPIRE].

S.-J. Lee, W. Lerche and T. Weigand, Emergent strings from infinite distance limits, JHEP
02 (2022) 190 [arXiv:1910.01135] [INSPIRE].

F. Baume and J. Calderén Infante, Tackling the SDC in AdS with CFTs, JHEP 08 (2021)
057 [arXiv:2011.03583] [INSPIRE].

E. Perlmutter, L. Rastelli, C. Vafa and 1. Valenzuela, A CF'T distance conjecture, JHEP 10
(2021) 070 [arXiv:2011.10040] [INSPIRE].

J. Stout, Infinite Distance Limits and Information Theory, arXiv:2106.11313 [INSPIRE].

1. Basile, Emergent strings at infinite distance with broken supersymmetry,
arXiv:2201.08851 [iNSPIRE].

J. Stout, Infinite Distances and Factorization, arXiv:2208.08444 [INSPIRE].

D. O’Connor and C.R. Stephens, Geometry, the renormalization group and gravity,
hep-th/9304095 [DIAS-STP-92-36] [iNSPIRE].

B.P. Dolan, Renormalization group flow and geodesics in the O(N) model for large N, Nucl.
Phys. B 528 (1998) 553 [hep-th/9702156] [INSPIRE].

J.J. Heckman, Statistical Inference and String Theory, Int. J. Mod. Phys. A 30 (2015)
1550160 [arXiv:1305.3621] INSPIRE].

L. Girardello, M. Porrati and A. Zaffaroni, 3-D interacting CFTs and generalized Higgs
phenomenon in higher spin theories on AdS, Phys. Lett. B 561 (2003) 289 [hep-th/0212181]
[INSPIRE].

M. Bianchi, Higher spins and stringy AdSs x S°, Fortsch. Phys. 53 (2005) 665
[hep-th/0409304] [INSPIRE].

M.R. Gaberdiel, C. Peng and 1.G. Zadeh, Higgsing the stringy higher spin symmetry, JHEP
10 (2015) 101 [arXiv:1506.02045] [INSPIRE].

L.R. Klebanov and A.M. Polyakov, AdS dual of the critical O(N) vector model, Phys. Lett. B
550 (2002) 213 [hep-th/0210114] [INSPIRE].

E. Sezgin and P. Sundell, Holography in 4D (super) higher spin theories and a test via cubic
scalar couplings, JHEP 07 (2005) 044 [hep-th/0305040] [iINSPIRE].

R.G. Leigh and A.C. Petkou, Holography of the N = 1 higher spin theory on AdSy, JHEP 06
(2003) 011 [hep-th/0304217] InSPIRE].

S. Giombi et al., Chern-Simons Theory with Vector Fermion Matter, Fur. Phys. J. C 72
(2012) 2112 [arXiv:1110.4386] [INSPIRE].

X. Bekaert, E. Joung and J. Mourad, Comments on higher-spin holography, Fortsch. Phys.
60 (2012) 882 [arXiv:1202.0543] [INSPIRE].

S. Giombi and X. Yin, The Higher Spin/Vector Model Duality, J. Phys. A 46 (2013) 214003
[arXiv:1208.4036] [NSPIRE].

S. Giombi, Higher Spin — CFT Duality, in the proceedings of Theoretical Advanced Study
Institute in Elementary Particle Physics: New Frontiers in Fields and Strings, Boulder
U.S.A., June 1-26 2015, [World Scientific (2017), p. 137-214]
[DDI:10.1142/9789813149441_0003] [arXiv:1607.02967] [INSPIRE].

~ 31—


https://doi.org/10.1007/JHEP02(2022)096
https://arxiv.org/abs/1904.06344
https://inspirehep.net/literature/1729562
https://doi.org/10.1007/JHEP02(2022)190
https://doi.org/10.1007/JHEP02(2022)190
https://arxiv.org/abs/1910.01135
https://inspirehep.net/literature/1757412
https://doi.org/10.1007/JHEP08(2021)057
https://doi.org/10.1007/JHEP08(2021)057
https://arxiv.org/abs/2011.03583
https://inspirehep.net/literature/1828985
https://doi.org/10.1007/JHEP10(2021)070
https://doi.org/10.1007/JHEP10(2021)070
https://arxiv.org/abs/2011.10040
https://inspirehep.net/literature/1831417
https://arxiv.org/abs/2106.11313
https://inspirehep.net/literature/1869699
https://arxiv.org/abs/2201.08851
https://inspirehep.net/literature/2016448
https://arxiv.org/abs/2208.08444
https://inspirehep.net/literature/2138862
https://arxiv.org/abs/hep-th/9304095
https://inspirehep.net/literature/34780
https://doi.org/10.1016/S0550-3213(98)00457-X
https://doi.org/10.1016/S0550-3213(98)00457-X
https://arxiv.org/abs/hep-th/9702156
https://inspirehep.net/literature/440607
https://doi.org/10.1142/S0217751X15501602
https://doi.org/10.1142/S0217751X15501602
https://arxiv.org/abs/1305.3621
https://inspirehep.net/literature/1233684
https://doi.org/10.1016/S0370-2693(03)00492-1
https://arxiv.org/abs/hep-th/0212181
https://inspirehep.net/literature/604715
https://doi.org/10.1002/prop.200410199
https://arxiv.org/abs/hep-th/0409304
https://inspirehep.net/literature/660702
https://doi.org/10.1007/JHEP10(2015)101
https://doi.org/10.1007/JHEP10(2015)101
https://arxiv.org/abs/1506.02045
https://inspirehep.net/literature/1375056
https://doi.org/10.1016/S0370-2693(02)02980-5
https://doi.org/10.1016/S0370-2693(02)02980-5
https://arxiv.org/abs/hep-th/0210114
https://inspirehep.net/literature/599484
https://doi.org/10.1088/1126-6708/2005/07/044
https://arxiv.org/abs/hep-th/0305040
https://inspirehep.net/literature/618190
https://doi.org/10.1088/1126-6708/2003/06/011
https://doi.org/10.1088/1126-6708/2003/06/011
https://arxiv.org/abs/hep-th/0304217
https://inspirehep.net/literature/617638
https://doi.org/10.1140/epjc/s10052-012-2112-0
https://doi.org/10.1140/epjc/s10052-012-2112-0
https://arxiv.org/abs/1110.4386
https://inspirehep.net/literature/940638
https://doi.org/10.1002/prop.201200014
https://doi.org/10.1002/prop.201200014
https://arxiv.org/abs/1202.0543
https://inspirehep.net/literature/1087287
https://doi.org/10.1088/1751-8113/46/21/214003
https://arxiv.org/abs/1208.4036
https://inspirehep.net/literature/1128296
https://doi.org/10.1142/9789813149441_0003
https://arxiv.org/abs/1607.02967
https://inspirehep.net/literature/1475038

