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Light holographic dilatons near critical points
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We investigate the relation between the emergence of a dilaton in gapped (confining) field theories, and
the presence of either complex fixed points or instabilities in the strongly coupled dynamics in two classes
of bottom-up holographic models. We demonstrate that in one of the two classes there is a critical line of
first-order phase transitions (at zero temperature) that terminates at a critical point. We calculate the mass
spectrum of fluctuations of the associated regular gravity backgrounds, which we interpret as bound states
in the dual field theories. In proximity to the second-order phase transition, we find a parametrically light
scalar state, and its composition leads us to identify it as a dilaton.
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I. INTRODUCTION

The dilaton is the particle associated with the sponta-
neous breaking of approximate scale invariance [1]. The
Higgs boson itself [2,3] is a prominent example of an
approximate dilaton. Its couplings, which determine pro-
duction cross sections and decay rates, all descend from
this fundamental, symmetry-related, property. A composite
dilaton has been advocated to also emerge in special
strongly coupled field theories [4], in particular in the
context of certain models of dynamical electroweak sym-
metry breaking [5-8]. The problem of establishing which
strongly coupled theories admit a dilaton in their composite
spectrum has important implications, both theoretical and
phenomenological in nature [9], and has inspired a flurry of
studies [10-16], particularly in view of the Large Hadron
Collider program [17-23]. Yet, given the inherent difficulty
of treating strongly coupled theories, there is no clear
consensus in the field theory literature on the emergence of
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a dilaton as a composite state (see, for instance, the
arguments in Refs. [24-27]).

In a parallel development, the lattice community has
uncovered evidence of an anomalously light scalar particle,
a flavor singlet, in the spectrum of composite states in
various theories [28—41]. In all these cases, it is tempting to
identify such a light state with the dilaton. This finding has
renewed interest in the study of dilaton effective field
theory (dEFT), the low-energy description of the dilaton
coupled to the pseudo—Nambu-Goldstone bosons (PNGBs)
of the theory [42-55]. Possible phenomenological appli-
cations of dEFT range from new dark matter models [56] to
composite Higgs models in which the Higgs boson is one
of the PNGBs [57—59],l as highlighted in Refs. [68,69], by
building on the ideas in Refs. [70-72].

The phrase approximate scale invariance is used to draw
an analogy between the dilaton and the PNGBs associated
with approximate continuous internal symmetries. In dEFT
terms, the dilaton emerges when the spontaneous breaking
of scale invariance dominates over its explicit breaking.
Unfortunately, this requires tuning the dEFT, which in turns
demands a dynamical explanation. Historically, the slowing
down of the renormalization group (RG) flow (walking
dynamics) in the underlying theory has been invoked as a
microscopic explanation of such phenomena, already in the
early papers on the subject [5-7].

'See the reviews in Refs. [60—64] and the useful summary
tables in Refs. [65-67].
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In this regard, a link between the elusive concept of
approximate scale invariance and the classification of phase
transitions in field theories was put forward in Ref. [73].
There, walking dynamics was presented as a consequence
of the presence of a conjugate pair of complex fixed points
(FPs) in the vicinity of the RG flow of a theory. Later, in
Refs. [74,75] it was proposed to think of the physics at the
complex FPs as described by complex generalizations of
conformal field theories (CFTs). Within this approach, one
aims at understanding properties of the real flow from the
study of perturbations of the complex CFTs.

A major obstacle in dealing with these questions is the
strongly coupled character of this phenomenon. Itis therefore
natural to address them using the gauge/gravity duality (also
known as holography) [76-79], which provides an alter-
native framework to analyze field theories beyond their
perturbative regime. In holography, the physics of special
strong-coupling field theories can be understood in terms of
classical gravity models living in higher dimensions. Already
in Ref. [73] it was argued that the instability of a gravity
theory with approximately anti—de Sitter (AdS) geometry
coupled to fields with mass just below the Breitenlohner-
Freedman (BF) unitarity bound [80] reproduces the physics
of complex FPs, including Berezinskii-Kosterlitz-Thouless
phase transitions and walking dynamics. Concrete realiza-
tions of this mechanism in string theory exist, starting with
Ref. [81]. On the other hand, a different holographic proposal
that does not rely on violating the BF bound but on a
realization of the gravity dual of the complex CFTs through
complex geometries was introduced in Ref. [82].>

In this paper we exploit the holographic approach to
investigate the presence of a light dilaton in situations
where strong-coupling effects lead to the emergence of a
mass gap (e.g., in confining field theories). Confinement
admits a geometric realization in gravity duals, in terms
of a portion of internal space smoothly shrinking to zero
size [84-87]. Based on simple realizations of these ideas
in models that are not derived from fundamental theories
of gravity (bottom-up holography), early phenomenologi-
cal studies highlighted that under special conditions the
spectrum contains a light state, the radion [88-94]. This
particle has the properties of the dilaton. Yet, these earlier
examples do not capture the dynamics of confinement in
four dimensions, which historically was argued to prevent
the existence of a dilaton [24,25]. A plethora of studies
addressed the question of whether it persists in more realistic
holographic models [95-105], possibly within a fundamental
theory [106—112]. References [99,101] showed that the
existence of a light state is not a generic feature.

We propose and analyze a new class of holographic
models (dubbed model A later in the paper), in which the
scalar potential admits at the same time a runaway direction

*This approach can also lead to multiple hierarchies; see
Ref. [83].

that models confinement in the dual theory, along the lines
of Refs. [113,114], as well as (complex) critical points—
dual to complex CFTs. When these critical points are close
to the real axis, the RG flow slows down when passing in
between, giving rise to a hierarchy of scales with character-
istic Miransky scaling [115], as detailed in [82]. The
physics is quasiconformal in this region, so it is natural
to look for a light dilaton in the spectrum of the model.
Varying the position of the complex CFTs, we find choices
for which there is indeed a light scalar state. Confinement,
hence, does not always lift the mass of the lightest state.

However, in the body of the paper, we critically discuss
the limitation of this class of models. It does not appear that
the light scalar state found in the spectrum for backgrounds
in model A is due to the presence of complex CFTs close to
the RG flow of the field theory, before leading to confine-
ment. Rather, we find that a light scalar appears in regions
of parameter space near special types of classical insta-
bilities, at the boundaries of the phase space of model A
where their interpretation in field theory terms is uncertain.
In order to expose the relation between these findings and
the nature of possible phase transitions, we must build and
analyze alternative models.