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

B. Sundborg, Stringy gravity, interacting tensionless strings and massless higher spins, Nucl.
Phys. B Proc. Suppl. 102 (2001) 113 [hep-th/0103247] [INSPIRE].

A. Mikhailov, Notes on higher spin symmetries, hep-th/0201019 [NSF-ITP-01-181]
[INSPIRE].

E. Sezgin and P. Sundell, Massless higher spins and holography, Nucl. Phys. B 644 (2002)
303 [hep-th/0205131] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Higher Spins & Strings, JHEP 11 (2014) 044
[arXiv:1406.6103] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Stringy Symmetries and the Higher Spin Square, J.
Phys. A 48 (2015) 185402 [arXiv:1501.07236] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, String Theory as a Higher Spin Theory, JHEP 09 (2016)
085 [arXiv:1512.07237] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, Tensionless string spectra on AdSs, JHEP 05 (2018) 085
[arXiv:1803.04423] [INSPIRE].

M.R. Gaberdiel and R. Gopakumar, String Dual to Free N = 4 Supersymmetric Yang-Mills
Theory, Phys. Rev. Lett. 127 (2021) 131601 [arXiv:2104.08263] [INSPIRE].

C.-M. Chang, S. Minwalla, T. Sharma and X. Yin, ABJ Triality: from Higher Spin Fields to
Strings, J. Phys. A 46 (2013) 214009 [arXiv:1207.4485] [INSPIRE].

H.C. Steinacker, Emergent gravity on covariant quantum spaces in the IKKT model, JHEP
12 (2016) 156 [arXiv:1606.00769] INSPIRE].

M. Sperling and H.C. Steinacker, Covariant 4-dimensional fuzzy spheres, matrix models and
higher spin, J. Phys. A 50 (2017) 375202 [arXiv:1704.02863] [INSPIRE].

M. Sperling and H.C. Steinacker, Covariant cosmological quantum space-time, higher-spin
and gravity in the IKKT matriz model, JHEP 07 (2019) 010 [arXiv:1901.03522] [INSPIRE].

H.C. Steinacker, On the quantum structure of space-time, gravity, and higher spin in matriz
models, Class. Quant. Grav. 37 (2020) 113001 [arXiv:1911.03162] [INSPIRE].

S. Fredenhagen and H.C. Steinacker, Exploring the gravity sector of emergent higher-spin
gravity: effective action and a solution, JHEP 05 (2021) 183 [arXiv:2101.07297] InSPIRE].

H.C. Steinacker, Classical space-time geometry and the weak gravity regime in the IKKT
matriz model, PoS CORFU2021 (2022) 232 [arXiv:2204.05679] [InSPIRE].

H.C. Steinacker and T. Tran, A twistorial description of the IKKT-matrix model, JHEP 11
(2022) 146 [arXiv:2203.05436] [INSPIRE].

M. Valenzuela, Higher spin matriz models, Universe 3 (2017) 74 [arXiv:1709.07564]
[INSPIRE].

D. Andriot, N. Cribiori and D. Erkinger, The web of swampland conjectures and the TCC
bound, JHEP 07 (2020) 162 [arXiv:2004.00030] [INSPIRE].

M. Etheredge et al., Sharpening the Distance Conjecture in diverse dimensions, JHEP 12
(2022) 114 [arXiv:2206.04063] [INSPIRE].

S. Lanza, F. Marchesano, L. Martucci and 1. Valenzuela, Large Field Distances from EFT
strings, PoS CORFU2021 (2022) 169 [arXiv:2205.04532] [INSPIRE].