To this purpose, we build a class of regular backgrounds
dubbed model B, in which confinement is modeled by the
smooth shrinking to zero size of a portion of internal
space [84]. For the region of parameters relevant to our
discussion, no instance of violation of the BF bound or
proximity to complex CFTs is realized. Yet, these models
possess classical instabilities in the gravity theory. Examples
of one-parameter families of nonsingular (super)gravity
solutions of this type have been found [116-118], even in
simpler bottom-up models [119]. In all of these, the mass of
the lightest scalar in the spectrum continuously depends on a
tunable parameter, which may be dialed to approach a
tachyonic instability. However, a careful analysis reveals the
presence of a first-order phase transition which prevents the
approach to this instability. Hence, the scalar particle cannot
be arbitrarily light in the physical region of parameter space.

Nevertheless, there is no known reason why the first-
order transition should be strong. We construct model B by
borrowing the five-dimensional action from Ref. [120],
which has been used for other purposes in Refs. [121-126].
Thanks to those studies, it is known that this model may
lead to the required phase structure: in the relevant region of
parameter space, there is a line of first-order phase
transitions that become weak, and it eventually disappears
into a crossover. At the end of the line, the transition is
second order and a critical point is encountered. As we shall
see, in the vicinity of this critical point, the spectrum of
bound states of the dual field theory contains a light scalar
particle. We also present evidence to support the claim that
this particle can be appropriately called a dilaton, which is
the main new result of the study reported here.
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The paper is organized as follows. In Sec. II we present
and analyze model A. We identify regions of parameter
space in which a light scalar state emerges. These happen to
be located in proximity to a boundary in parameter space,
across which the nature of the gravity background solutions
changes qualitatively. This is reminiscent of the findings in
Refs. [116-118], and points to the existence of phase
transitions, but we cannot determine their location and
nature. We demonstrate that these findings are not directly
related to the proximity of complex FPs to the RG flow
trajectories in the dual field theory. In Sec. III, we introduce
model B, within which regular confining geometries exist. A
light state appears in the spectrum of fluctuations in the
vicinity of a critical point bearing clear evidence of a second-
order phase transition. We also show that the light scalar
is an approximate dilaton, to which purpose we analyze its
composition by comparing the calculation of the spectrum
performed with and without including the effects of back-
reaction on the metric. We summarize our results in Sec. IV,
and relegate the more technical details to the appendices.

II. MODEL A: SOFT-WALL CONFINEMENT
AND COMPLEX FIXED POINTS

The first class of models we consider is defined by a one-
scalar coupled to gravity in five dimensions, and by the
choice of a scalar potential that leads to background
solutions in which the long-distance dynamics of the dual
theory mimics a confining field theory—or, at least, a
gapped theory. To this purpose, we borrow ideas from
Ref. [114], in order to make a representative choice of the
potential. We then study the asymptotic behavior of the
classical backgrounds, and present numerical examples of
solutions that we interpret as providing the gravity dual
description of such (putative) gapped field theories. We
classify the properties of the solutions of interest, in
particular the monotonicity of the background scalar field,
and perform a local stability analysis by computing the
spectrum of fluctuations.

A. Models of type A

We consider gravity minimally coupled to a real scalar
field, ¢, on a five-dimensional manifold, M, with action

1 1
— dS —a|lR—=g™9 _
=16 /. x\ﬁg{ 39" 000, = Va($)| + Stay.
(1)
where
1
=— d*xV—h[2K + 42 . 2
Sy = Tangr L EVRRK (@) @

In these expressions, G5 is the gravitational constant in five
dimensions, R is the Ricci scalar of the bulk metric g,,,, and

g is its determinant. We denote by S,4, boundary terms
localized on 0M, the (regularized) conformal boundary of
the asymptotically AdS manifold, M. They are needed to
render the on-shell action finite and the variational problem
well defined [127]. They include the Gibbons-Hawking-
York (GHY) term, proportional to the extrinsic curvature,
K, and a boundary-localized potential, 14. Throughout this
paper, we use the mostly plus signature for the metric. In
this section, Latin indices m, n, ... denote five-dimensional
bulk directions, while Greek indices y,v, ... are used for
directions on the four-dimensional boundary. The equa-
tions of motion following from the action in Eq. (1) are

1

1 1 1
Rmn - EgmnR = Eam¢an¢ - Egmn |:§ (a¢)2 + VA(¢):| ’

V2 = 0,Va(h). (3)

In this section, we choose a scalar potential V, that
satisfies the relations

2 2 2
0,Val(e) = M; (%— 1) <¢L2 — 1> sinh(ag),
12
Va(0) =~ 75, (4)

where ¢, = ¢, + i¢h; is a complex constant (¢, ; € R), M?
and «a are real constants, and L is the radius of curvature of
the asymptotically AdS solutions we construct. Since
Eq. (4) is independent of the sign of @, we take @ > 0
without loss of generality. The potential enjoys a Z,
symmetry under the transformation ¢ - —¢ and has a
UV FP at ¢p = 0. Moreover, it has extrema at complex
values of the field ¢ = £¢. and *¢}, giving rise to
complex AdS solutions that have been conjectured to be
dual to complex CFTs [82].3 It can be seen that, when these
extrema are close to the real axis, that is, ¢; < 1, the
physics is approximately conformal and moreover an
exponential hierarchy of scales is generated as dictated
by Miransky scaling.
By integrating 0,V 4(¢), we find the potential

M2
-2t

2 24
2 (P + %) + g] cosh(ag)

124
0!2

Vi) {{@-sw -0+

_2 <2¢2 — Pt - P+ %) ¢ sinh(ag)
a (04

2
+;(¢3+¢?2)— —Z I (5)

24 M?> 12
ot

There are also complex extrema at ¢ = nzi/a with
ne€ Z\{0}. These do not play a role in the discussion.
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Expanding in powers of small ¢, one finds V,(¢) =
—12L72 + M?*¢*/2 + O(¢*), and hence we identify M? =
—A(4—A)L7? as the mass squared of the scalar field,
which is related to the scaling dimension, A < 4, of a scalar
operator O in the dual quantum field theory (QFT). For
large positive values of ¢, the potential diverges exponen-
tially as

Valg) = pre® + ... (6)

M2
20°| . |*

We seek solutions to the equations of motion (3)
preserving Poincaré invariance in the dual field theory, a
requirement that can be satisfied by adopting the following
ansatz:

L2
4 = 12 + f@nadde). ¢ =4 (7
where 7, is the four-dimensional Minkowski metric. The
coordinates x* can be interpreted as the coordinates in the
dual field theory, while z is the holographic radial coor-
dinate, with z = 0 the conformal boundary. The nontrivial
components of the equations of motion (3) become

f/ z f/2 2 ¢/2 L2

Fap a0 8
f// 2P
f 3Z7 6 +3VA+4 0, (8b)

where primes indicate derivatives with respect to z. These
equations are not independent; Egs. (8a) and (8b) together
imply (8c). Note that the equations of motion are invariant
under the rescaling f — Q?f with constant Q, correspond-
ing to the freedom to rescale the field theory coordinates
x*. They are also invariant under the constant rescal-
ing z - Qz.