~32 -


https://doi.org/10.1016/S0920-5632(01)01545-6
https://doi.org/10.1016/S0920-5632(01)01545-6
https://arxiv.org/abs/hep-th/0103247
https://inspirehep.net/literature/540930
https://arxiv.org/abs/hep-th/0201019
https://inspirehep.net/literature/581426
https://doi.org/10.1016/S0550-3213(02)00739-3
https://doi.org/10.1016/S0550-3213(02)00739-3
https://arxiv.org/abs/hep-th/0205131
https://inspirehep.net/literature/586795
https://doi.org/10.1007/JHEP11(2014)044
https://arxiv.org/abs/1406.6103
https://inspirehep.net/literature/1302836
https://doi.org/10.1088/1751-8113/48/18/185402
https://doi.org/10.1088/1751-8113/48/18/185402
https://arxiv.org/abs/1501.07236
https://inspirehep.net/literature/1341638
https://doi.org/10.1007/JHEP09(2016)085
https://doi.org/10.1007/JHEP09(2016)085
https://arxiv.org/abs/1512.07237
https://inspirehep.net/literature/1411133
https://doi.org/10.1007/JHEP05(2018)085
https://arxiv.org/abs/1803.04423
https://inspirehep.net/literature/1662310
https://doi.org/10.1103/PhysRevLett.127.131601
https://arxiv.org/abs/2104.08263
https://inspirehep.net/literature/1926031
https://doi.org/10.1088/1751-8113/46/21/214009
https://arxiv.org/abs/1207.4485
https://inspirehep.net/literature/1123133
https://doi.org/10.1007/JHEP12(2016)156
https://doi.org/10.1007/JHEP12(2016)156
https://arxiv.org/abs/1606.00769
https://inspirehep.net/literature/1466773
https://doi.org/10.1088/1751-8121/aa8295
https://arxiv.org/abs/1704.02863
https://inspirehep.net/literature/1590930
https://doi.org/10.1007/JHEP07(2019)010
https://arxiv.org/abs/1901.03522
https://inspirehep.net/literature/1713395
https://doi.org/10.1088/1361-6382/ab857f
https://arxiv.org/abs/1911.03162
https://inspirehep.net/literature/1763834
https://doi.org/10.1007/JHEP05(2021)183
https://arxiv.org/abs/2101.07297
https://inspirehep.net/literature/1841850
https://doi.org/10.22323/1.406.0232
https://arxiv.org/abs/2204.05679
https://inspirehep.net/literature/2066035
https://doi.org/10.1007/JHEP11(2022)146
https://doi.org/10.1007/JHEP11(2022)146
https://arxiv.org/abs/2203.05436
https://inspirehep.net/literature/2049640
https://doi.org/10.3390/universe3040074
https://arxiv.org/abs/1709.07564
https://inspirehep.net/literature/1625131
https://doi.org/10.1007/JHEP07(2020)162
https://arxiv.org/abs/2004.00030
https://inspirehep.net/literature/1789246
https://doi.org/10.1007/JHEP12(2022)114
https://doi.org/10.1007/JHEP12(2022)114
https://arxiv.org/abs/2206.04063
https://inspirehep.net/literature/2093817
https://doi.org/10.22323/1.406.0169
https://arxiv.org/abs/2205.04532
https://inspirehep.net/literature/2079405

[60]

[61]

[62]

[63]

D. Liist, E. Palti and C. Vafa, AdS and the Swampland, Phys. Lett. B 797 (2019) 134867
[arXiv:1906.05225] [INSPIRE].

J. Calderén-Infante, A.M. Uranga and I. Valenzuela, The Convexr Hull Swampland Distance
Congjecture and Bounds on Non-geodesics, JHEP 03 (2021) 299 [arXiv:2012.00034]
[INSPIRE].

S. Lanza, F. Marchesano, L. Martucci and 1. Valenzuela, Swampland Conjectures for Strings
and Membranes, JHEP 02 (2021) 006 [arXiv:2006.15154] [INSPIRE].

S. Lanza, F. Marchesano, L. Martucci and I. Valenzuela, The EFT stringy viewpoint on large
distances, JHEP 09 (2021) 197 [arXiv:2104.05726] [INSPIRE].

T.W. Grimm, S. Lanza and C. Li, Tameness, Strings, and the Distance Conjecture, JHEP 09
(2022) 149 [arXiv:2206.00697] [iNSPIRE].

J.P. Provost and G. Vallee, Riemannian Structure on Manifolds of Quantum States,
Commun. Math. Phys. 76 (1980) 289 INSPIRE].

W.K. Wootters, Statistical Distance and Hilbert Space, Phys. Rev. D 23 (1981) 357 [INSPIRE].

V. Balasubramanian, J.J. Heckman and A. Maloney, Relative Entropy and Prozimity of
Quantum Field Theories, JHEP 05 (2015) 104 [arXiv:1410.6809] [INSPIRE].

D. Anselmi and D. Buttazzo, Distance Between Quantum Field Theories As A Measure Of
Lorentz Violation, Phys. Rev. D 84 (2011) 036012 [arXiv:1105.4209] [INSPIRE].

E.D. Skvortsov, On (Un)Broken Higher-Spin Symmetry in Vector Models, in the proceedings
of International Workshop on Higher Spin Gauge Theories, Singapore, November 4—6 2015
[World Scientific (2017), p. 103-137] [DOI:10.1142/9789813144101_0008] [arXiv:1512.05994]
[INSPIRE].

S. Giombi and V. Kirilin, Anomalous dimensions in CFT with weakly broken higher spin
symmetry, JHEP 11 (2016) 068 [arXiv:1601.01310] [InSPIRE].

A.N. Manashov and E.D. Skvortsov, Higher-spin currents in the Gross-Neveu model at 1/n?,
JHEP 01 (2017) 132 [arXiv:1610.06938] [INSPIRE].

A.N. Manashov, E.D. Skvortsov and M. Strohmaier, Higher spin currents in the critical
O(N ) vector model at 1/N?, JHEP 08 (2017) 106 [arXiv:1706.09256] [INSPIRE].

P. Gerasimenko, A. Sharapov and E. Skvortsov, Slightly broken higher spin symmetry:
general structure of correlators, JHEP 01 (2022) 097 [arXiv:2108.05441] [InSPIRE].

R. Fowler and J.J. Heckman, Misanthropic entropy and renormalization as a communication
channel, Int. J. Mod. Phys. A 37 (2022) 2250109 [arXiv:2108.02772] [INSPIRE].

J.M. Kosterlitz, D.R. Nelson and M.E. Fisher, Bicritical and tetracritical points in
anisotropic antiferromagnetic systems, Phys. Rev. B 13 (1976) 412 [InSPIRE].

G. Eyal, M. Moshe, S. Nishigaki and J. Zinn-Justin, The O(N) vector model in the large N
limit revisited: Multicritical points and double scaling limit, Nucl. Phys. B 470 (1996) 369
[hep-th/9601080] [INSPIRE].

A. Pelissetto and E. Vicari, Critical phenomena and renormalization group theory, Phys.
Rept. 368 (2002) 549 [cond-mat/0012164] [INSPIRE].

A. Pelissetto, P. Rossi and E. Vicari, Large n critical behavior of O(n) x O(m) spin models,
Nucl. Phys. B 607 (2001) 605 [hep-th/0104024| [INSPIRE].

— 33 —


https://doi.org/10.1016/j.physletb.2019.134867
https://arxiv.org/abs/1906.05225
https://inspirehep.net/literature/1739631
https://doi.org/10.1007/JHEP03(2021)299
https://arxiv.org/abs/2012.00034
https://inspirehep.net/literature/1834256
https://doi.org/10.1007/JHEP02(2021)006
https://arxiv.org/abs/2006.15154
https://inspirehep.net/literature/1803587
https://doi.org/10.1007/JHEP09(2021)197
https://arxiv.org/abs/2104.05726
https://inspirehep.net/literature/1858065
https://doi.org/10.1007/JHEP09(2022)149
https://doi.org/10.1007/JHEP09(2022)149
https://arxiv.org/abs/2206.00697
https://inspirehep.net/literature/2090843
https://doi.org/10.1007/BF02193559
https://inspirehep.net/literature/159132
https://doi.org/10.1103/PhysRevD.23.357
https://inspirehep.net/literature/166726
https://doi.org/10.1007/JHEP05(2015)104
https://arxiv.org/abs/1410.6809
https://inspirehep.net/literature/1324415
https://doi.org/10.1103/PhysRevD.84.036012
https://arxiv.org/abs/1105.4209
https://inspirehep.net/literature/901003
https://doi.org/10.1142/9789813144101_0008
https://arxiv.org/abs/1512.05994
https://inspirehep.net/literature/1410620
https://doi.org/10.1007/JHEP11(2016)068
https://arxiv.org/abs/1601.01310
https://inspirehep.net/literature/1413761
https://doi.org/10.1007/JHEP01(2017)132
https://arxiv.org/abs/1610.06938
https://inspirehep.net/literature/1494097
https://doi.org/10.1007/JHEP08(2017)106
https://arxiv.org/abs/1706.09256
https://inspirehep.net/literature/1607914
https://doi.org/10.1007/JHEP01(2022)097
https://arxiv.org/abs/2108.05441
https://inspirehep.net/literature/1904066
https://doi.org/10.1142/S0217751X22501093
https://arxiv.org/abs/2108.02772
https://inspirehep.net/literature/1899699
https://doi.org/10.1103/PhysRevB.13.412
https://inspirehep.net/literature/118575
https://doi.org/10.1016/0550-3213(96)00168-X
https://arxiv.org/abs/hep-th/9601080
https://inspirehep.net/literature/415307
https://doi.org/10.1016/S0370-1573(02)00219-3
https://doi.org/10.1016/S0370-1573(02)00219-3
https://arxiv.org/abs/cond-mat/0012164
https://inspirehep.net/literature/538490
https://doi.org/10.1016/S0550-3213(01)00223-1
https://arxiv.org/abs/hep-th/0104024
https://inspirehep.net/literature/554978

[79] P. Calabrese, A. Pelissetto and E. Vicari, Multicritical phenomena in O(n(1)) + O(n(2))
symmetric theories, Phys. Rev. B 67 (2003) 054505 [cond-mat/0209580] [INSPIRE].

[80] R. Folk, Y. Holovatch and G. Moser, Field Theoretical Approach to Bicritical and Tetracritical
Behavior: Static and Dynamics, J. Phys. Stud. 13 (2009) 4003 [arXiv:0906.3624] [INSPIRE].

[81] A. Eichhorn, D. Mesterhdzy and M.M. Scherer, Multicritical behavior in models with two
competing order parameters, Phys. Rev. E 88 (2013) 042141 [arXiv:1306.2952] INSPIRE].

[82] S. Rychkov and A. Stergiou, General Properties of Multiscalar RG Flows in d = 4 — ¢,
SciPost Phys. 6 (2019) 008 [arXiv:1810.10541] INSPIRE].

[83] G.P. Vacca, A. Codello, M. Safari and O. Zanusso, Multi-Critical Multi-Field Models: A CFT
Approach to the Leading Order, Universe 5 (2019) 151 [arXiv:1905.01086] [INSPIRE].

[84] N. Chai, E. Rabinovici, R. Sinha and M. Smolkin, The bi-conical vector model at 1/N, JHEP
05 (2021) 192 [arXiv:2011.06003] [NSPIRE].

[85] N. Chai et al., Thermal Order in Conformal Theories, Phys. Rev. D 102 (2020) 065014
[arXiv:2005.03676] [INSPIRE].

[86] A.C. Petkou, Cr and Cy up to next-to-leading order in 1/N in the conformally invariant
O(N) vector model for 2 < d < 4, Phys. Lett. B 359 (1995) 101 [hep-th/9506116] [INSPIRE].