The equations of motion (8a) and (8b) can be combined

to yield
Zf/ I Z2¢/2 B
(L) + ©

(£) <o "

implying that zf’/f is a monotonically decreasing function
of z. This inequality can, equivalently, also be derived from
the geometric form of the null energy condition. In the far

which shows that

UV (small z), we generically expect ¢p ~ Az*~2, where A is

fixed by the boundary conditions and interpreted as the
source for the scalar operator dual to ¢. Solving Eq. (9)
asymptotically at small z, subject to the boundary condition
f(0) =1, we then find that f(z)~1—% 7242 The
factor in brackets in Eq. (10) is then

! 2
%: —wzz(“‘m, (smallz).  (11)
Since this is negative, and since Eq. (10) implies that zf"/ f
is a decreasing function of z, we conclude that zf'/f is
negative for all values of z > 0. Furthermore, since z and f
are themselves non-negative, we conclude that f must be a
decreasing function of z,

f'(z) £0. (12)

Finally, Eq. (8), which is quadratic in f’/f, admits one
solution with f’/f > 0 and another solution with f’/f < 0.
From Eq. (12) one sees that the latter is the one consistent
with the asymptotically AdS boundary conditions. We can
then substitute this solution for f’/f into Eq. (8¢) to recast
the equations of motion in nested form:

202 212V
Z2¢”+Z¢/<1—2W> —L20¢V:0, (13a)

2 412 2
zf’—<2— ¢T2L>f:o. (13b)

This form of the equations of motion will be useful for
constructing numerical solutions.

B. Asymptotic behavior of solutions

As hinted at while introducing model A, we do not
consider all possible solutions of the background equations,
for all possible choices of the parameters. Rather, we isolate
a class of solutions that are representative of the gravity
duals of field theories of interest. We hence find it useful to
classify these solutions by discussing their asymptotic
behavior, in the region of the holographic direction, z,
corresponding to the far UV and deep IR regimes in their
dual field theory interpretation.

1. Ultraviolet asymptotics

From here on we set the mass of the scalar field, ¢, such
that M?L? = -3, implying that the operator O dual to the
field ¢ has scaling dimension A = 3. The equations of
motion (8) then admit solutions which behave near the
asymptotically AdSs boundary (at small z) as
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A2
fl2) =1 =352+ 0(logz), (14a)
18 18\ A?
h(z) = Az + <2 —3a® + 7 + *2> Ef log(|Alz)
+ @73 + 0(2’ log 2), (14b)

where A and @ are integration constants. We have used the
freedom to rescale f in order to set f(0) = 1. All other
coefficients in the expansions are fixed by the equations of
motion. The constant ® determines the one-point function
of the scalar operator O dual to ¢; as we show in
Appendix A 1 we may choose a renormalization scheme
in which

L3

(0) = — aE27zG5'

Qa

1 (15)

Here, a is the coefficient of the Euler density appearing
in the Weyl anomaly of the dual field theory [128], and
may thus be thought of as a measure of the number of
degrees of freedom. In the same renormalization scheme,
the renormalized on-shell action is

Sk, = 116/@ vol(R>1), (16)

where vol(R*!) denotes the (regularized) volume of four-
dimensional Minkowski space, arising from the integrals
over the field theory directions.

2. Infrared asymptotics

Inspired by Refs. [113,114], we seek solutions for which
f(z) vanishes at some z = zy. To determine possible
asymptotics near z = z; it will be convenient to use the
equations of motion in the nested form of Egs. (13a)
and (13b). We require f'(z)/f(z) - —o0 at z = z,, and
hence Eq. (13b) implies that we should seek singular
solutions to Eq. (13a) that have ¢ — 0.’ We find that

*If we place the field theory dual to our gravitational system on
a curved spacetime, then the trace of its stress tensor is [128]

L3

TH \ = —
< ,u> 271'G5

(E(4) +I(4)),

where  Eg) = & (R*"°R,,,, —4R"R,, + R?) is the Euler
density in four dimensions while Iy is proportional to the
Weyl tensor contracted with itself, (4 = —5—4(R”””"R
2R™R,, + R*/3).

In principle, we could also look for solutions that have ¢’ —
+oo but with ¢ remaining finite. We did not find any self-
consistent asymptotic solutions to Eq. (13a) of this type.

pvpe

eiatﬁ(Z) :a2(8_3a2)|¢c|4 1 L
36 (1-z/20)*flog(1-2/20)]*
f(@)=/fr <l—z>4/3a log (l—z) 173 +--, (17)
<0 20

where f1r is an integration constant, and the ellipses stand
for terms that vanish for z — z,. The reality condition on ¢
implies that these solutions only exist for a® < 8/3.
Depending on the sign chosen in the exponent of
e in Eq. (17), we find that ¢ — +oc0 as z — z,.
These two possibilities are related by the Z, symmetry of
the potential in Eq. (5).

Since we are interested in cases when the dual field
theory exhibits a mass gap, we must restrict our attention to
potentials with o > 2/3. This criterion [113,114] is
weaker than demonstrating confinement in the dual field
theory. It can be derived by noting that the geometry defines
a mass scale, u, through the relation [129]

s [0 dz
yl_zA ol (18)

Physically, x~! is the time it takes a massless particle to
travel from a point at z = 0 to z = z and back, as measured
by an observer at the conformal boundary at z = 0. When
a* < 2/3, one finds that f(z) vanishes faster than (zo — z)?
as z — Zp, the integral on the right-hand side of Eq. (18)
diverges, and hence u is undefined. On the other hand,
choosing 2/3 < a®> < 8/3 leads to a finite u that sets the
scale of the mass gap.

We conclude this subsection with a digression. For
completeness, we report here that we also found a second
class of IR asymptotic solutions to the equations of motion,
in which the leading-order behavior of the fields is

e(/J)IR

(1—2/20)=V2

Z

f(z)wfm(l —%) o)

e{/’(z) ~

where fir and ¢ are integration constants. We disregard
these solutions in the remainder of the paper since they
exhibit a bad singularity by the criterion of Ref. [130],
namely the asymptotics of f(z) are such that an extra, IR
boundary condition must be imposed to fix fig.

C. Solutions

To construct the backgrounds of interest to this paper, we
first construct asymptotic solutions to the equations of
motion (13) near the end of space, z = z,, with leading-
order behavior as in Eq. (17). Defining, for convenience,
s = —log(1 —z/zy), we find that such an asymptotic
solution takes the following form:
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FIG. 1.

Examples of classical solutions in model A. The left (right) panel displays four numerical examples of the background function

¢ (f), as a function of the holographic direction z/z,, where z; is the end of space (dual to the IR regime of the field theory). We fix
a =1 and allow a few different choices of ¢.. We only show solutions with positive source A in the dual field theory, or equivalently
with positive ¢ at small z; there are also solutions with negative A that can be obtained via the Z, transformation ¢» — —¢. For the two
values of ¢, closest to the origin of the complex plane, we find “bouncing” solutions where the scalar field, ¢, changes sign (possibly
multiple times). For larger values of |¢.| the scalar field does not bounce, and has definite sign.

w a*(8=3a?)|¢.|* e* & (¢ (logs)’
o CEZZEIPLES S ey B (a0
n=0 [=
1 (1
f(z) = frre—4/3@ s16/3 ZZ (f) ogs 7 (20b)
n=0 [=

where c(()¢0) = c(()fg =

(@ ) and c( /) are determined iteratively by solving the
equatlons of motlon, having fixed ¢.. We then proceed to
construct our numerical background solutions, using the
expansion in Eq. (20a)—truncated at order n = 6—to set
boundary conditions for Eq. (13a) near z = z; and then
numerically integrating to small z. We fit the resulting
numerical solution for ¢(z) to the UV expansion (at small
z) in Eq. (14b), and determine the UV coefficients (A, @) in
units of z,. Substituting the solution for ¢ into Eq. (13b),
we then numerically integrate Eq. (13b) using the IR
expansion (20b) with fir = 1 to set boundary conditions
close to z = zy. This generically gives rise to a solution
with f(z =0) # 1. Since Eq. (13b) is linear in f, we
rescale the numerical solution for f(z) to obtain a solution
with f(z=0) =1, which finally takes the form in
Eq. (14a). In doing so we find that fig # 1, as desired.
We show in Fig. 1 representative examples of the
resulting solutions, keeping fixed @ = 1, and varying the
choice of ¢.. We only show solutions with positive A, for
which ¢ is positive close to the UV boundary, z — 0. For
each value of ¢, there also exists an alternative solution
with negative A, related to the plotted ones by the
Z, symmetry transformation ¢ — —¢. For ¢. =141

1 and the remaining constant coeffi-

cients c,

(the dashed orange curve in the plot) we find a “bouncing”
solution, in which ¢ changes sign at intermediate z, and
thus a solution which has A > 0 with the IR behavior
¢ — —o0. For ¢p. = 0.5 4 0.5i (solid black) we also have a
bouncing solution, this time with ¢ changing sign twice.
On the other hand, for the other two values of ¢.. plotted the
field ¢(z) grows monotonically. In general we find that the
closer ¢, is to the origin of the complex plane, the more
nodes there are where ¢b(z) changes sign.

In Fig. 2 we show, for a = 1, the range of ¢, for which
we find bouncing solutions, defined by the fact that ¢
changes sign at least once, contrasted to the region of
parameter space for which the solutions have ¢ of fixed
sign. We have not been able to find any other IR boundary
conditions, and hence any other solutions, consistent with
Egs. (13a) and (13b). Yet, we anticipate here a result
presented in the next subsection: the computation of the
mass spectrum of fluctuations indicates that bouncing
solutions exhibit a tachyonic mode, signaling their insta-
bility. They therefore cannot describe the ground state of
the dual QFT, but as we have not been able to identify
viable alternative solutions, we do not have a candidate
ground state in the shaded region of parameter space in
Fig. 2. It is possible that the ground state is not captured by
our Poincaré-invariant ansatz in Eq. (7); for instance it may
be a state with spontaneously broken translational invari-
ance. Alternatively, there could be some intrinsic pathology
in the field theory interpretation of the backgrounds in this
region of parameter space. We leave this question open for
future investigations, while focusing in the reminder of this
section on values of ¢, leading to solutions for ¢ with a
fixed sign.
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(unknown ground state)

ob— v e e b1
0 0.5 1 1.5 2 2.5 3

r

FIG. 2. In model A, for @« =1 and values of ¢, = ¢, + i¢p;
inside the shaded region, we find only bouncing solutions, in
which ¢(z) changes sign at least once at an intermediate value of
z. In Sec. IID, we show that bouncing solutions exhibit a
tachyonic mode in the spectrum of their fluctuations, and are
thus unstable. We therefore do not have any candidate ground
state in the shaded gray region. Along the boundary of the
unstable region, indicated by the black curve, solutions with the
IR asymptotics (19) have vanishing source, A = 0 in Eq. (14).

In Fig. 3, we show the expectation value, (O), of the
scalar operator dual to the field ¢ as a function of ¢;, for
a = 1 and several representative choices of ¢,. We show
(O) in units of A as well as in units of u. We notice that
(O) /A3 diverges at ¢; ~ 3.025 for ¢, = 2. This is a point
on the boundary displayed in Fig. 2. The divergence is an
artifact that occurs because A vanishes precisely at this
point of parameter space. The final plot in Fig. 3 shows (O)
in units of the intrinsic mass scale ¢ defined in Eq. (18).
It demonstrates the presence of a discontinuity in the
response function, (O)/(au?), when crossing the boundary
displayed in Fig. 2. This occurs because, maintaining
positive A, the relevant solution switches between one
with ¢(z = zy9) = —oo for ¢; < 3.025 to one with ¢(z —
Z9) = +oo for ¢b; = 3.025. It would be tempting to identify
the discontinuity as a signal of a phase transition.
Unfortunately, as we cannot trust the bouncing solutions
to be the correct ground states, we have to defer further to
future studies on the presence of a possible phase transition
and its physics implications.