[87] K. Diab et al., On C; and Cr in the Gross-Neveu and O(N) models, J. Phys. A 49 (2016)
405402 [arXiv:1601.07198] [INSPIRE].

[88] O. Aharony, G. Gur-Ari and R. Yacoby, d = 3 Bosonic Vector Models Coupled to
Chern-Simons Gauge Theories, JHEP 03 (2012) 037 [arXiv:1110.4382] [InSPIRE].

[89] O. Aharony et al., The Thermal Free Energy in Large N Chern-Simons-Matter Theories,
JHEP 03 (2013) 121 [arXiv:1211.4843] [INSPIRE].

[90] J. Maldacena and A. Zhiboedov, Constraining conformal field theories with a slightly broken
higher spin symmetry, Class. Quant. Grav. 30 (2013) 104003 [arXiv:1204.3882] [INSPIRE].

[91] S. Giombi et al., On the Higher-Spin Spectrum in Large N Chern-Simons Vector Models,
JHEP 01 (2017) 058 [arXiv:1610.08472] [INSPIRE].

[92] L.R. Klebanov, S.S. Pufu and B.R. Safdi, F-Theorem without Supersymmetry, JHEP 10
(2011) 038 [arXiv:1105.4598] [INSPIRE].

[93] L.F. Alday and J.M. Maldacena, Comments on operators with large spin, JHEP 11 (2007)
019 [arXiv:0708.0672] INSPIRE].

[94] M. Flato and C. Fronsdal, One Massless Particle Equals Two Dirac Singletons: Elementary
Particles in a Curved Space. 6, Lett. Math. Phys. 2 (1978) 421 [INSPIRE].

[95] N.S. Craigie, V.K. Dobrev and 1.T. Todorov, Conformally Covariant Composite Operators in
Quantum Chromodynamics, Annals Phys. 159 (1985) 411 [inSPIRE].

[96] O. Aharony, G. Gur-Ari and R. Yacoby, Correlation Functions of Large N
Chern-Simons-Matter Theories and Bosonization in Three Dimensions, JHEP 12 (2012) 028
[arXiv:1207.4593] [INSPIRE].

[97] O. Aharony, Baryons, monopoles and dualities in Chern-Simons-matter theories, JHEP 02
(2016) 093 [arXiv:1512.00161] [INSPIRE].

[98] A. Karch and D. Tong, Particle-Vortex Duality from 3d Bosonization, Phys. Rev. X 6 (2016)
031043 [arXiv:1606.01893] [INSPIRE].

— 34 —


https://doi.org/10.1103/PhysRevB.67.054505
https://arxiv.org/abs/cond-mat/0209580
https://inspirehep.net/literature/598102
https://doi.org/10.30970/jps.13.4003
https://arxiv.org/abs/0906.3624
https://inspirehep.net/literature/824917
https://doi.org/10.1103/PhysRevE.88.042141
https://arxiv.org/abs/1306.2952
https://inspirehep.net/literature/1238431
https://doi.org/10.21468/SciPostPhys.6.1.008
https://arxiv.org/abs/1810.10541
https://inspirehep.net/literature/1700401
https://doi.org/10.3390/universe5060151
https://arxiv.org/abs/1905.01086
https://inspirehep.net/literature/1733125
https://doi.org/10.1007/JHEP05(2021)192
https://doi.org/10.1007/JHEP05(2021)192
https://arxiv.org/abs/2011.06003
https://inspirehep.net/literature/1829775
https://doi.org/10.1103/PhysRevD.102.065014
https://arxiv.org/abs/2005.03676
https://inspirehep.net/literature/1794930
https://doi.org/10.1016/0370-2693(95)00936-F
https://arxiv.org/abs/hep-th/9506116
https://inspirehep.net/literature/396356
https://doi.org/10.1088/1751-8113/49/40/405402
https://doi.org/10.1088/1751-8113/49/40/405402
https://arxiv.org/abs/1601.07198
https://inspirehep.net/literature/1417125
https://doi.org/10.1007/JHEP03(2012)037
https://arxiv.org/abs/1110.4382
https://inspirehep.net/literature/940637
https://doi.org/10.1007/JHEP03(2013)121
https://arxiv.org/abs/1211.4843
https://inspirehep.net/literature/1203332
https://doi.org/10.1088/0264-9381/30/10/104003
https://arxiv.org/abs/1204.3882
https://inspirehep.net/literature/1111171
https://doi.org/10.1007/JHEP01(2017)058
https://arxiv.org/abs/1610.08472
https://inspirehep.net/literature/1494618
https://doi.org/10.1007/JHEP10(2011)038
https://doi.org/10.1007/JHEP10(2011)038
https://arxiv.org/abs/1105.4598
https://inspirehep.net/literature/900880
https://doi.org/10.1088/1126-6708/2007/11/019
https://doi.org/10.1088/1126-6708/2007/11/019
https://arxiv.org/abs/0708.0672
https://inspirehep.net/literature/757605
https://doi.org/10.1007/BF00400170
https://inspirehep.net/literature/130531
https://doi.org/10.1016/0003-4916(85)90118-6
https://inspirehep.net/literature/191843
https://doi.org/10.1007/JHEP12(2012)028
https://arxiv.org/abs/1207.4593
https://inspirehep.net/literature/1123140
https://doi.org/10.1007/JHEP02(2016)093
https://doi.org/10.1007/JHEP02(2016)093
https://arxiv.org/abs/1512.00161
https://inspirehep.net/literature/1407520
https://doi.org/10.1103/PhysRevX.6.031043
https://doi.org/10.1103/PhysRevX.6.031043
https://arxiv.org/abs/1606.01893
https://inspirehep.net/literature/1468019

[99]

[100]

[101]

[102]

[103]

[104]

[105)

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

N. Seiberg, T. Senthil, C. Wang and E. Witten, A Duality Web in 2 + 1 Dimensions and
Condensed Matter Physics, Annals Phys. 374 (2016) 395 [arXiv:1606.01989] [INSPIRE].

S. Giombi, Testing the Boson/Fermion Duality on the Three-Sphere, arXiv:1707.06604
[PUPT-2530] [inSPIRE].

J. Maldacena and A. Zhiboedov, Constraining Conformal Field Theories with A Higher Spin
Symmetry, J. Phys. A 46 (2013) 214011 [arXiv:1112.1016] INSPIRE].

N. Boulanger, D. Ponomarev, E.D. Skvortsov and M. Taronna, On the uniqueness of
higher-spin symmetries in AdS and CF'T, Int. J. Mod. Phys. A 28 (2013) 1350162
[arXiv:1305.5180] [INSPIRE].

V. Alba and K. Diab, Constraining conformal field theories with a higher spin symmetry in
d =4, arXiv:1307.8092 [INSPIRE].

V. Alba and K. Diab, Constraining conformal field theories with a higher spin symmetry in
d > 3 dimensions, JHEP 03 (2016) 044 [arXiv:1510.02535] [INSPIRE].

S.E. Konstein and M.A. Vasiliev, Extended Higher Spin Superalgebras and Their Massless
Representations, Nucl. Phys. B 331 (1990) 475 [INSPIRE].

L.R. Klebanov and E. Witten, AdS/CFT correspondence and symmetry breaking, Nucl. Phys.
B 556 (1999) 89 [hep-th/9905104] [INSPIRE].

E.D. Skvortsov and T. Tran, AdS/CFT in Fractional Dimension and Higher Spin Gravity at
One Loop, Universe 3 (2017) 61 [arXiv:1707.00758] [INSPIRE].

S. Giombi and L.R. Klebanov, One Loop Tests of Higher Spin AdS/CFT, JHEP 12 (2013)
068 [arXiv:1308.2337] [INSPIRE].

S. Giombi, I.R. Klebanov and Z.M. Tan, The ABC of Higher-Spin AdS/CFT, Universe 4
(2018) 18 [arXiv:1608.07611] [INSPIRE].

M. Giinaydin, E.D. Skvortsov and T. Tran, Fzceptional F'(4) higher-spin theory in AdSs at
one-loop and other tests of duality, JHEP 11 (2016) 168 [arXiv:1608.07582] [INSPIRE].

D. Anninos, T. Hartman and A. Strominger, Higher Spin Realization of the dS/CFT
Correspondence, Class. Quant. Grav. 34 (2017) 015009 [arXiv:1108.5735] [INSPIRE].

X. Bekaert, J. Erdmenger, D. Ponomarev and C. Sleight, Quartic AdS Interactions in
Higher-Spin Gravity from Conformal Field Theory, JHEP 11 (2015) 149
[arXiv:1508.04292] [INSPIRE].

J. Maldacena, D. Simmons-Duffin and A. Zhiboedov, Looking for a bulk point, JHEP 01
(2017) 013 [arXiv:1509.03612] [INSPIRE].

C. Sleight and M. Taronna, Higher-Spin Gauge Theories and Bulk Locality, Phys. Rev. Lett.
121 (2018) 171604 [arXiv:1704.07859] [INSPIRE].

D. Ponomarev, A Note on (Non)-Locality in Holographic Higher Spin Theories, Universe 4
(2018) 2 [arXiv:1710.00403] [INSPIRE].

D. Ponomarev and E.D. Skvortsov, Light-Front Higher-Spin Theories in Flat Space, J. Phys.
A 50 (2017) 095401 [arXiv:1609.04655)] [INSPIRE].