D. Spectrum of fluctuations

We analyze the mass spectrum of perturbations of the
metric and scalar field, by linearizing the equations of
motion around the classical solutions of model A described
in the previous subsection. We define the small perturba-
tions g, = Gimn + OGmn and ¢ — ¢ + 6¢h, and consider
single Fourier modes with respect to the field theory
directions x*, with momentum p,,. For example, 5¢p(z; x) =

e’ 5¢(z; p). The spectrum of solutions for §g,,, and 5¢
that are normalizable at the asymptotically AdS boundary

and regular at the singularity at z = z, lead to a discrete set

of allowed values of m = /—n"p,p,, where n** is the
inverse of the Minkowski metric. These values of m
correspond to the locations of poles in the momentum-
space two-point functions involving the scalar operator, O,
and the stress tensor, 7%, in the dual field theory.

To determine the spectrum of allowed values of m?, we
employ the gauge-invariant formalism of Refs. [131-136].
This formalism—reviewed in Appendix B—reduces the
problem of determining the spectrum of metric and scalar
fluctuations to that of finding UV-normalizable and IR-
regular solutions to two decoupled equations, removing
gauge artifacts. The spectrum of spin-zero excitations is
determined by the solutions to the equations of motion for a
gauge-invariant scalar variable, a, formed from a linear
combination of §¢) and one of the metric degrees of freedom,
related to the trace of the fluctuations of the metric. As we
show in Appendix B, the equation of motion for a is

i(ﬁa/)/+ <m_2_ 4f2L2VA¢/2
A\ foo9Z((f/22)P
AL2fo,Vag L2 B

EEE —Z—Qag,VA>a =0.  (21)

The spin-two states are the transverse, traceless components
of the metric perturbation, which we denote e,,, and obey
the Klein-Gordon equation on the curved background metric
in Eq. (7):

3 2 / 2
]% (’Z% e;,y> + mTem, ~0. (22)

Near the boundary, for z — 0, solutions to the equations
of motion (21) and (22) take the form

m> A2 18 18
a(z) = alz —al [7—1—7 <3a2 -2 5 —?ﬂ

x 22 log(|Alz) + a® 3 + 0(z* log 2),

2 2 2
0 m m- (A
e,,u(Z) = e/(w) |:1 + 722 + E <? - m2> 10g(|A|Z):|

+el) + 0(z8 logz), (23)

where (a(l),a(3>, e,ﬁ(i),efjﬁ)) are integration constants fixed

by the boundary conditions. Near the singularity at z = z,
the regular solution to the spin-zero equation of motion
behaves as’

®For a > 1/2/3 the IR expansion of a also includes a term
proportional to m2s~16/3@" ¢=2(1=2/3a%)s /(o2 _ 2 /3) similar to the
expansion of e, in Eq. (25), but this is always subleading
compared to those in Eq. (24).
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FIG. 3. Numerical results for the expectation value (O) of the scalar operator dual to the scalar field ¢ in model A as a function of ¢;,
for several illustrative choices of ¢,. The first three plots (reading left to right, top to bottom) show (O) in units of the source, A, while
the bottom-right plot shows (O) in units of the scale, y, defined by the geometry. The top-left plot shows how, for ¢, = 2, we find that
(0) /A3 diverges at ¢; ~ 3.025. This is an artifact due to the vanishing of A for solutions with these choices of ¢, = ¢, + i¢h;; for
¢, = 3.025 and ¢; < 3.025 we find only bouncing solutions. The bottom-right panel demonstrates that there is a discontinuity in the

response function, (O)/(au®), when crossing the boundary displayed in Fig. 2.

a(z) = a® {1 + % + O(s2log s)} , (24)
while the regular solution to the spin-two equation of motion behaves as
e,(,ll,R> [1 - 2?;;’(2;7 + O(s % log s)} if a = \/275
T - e e, sy .
where s = —log(1 — z/z), and a™ and e,ng) are integration constants. For given values of a and ¢, (and of A), the mass

spectrum of spin-zero fluctuations is the set of values of m? for which solutions to Eq. (21) that are regular at 7 = z, are also
normalizable at the boundary, that is, have a(!) = 0. Similarly, the mass spectrum of spin-two fluctuations is the set of

values of m? for which solutions to Eq. (22) that are regular at z = 7, are also normalizable at the boundary, that is, e/(,(,),) =0.
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FIG. 4. Mass spectra of spin-zero states, in model A, for « = 1 and representative values of ¢,. The masses are presented in units of the
mass, m,, of the lightest spin-two mode. We plot the absolute values of the masses multiplied by the sign of their square, such that
negative values on the plot correspond to tachyonic modes with m? < 0. In the top-left panel, which shows the spectrum for ¢, = 2, the
vertical gray line is at ¢»; = 3.025, and denotes a point of parameter space along the boundary identified in Fig. 2. For ¢; < 3.025 we find
only bouncing solutions, which as shown by the plot exhibit a tachyonic mode. The other panels show choices of parameters for which
monotonic solutions exist, and no tachyons emerge. We highlight the presence of a region of ¢;, in the two top panels, for which the
lightest scalar state has positive mass squared, yet it is anomalously light in comparison to the rest of the spectrum.

We compute the fluctuation spectra using a pseudospec-
tral method, by adopting the following numerical strategy.
We map the interval z € [0, zo] into the interval x € [—1, 1],
and rescale the gauge-invariant fluctuations, by defining

log(1-z/z9)+1 _ 1-x _
e\ T/ == =(1-
log(1—z/z9)—1" ST (1=x)e

x= e

(26)

We note that the logarithmic behavior of the change of
variable near z = z has been chosen in order to tame some
of the nonanalyticities appearing in the IR expansions of
the fluctuations, so that solutions to the fluctuation equa-
tions may be better approximated as sums of Chebyshev
polynomials in x. In terms of these new variables, the
boundary conditions can be equivalently rephrased as

d(x=+41) =5, (x=+1)=0. (27)

We then decompose a and €, as a sum of the first Vg
Chebyshev polynomials in x, and demand that the fluc-
tuation equations, (B12) and (B13), be satisfied on the grid
of Chebyshev extrema x; = cos[kz/(Ngiq—1)] for
k=1,2,..., Ngiq — 2, supplemented with the boundary
conditions (27) at x = £1. The numerical approximation
to the spectrum of m? is finally extracted in terms of the
generalized eigenvalues of the resulting Nq-dimensional
matrix equation for the Chebyshev expansion coefficients.
Many of the resulting eigenvalues are spurious numerical
artifacts. To eliminate the spurious eigenvalues and to check
convergence, we compute the spectra for two different
values of N4, and retain only modes that agree between
the two computations. All spectra shown in this section are
computed for Ngiq = 70 and Nq = 80. For further details
of the pseudospectral method, see Refs. [137,138].

In Fig. 4 we show the mass spectrum of spin-zero states
computed for a = 1 and few representative values of ¢,, as
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a function of ¢;. The spectra are shown in units of the
lightest spin-two mass, which we denote by m,.. We display
them as their absolute value times the sign of m?. Hence, a
mode that appears as negative in the plot corresponds to a
negative value of m?, corresponding to a tachyonic exci-
tation in the dual QFT, while a mode that appears as
positive corresponds to a positive value of m?.

A tachyonic excitation indicates that the gravitational
solution and its dual QFT state are unstable. This is because
every value of m? in the spectrum corresponds to a family

of excitations that behave with time as e*V"?*" for both
choices of the + sign, where p is any unit-normalized
momentum, p*p, = —1. Thus when m? < 0 one of the
choices of the + sign in the exponent will correspond to a
mode that grows exponentially with time, signaling an
instability.

The top-left panel of Fig. 4 shows the spectrum for
¢, = 2. The vertical gray line in the plot denotes the choice
¢; = 3.025, a point of parameter space along the boundary
identified in Fig. 2. For values of ¢; smaller than this we
find bouncing solutions. As can be seen in this figure, to the
left of the vertical line there is a tachyonic mode. This is an
example of the anticipated phenomenon, demonstrating the
instability of the bouncing solutions. As ¢; is increased
through ¢; = 3.025, the lightest state has positive mass
squared. Just above ¢; = 3.025 the mode is anomalously
light compared to all other modes in the spectrum. Note
that precisely at the boundary of the bouncing region at
¢; = 3.025 where the lightest spin-zero mode is massless,
the scalar field solutions have A =0 and nonzero (O),
indicating that scale invariance is spontaneously broken.

In the top-right panel of Fig. 4 we show the spectrum for
¢, = 2.8. This value of ¢, is just large enough that there are
no bouncing solutions for any value of ¢; (see Fig. 2). We
do not find a tachyon in the spectrum. For small ¢;, the
lightest spin-zero mode becomes parametrically light com-
pared to any of the other spin-zero or spin-two modes. This
is a consequence of the fact that ¢, = 2.8 and small ¢, lies
close to the range ¢, for which the solution bounces, where
the lightest spin-zero mode would become tachyonic. By
contrast, the plots in the bottom row of Fig. 4 show the
spin-zero spectra for ¢, = 5 and ¢, = 7.5, in which cases
there are no bouncing solutions. These spectra show
comparatively little structure, matching the generic quali-
tative expectations of the spectrum in a gapped theory.

For completeness, in Fig. 5 we show the spin-two
spectrum for ¢ =1 and the same values of ¢, as in
Fig. 4. In contrast to the spin-zero case, the spin-two
spectra do not exhibit significant qualitative differences for
different values of ¢,. We only notice that, for excited
states, the masses (rather than their squares) grow linearly
with the excitation numbers. This is to be expected in the
supergravity approximation of the dual to a gapped field
theory.

All of the plots of spectra shown in this section were
computed for @ = 1. We have computed spectra for other
values of a as well, but since they exhibit the same
qualitative behavior we do not show them in the main
text. We show plots of sample spin-zero spectra for

a=+/2/3 and @ = 1.25 in Appendix A 2.

E. Model A in compendium

To summarize our results, in this section we proposed a
simple bottom-up holographic model, consisting of a real
scalar coupled to gravity in five dimensions, built to
reproduce main features of a confining (or at least gapped)
dual field theory, which admits complex FPs at which
putative complex CFTs can be defined. We identified a
region of values for ¢, for which the complex FPs sit
relatively close to the origin of the complex plane. In this
case, we find that all available background solutions for
¢(z) are bouncing and unstable, as the spectra of their
fluctuations exhibit a tachyonic spin-zero mode. Moving
¢. away from the origin, the solutions eventually cease to
be bouncing. At the same point, the mode that was
tachyonic becomes stable. Close to the boundary between
these two behaviors, the lightest scalar state is anomalously
light relative to the other spin-zero and spin-two modes in
the spectrum. Moving ¢, yet further away from the origin,
the mode ceases to be light.

There are hence two main, encouraging messages this
class of models seems to support. First, it is possible to find
a parametrically light scalar state in the spectrum of a
gapped theory, which emerges in proximity to a boundary
in parameter space at which a classical instability appears.
Second, there is no immediate relation between the
presence of complex FPs near the real axis and such
phenomena, but rather a more general type of limiting
behavior appears to drive the dynamics.

It would be tempting to identify the classical instability
with the presence of a phase transition, but in the context of
these models we do not find any stable ground state,
leaving open the task of performing a global stability
analysis and a characterization of the phase structure. It
would also be tempting to identify the light scalar, which
emerges in the proximity of the boundary of parameter
space we discovered in Fig. 2, with a light dilaton.
However, the existence of a region of parameter space
for which we find only unstable solutions suggests that we
are missing some class of solutions to model A that would
provide the ground state in the unstable region. It may be
that a global stability analysis would then show this new
class of solutions to also be the true ground state in the
region where we currently find stable solutions exhibiting a
light dilaton; this unfortunately happens to be the case in
some top-down holographic models [116-118]. For these
reasons we now turn to a different model, for which we are
able to obtain a seemingly more complete picture of the
phase structure.
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FIG. 5.

Same as Fig. 4, but for spin-two states. The mass spectra of tensor modes do not show any striking features, but rather

reproduce the expectations in the gapped field theory dual to a pure supergravity background, with masses of excited states growing

linearly with the excitation number.