E. Skvortsov, Light-Front Bootstrap for Chern-Simons Matter Theories, JHEP 06 (2019) 058
[arXiv:1811.12333] [INSPIRE].

— 35 —


https://doi.org/10.1016/j.aop.2016.08.007
https://arxiv.org/abs/1606.01989
https://inspirehep.net/literature/1468029
https://arxiv.org/abs/1707.06604
https://inspirehep.net/literature/1610881
https://doi.org/10.1088/1751-8113/46/21/214011
https://arxiv.org/abs/1112.1016
https://inspirehep.net/literature/1079967
https://doi.org/10.1142/S0217751X13501625
https://arxiv.org/abs/1305.5180
https://inspirehep.net/literature/1235051
https://arxiv.org/abs/1307.8092
https://inspirehep.net/literature/1245294
https://doi.org/10.1007/JHEP03(2016)044
https://arxiv.org/abs/1510.02535
https://inspirehep.net/literature/1397026
https://doi.org/10.1016/0550-3213(90)90216-Z
https://inspirehep.net/literature/26084
https://doi.org/10.1016/S0550-3213(99)00387-9
https://doi.org/10.1016/S0550-3213(99)00387-9
https://arxiv.org/abs/hep-th/9905104
https://inspirehep.net/literature/499962
https://doi.org/10.3390/universe3030061
https://arxiv.org/abs/1707.00758
https://inspirehep.net/literature/1608634
https://doi.org/10.1007/JHEP12(2013)068
https://doi.org/10.1007/JHEP12(2013)068
https://arxiv.org/abs/1308.2337
https://inspirehep.net/literature/1247485
https://doi.org/10.3390/universe4010018
https://doi.org/10.3390/universe4010018
https://arxiv.org/abs/1608.07611
https://inspirehep.net/literature/1484326
https://doi.org/10.1007/JHEP11(2016)168
https://arxiv.org/abs/1608.07582
https://inspirehep.net/literature/1484325
https://doi.org/10.1088/1361-6382/34/1/015009
https://arxiv.org/abs/1108.5735
https://inspirehep.net/literature/925749
https://doi.org/10.1007/JHEP11(2015)149
https://arxiv.org/abs/1508.04292
https://inspirehep.net/literature/1388393
https://doi.org/10.1007/JHEP01(2017)013
https://doi.org/10.1007/JHEP01(2017)013
https://arxiv.org/abs/1509.03612
https://inspirehep.net/literature/1393088
https://doi.org/10.1103/PhysRevLett.121.171604
https://doi.org/10.1103/PhysRevLett.121.171604
https://arxiv.org/abs/1704.07859
https://inspirehep.net/literature/1596923
https://doi.org/10.3390/universe4010002
https://doi.org/10.3390/universe4010002
https://arxiv.org/abs/1710.00403
https://inspirehep.net/literature/1628137
https://doi.org/10.1088/1751-8121/aa56e7
https://doi.org/10.1088/1751-8121/aa56e7
https://arxiv.org/abs/1609.04655
https://inspirehep.net/literature/1486704
https://doi.org/10.1007/JHEP06(2019)058
https://arxiv.org/abs/1811.12333
https://inspirehep.net/literature/1705872

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

A. Sharapov and E. Skvortsov, Chiral higher spin gravity in (A)dSy and secrets of
Chern-Simons matter theories, Nucl. Phys. B 985 (2022) 115982 [arXiv:2205.15293]
[INSPIRE].

R.R. Metsaev, Poincare invariant dynamics of massless higher spins: Fourth order analysis

on mass shell, Mod. Phys. Lett. A 6 (1991) 359 [INSPIRE].

R.R. Metsaev, S matriz approach to massless higher spins theory. II: The Case of internal
symmetry, Mod. Phys. Lett. A 6 (1991) 2411 [INSPIRE].

R. de Mello Koch, A. Jevicki, K. Suzuki and J. Yoon, AdS Maps and Diagrams of Bi-local
Holography, JHEP 03 (2019) 133 [arXiv:1810.02332] INSPIRE].

O. Aharony, S.M. Chester and E.Y. Urbach, A Derivation of AdS/CFT for Vector Models,
JHEP 03 (2021) 208 [arXiv:2011.06328] [iNSPIRE].

AY. Segal, Conformal higher spin theory, Nucl. Phys. B 664 (2003) 59 [hep-th/0207212]
[INSPIRE].

A.A. Tseytlin, On limits of superstring in AdSs x S®, Theor. Math. Phys. 133 (2002) 1376
[hep-th/0201112] INSPIRE].

X. Bekaert, E. Joung and J. Mourad, Effective action in a higher-spin background, JHEP 02
(2011) 048 [arXiv:1012.2103] [INSPIRE].

P. Héhnel and T. McLoughlin, Conformal higher spin theory and twistor space actions, J.
Phys. A 50 (2017) 485401 [arXiv:1604.08209] [INSPIRE].

T. Adamo, P. Hahnel and T. McLoughlin, Conformal higher spin scattering amplitudes from
twistor space, JHEP 04 (2017) 021 [arXiv:1611.06200] INSPIRE].

T. Tran, Twistor constructions for higher-spin extensions of (self-dual) Yang-Mills, JHEP 11
(2021) 117 [arXiv:2107.04500] [INSPIRE].

M.P. Blencowe, A Consistent Interacting Massless Higher Spin Field Theory in D = (2+ 1),
Class. Quant. Grav. 6 (1989) 443 [INSPIRE].

E. Bergshoeff, M.P. Blencowe and K.S. Stelle, Area Preserving Diffeomorphisms and Higher
Spin Algebra, Commun. Math. Phys. 128 (1990) 213 [InSPIRE].

M. Henneaux and S.-J. Rey, Nonlinear W, as Asymptotic Symmetry of Three-Dimensional
Higher Spin Anti-de Sitter Gravity, JHEP 12 (2010) 007 [arXiv:1008.4579] [INSPIRE].

A. Campoleoni, S. Fredenhagen, S. Pfenninger and S. Theisen, Asymptotic symmetries of
three-dimensional gravity coupled to higher-spin fields, JHEP 11 (2010) 007
[arXiv:1008.4744] [INSPIRE].

C.N. Pope and P.K. Townsend, Conformal Higher Spin in (2 + 1)-dimensions, Phys. Lett. B
225 (1989) 245 [INSPIRE].

E.S. Fradkin and V.Y. Linetsky, A Superconformal Theory of Massless Higher Spin Fields in
D = (2+41), Mod. Phys. Lett. A 4 (1989) 731 [INSPIRE].

M. Grigoriev, I. Lovrekovic and E. Skvortsov, New Conformal Higher Spin Gravities in 3d,
JHEP 01 (2020) 059 [arXiv:1909.13305] [INSPIRE].

M. Grigoriev, K. Mkrtchyan and E. Skvortsov, Matter-free higher spin gravities in 3D:
Partially-massless fields and general structure, Phys. Rev. D 102 (2020) 066003
[arXiv:2005.05931] [INSPIRE].

— 36 —


https://doi.org/10.1016/j.nuclphysb.2022.115982
https://arxiv.org/abs/2205.15293
https://inspirehep.net/literature/2089067
https://doi.org/10.1142/S0217732391000348
https://inspirehep.net/literature/324346
https://doi.org/10.1142/S0217732391002839
https://inspirehep.net/literature/323190
https://doi.org/10.1007/JHEP03(2019)133
https://arxiv.org/abs/1810.02332
https://inspirehep.net/literature/1696984
https://doi.org/10.1007/JHEP03(2021)208
https://arxiv.org/abs/2011.06328
https://inspirehep.net/literature/1829802
https://doi.org/10.1016/S0550-3213(03)00368-7
https://arxiv.org/abs/hep-th/0207212
https://inspirehep.net/literature/591156
https://doi.org/10.1023/A:1020646014240
https://arxiv.org/abs/hep-th/0201112
https://inspirehep.net/literature/581783
https://doi.org/10.1007/JHEP02(2011)048
https://doi.org/10.1007/JHEP02(2011)048
https://arxiv.org/abs/1012.2103
https://inspirehep.net/literature/880146
https://doi.org/10.1088/1751-8121/aa9108
https://doi.org/10.1088/1751-8121/aa9108
https://arxiv.org/abs/1604.08209
https://inspirehep.net/literature/1452834
https://doi.org/10.1007/JHEP04(2017)021
https://arxiv.org/abs/1611.06200
https://inspirehep.net/literature/1499079
https://doi.org/10.1007/JHEP11(2021)117
https://doi.org/10.1007/JHEP11(2021)117
https://arxiv.org/abs/2107.04500
https://inspirehep.net/literature/1880988
https://doi.org/10.1088/0264-9381/6/4/005
https://inspirehep.net/literature/263042
https://doi.org/10.1007/BF02108779
https://inspirehep.net/literature/24952
https://doi.org/10.1007/JHEP12(2010)007
https://arxiv.org/abs/1008.4579
https://inspirehep.net/literature/866501
https://doi.org/10.1007/JHEP11(2010)007
https://arxiv.org/abs/1008.4744
https://inspirehep.net/literature/866445
https://doi.org/10.1016/0370-2693(89)90813-7
https://doi.org/10.1016/0370-2693(89)90813-7
https://inspirehep.net/literature/25500
https://doi.org/10.1016/0003-4916(90)90253-K
https://inspirehep.net/literature/278268
https://doi.org/10.1007/JHEP01(2020)059
https://arxiv.org/abs/1909.13305
https://inspirehep.net/literature/1756759
https://doi.org/10.1103/PhysRevD.102.066003
https://arxiv.org/abs/2005.05931
https://inspirehep.net/literature/1795930

[137] S.R. Das and A. Jevicki, Large N collective fields and holography, Phys. Rev. D 68 (2003)
044011 [hep-th/0304093] [INSPIRE].

[138] O. Aharony, S.M. Chester, T. Sheaffer and E.Y. Urbach, Exzplicit holography for vector
models at finite N, volume and temperature, arXiv:2208.13607 [INSPIRE].

[139] O. Aharony, A.B. Clark and A. Karch, The CFT/AdS correspondence, massive gravitons and
a connectivity index conjecture, Phys. Rev. D T4 (2006) 086006 [hep-th/0608089] [INSPIRE].

[140] L. Apolo and M. Porrati, On AdS/CFT without Massless Gravitons, Phys. Lett. B 714
(2012) 309 [arXiv:1205.4956] [INSPIRE].

[141] J. McNamara and C. Vafa, Cobordism Classes and the Swampland, arXiv:1909.10355
[INSPIRE].

[142] G. Buratti, J. Calderén and A.M. Uranga, Transplanckian azion monodromy!?, JHEP 05
(2019) 176 [arXiv:1812.05016] [INSPIRE).

[143] 1. Basile, Distances in discrete landscapes and holography, to appear.

[144] J. McNamara and C. Vafa, Baby Universes, Holography, and the Swampland,
arXiv:2004.06738 [INSPIRE].

- 37 —


https://doi.org/10.1103/PhysRevD.68.044011
https://doi.org/10.1103/PhysRevD.68.044011
https://arxiv.org/abs/hep-th/0304093
https://inspirehep.net/literature/616775
https://arxiv.org/abs/2208.13607
https://inspirehep.net/literature/2142674
https://doi.org/10.1103/PhysRevD.74.086006
https://arxiv.org/abs/hep-th/0608089
https://inspirehep.net/literature/723770
https://doi.org/10.1016/j.physletb.2012.07.001
https://doi.org/10.1016/j.physletb.2012.07.001
https://arxiv.org/abs/1205.4956
https://inspirehep.net/literature/1115649
https://arxiv.org/abs/1909.10355
https://inspirehep.net/literature/1755441
https://doi.org/10.1007/JHEP05(2019)176
https://doi.org/10.1007/JHEP05(2019)176
https://arxiv.org/abs/1812.05016
https://inspirehep.net/literature/1708758
https://arxiv.org/abs/2004.06738
https://inspirehep.net/literature/1791270

	Introduction
	Distance conjecture for CFTs and beyond
	Multicritical bosonic models
	Bosonic beta functions
	Bosonic renormalization group flows

	Information metric at large N
	Information metric in the epsilon-expansion

	Multicritical fermionic models
	Fermionic beta functions
	Fermionic renormalization group flows

	Information metric for fermions

	Computing distances
	Bosonic case
	Distance in d=4-epsilon
	Distance in d=3

	Fermionic case
	Distance in d=2+epsilon
	Distance in d=3

	Chern-Simons-matter CFTs

	Higher-spin holography
	Implications for the swampland
	Generalized free fields and compact theory spaces