III. MODEL B: SMOOTHLY SHRINKING
CIRCLES AND PHASE TRANSITIONS

The main difference between models of type A and B in
this paper is that in the latter the space ends smoothly, and
the geometry is regular for all values of the holographic
direction, while in the former the backgrounds meet
the modest requirement that the space ends in a “good”
singularity, according to Gubser’s criterion [139]. In model
B, one of the gauge theory directions (both in the gravity
picture and in its dual field theory interpretation) is
a circle, which shrinks smoothly to zero size at the bottom
of the geometry, as in Ref. [84]. As anticipated in the
Introduction, we have multiple reasons to consider this
scenario. First, it provides an instance of a regular confining
geometry with a light scalar in the spectrum. Second, we
want to demonstrate that the light scalar is present in a
physically stable region of parameter space, even if it is
near a weak phase transition. To do so requires a detailed
analysis of the global stability properties of the ground
state—its zero-temperature thermodynamics. Last but not

least, we want to demonstrate that the light scalar is a
dilaton.

To these purposes, after presenting the action of model B
and the solutions of interest, we compute the free energy
and the spectrum of fluctuations. We also repeat the
calculation of the spectrum of scalar fluctuations in the
probe approximation, to show that the results differ from
those obtained in the fully backreacted case, with the light
scalar mode absent in the probe spectrum. This finding
demonstrates that, in regions of parameter space in prox-
imity to the onset of a second-order phase transition, the
lightest state in the theory has a composition that includes a
mode coupled to the trace of the stress-energy momentum
of the dual field theory: the dilaton.

A. Models of type B

In models of type B, the dynamics of the gravitational
theory is governed by a five-dimensional action that takes
the form
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1 1
S = tanco{ | | R 38" oot - V(o)

+ /a » d*xV=h[2K + 425(9)] } (28)

where ¢ is a real scalar, V() is its potential, and R is the
Ricci scalar associated with the metric gy, which has
determinant g. Part of the action is localized at the
boundary, oM. It is expressed in terms of the induced
metric, h, the extrinsic curvature, K, and the boundary-
localized potential Az(¢). Throughout this section, capi-
talized Latin indices M, N, ... denote five-dimensional bulk
directions. The reason to do so is that we adopt an ansatz
that assumes one of the bulk directions to be a circle. We
hence use lowercase indices m,n, ... for the resulting,
dimensionally reduced, four-dimensional bulk theory, and
Greek indices u, v, ... for its three-dimensional field-theory
dual. From the action in Eq. (28), one derives the classical
background equations,

1 1 1 1
Ryn — EgMNR = §5M¢0N¢ ~ 5 9mN {5 (09)* + VB(¢):| )
V2 =0,Vi(d). (29)

as well as boundary conditions, which we do not report
explicitly for simplicity.

We write the potential in terms of a superpotential,
W(¢), which, with the normalization conventions of
Eq. (28), obeys the relation

Vo) == S war +3(T Y o

We emphasize that this choice has nothing to do with
supersymmetry; it just simplifies some of the equations, for
example in the definition of boundary-localized potentials.
We adopt the superpotential proposed in Ref. [140]:

B 1 3 ¢2 ¢4 ¢6
UG <_§_§_64¢£4 +64¢Q>’ (31)

where L has dimensions of a length and sets the curvature
radius of the asymptotically AdS solutions emerging in
proximity of its stationary point ¢p = 0. The motivation for
this choice of superpotential is that it is known that by
tuning the parameters, ¢, and ¢,, one can explore a rich
thermodynamic phase structure [140]. Applications of this
potential in the context of strongly coupled phase tran-
sitions include the physics of heavy-ion collisions [121],
cosmological phase transitions [122—125], and primordial
black hole production [126]. For definiteness, we set ¢, =
10 in the rest of our paper and let ¢, vary.

Expanding in powers of small ¢, the potential resulting
from Eq. (31) obeys

Val) = 2 (-12- 3 - 1) + o). (32)

From the coefficient of the quadratic term, we read off
that ¢ has mass squared around the AdS solution
MGL* = =3 = —A(4 — A). Applying the holographic dic-
tionary, the dual field-theory interpretation consists of a
four-dimensional conformal field theory deformed by an
operator of dimension A = 3.

In order to capture the features expected to emerge from
a confining field theory within the gravity picture, we write
the following ansatz for the background metric:

L2

ds? :Z—z[dz2+ f(2)dxg +g(z)(=d* +dxj +dx3)].  (33)

where x, €[0,7) is a compact (periodic) direction. Our
conventions are such that the boundary is at z = 0. In the
solutions we consider, the internal circle parametrized by
X shrinks smoothly to zero size at a particular value of
the radial coordinate z = zy. This is reflected in the
opening of a mass gap in the dual field theory, with a
mass scale related to z;.

By substituting the ansatz in Eq. (33) into the equations of
motion in Eq. (29), we find the following set of independent
equations for the background fields, which are assumed to
depend only on the holographic coordinate, z:

Z2g// 3zg' Z2¢/2 L2 VB
g g 6 + 3

0. (34a)

_Z_g/_g(z2¢/2_2L2VB)

So-|! g 62°(g/2%) o’ = L9V p =0,
(34b)
of  zg  g(Z2P? —2LV)
7 + ? - 3Z3 (Q/Zz)’ -4 =0. (340)

The prime denotes differentiation with respect to z. The
background function f(z) does not appear in Egs. (34a) and
(34b), which determine g and ¢. This observation allows us
to simplify the numerical procedure used to construct the
solutions of interest. Equations (34a)—(34c) are invariant
under the three independent rescalings f — Q% f,g— Qég,
and z — €.z, where Q. are constant parameters.

We demand that the geometry be regular for all values of
z. For z close to z, this is ensured if the function f vanishes
with the appropriate power of (z — zg), while g and ¢ reach
a finite value. At leading order in an expansion in small
powers of (z — zg), solutions to Egs. (34a)—(34c) behave as

f(z):flR(Z_ZO)2+"" 9(2)=gr+--,
$(z) =R+, (35)
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where (fir, gir, $r) are integration constants and the
ellipses denote terms that vanish faster when z — z;.
Regularity requires that the function f(z) has a double zero
at z = zj. The coefficient fiz of this zero is related to the
period £ of the compact coordinate x,; to avoid a conical
singularity at z = z, we must impose fir = (27/£)>.

We also restrict our attention to solutions for which the
local geometry is asymptotically AdS, by requiring that f
and ¢ tend to constant values and ¢ vanishes as z — 0.
Using the scaling symmetries enjoyed by Egs. (34a)—(34c¢),
these constant values can be fixed to f(0) = ¢g(0) = 1.
Solutions to the equations of motion (34a)—(34c) supple-
mented by these boundary conditions obey the UV
(small-z) expansions

$(2)=dz+¢, 2 +0(2),

2 1 ¢4
o) =1%o - (+20.0,-25) 4+ 09,

12 16
=1 ?2 ! 3g-2 9 41 0( 36
f0=1-2 4 (30-20.0 4% ) + 0. (9

where (¢, ¢,,q) are integration constants and we have
retained only terms up to the first appearance of these
parameters in the expansion. The definition of ¢ is chosen
to simplify subsequent expressions. Through the holo-
graphic dictionary, we identify the leading integration
constant, ¢, with the source for the scalar operator dual
to ¢. The remaining integration constants, ¢, and ¢, are
determined by the requirement of regularity at z,. As we
will see in the next section, ¢, determines the vacuum
expectation value of the scalar operator.

The solutions of interest are known only numerically. We
construct them by using the expansion (35) in proximity of
7 = zg, which corresponds to the deep IR regime of the
dual field theory, to set up appropriate boundary conditions
to solve the equations of motion. The solutions are
extended towards smaller values of z, where they asymp-
totically approach the AdS geometry that captures the far
UV regime of the dual field theory. For each value of the
parameter ¢, appearing in the potential, we can obtain
different solutions. These are distinguished in the IR by
their values of ¢ and in the UV by their values of the
dimensionless combination ¢, /¢?3.

Invariance of the equations of motion (34a)—(34c) upon
the rescaling g — Qﬁ g implies the existence of a radially
conserved quantity, O, such that 0,0 = 0. Applying the
Noether procedure, we find’

"In contrast, the conserved quantities corresponding to the
invariance of the equations of motion under f — Q} f and
z — .z are identically zero.

L3
o=L 9(2)

S\ @ -f@I@L  (37)

The radial conservation law may be used to partially relate
UV and IR quantities; evaluating Q using the UV expan-
sions in Eq. (36), we find Q = L3¢, while evaluating Q
using the IR asymptotics in Eq. (35) leads to an expression
for Q in terms of fir and gjr, which we write as follows:

_ 2y fIRg%R ' (38)

q:
%

B. Dimensional reduction,
holographic renormalization
and (zero-temperature) thermodynamics

The background solutions we have constructed are
independent of the compact coordinate, x,. The direction
described by x, shrinks at the end of space, where the dual
field theory effectively becomes (2 + 1) dimensional (and
confines). For this reason, it is convenient to perform the
dimensional reduction of the theory. We write the five-
dimensional metric as

ds?2 = e7/V3ds2 4 €2/V3dx2, (39)

with the four-dimensional metric denoted ds? = g,,,,,dx"dx".
Integrating over the compact direction while discarding a
total derivative, the action in Eq. (28) can be recast in the
following form:

— 1 4 1 mn
S_167rG4 {Ad X/ g<R 2g 0,y 90,

1
—Eg“¢w%z—V@w0

+:/ @xviﬁQK—%MfW@V3L4¢D}, (40)
oM

with V(¢ y) = e#/V3V (). All the geometric quantities,
g, R, h, and K, correspond to the four-dimensional metric
O,un- On the other hand, G4, = G5/, which becomes

L3
G u—
* 7 2nat

(41)

when we translate to gauge theory quantities and relate the
gravitational constant in five dimensions to the coefficient a
as in Eq. (15).

We will adopt the following domain-wall ansatz for the
four-dimensional metric:

ds3 = e?B(—ds? + dx? + dx3) + dp?, (42)
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with the relation between the two sets of coordinates being

S i '
do=-(5) ez =L
ex/ﬁzgf(z)%. (43)

The background equations derived from Eq. (40)
coincide with Eq. (29), as long as the background fields
do not depend on x,. In the reduced theory, the geometry
presents a curvature singularity at the end of space in the
IR. In this sense it is similar to the solutions examined in
Sec. II. However, in this case the uplift to five dimensions
provides a resolution of the singularity into regular and
smooth geometries.

The long-distance (thermodynamic) behavior of the
theory is controlled by the on-shell action, that is inter-
preted in terms of the (thermodynamic) effective potential
(or, equivalently, free energy) of the dual field theory.
The radial integration in S extends from the bottom of the
geometry, 7 = z, to some finite value, z = zyy, near the
boundary at z = 0. Holographic renormalization is applied
to treat the UV divergences appearing in the zyy — 0
limit [141-143]. The boundary-localized contributions to
the action, S, consist of counterterms that remove such
divergences. Due to the choice we made of describing the
dynamics in terms of the superpotential in Eq. (31), it is
natural to adopt as a renormalization prescription the choice
A(¢p) = W(¢). We can hence write the counterterms as

1
= 35v/—he—t/(2V3) ] 44
Su= o [, PRI, (@

The renormalized, on-shell action, S,,, is defined by taking
the hmlt ZUV - 0:

Sien = lim S
ren ZU{/IEO (A=W)

21
_ Yol[R*) lim vV—h <‘3—‘K + 46—1/(2ﬁ)w>

167TG4 zyy—0

s

uv

(45)

where V, = [dtdx; dx, is the (infinite) volume of the
spacetime in the reduced theory. Because there is a
shrinking cycle, Eq. (45) does not receive any contribution
from the IR at z = z.

According to the holographic dictionary, the free-energy
density of the dual theory is

Sren

Vol (R?T)” (46)

Sorr = —

and the energy-momentum tensor reads

1

"=— im [v/—h(K#, — ~2/(2V3)

™ SnG4zl‘vTo[ h(K", -6/ (K+2¢ W))|zw}
=diag(—e,p, p). (47)

Both can be expressed in terms of the coefficients appear-
ing in the UV asymptotic expansions,

L3 1< N

=— = —4g—— 4
P=—foFr 162G G, 16 q 2+8¢s¢1>’ (48)

while the vacuum expectation value of the operator dual
to ¢ is

(O0) =g imeV/ =G-8 (0) =4/ 20, W4 2)|
(g
162G, (4¢M - 2¢”> ' “9)

Exploiting these expressions we can characterize the
different phases of the system. For each value of the
parameter in the potential, ¢M,8 we can study the behavior
of the free-energy density as a function of the source,
A =¢,. We find that, for a range of choices of
dv € (0, ), there is evidence of a first-order quantum
phase transition, as exemplified in Fig. 6; the free-energy
density is multivalued, as a function of the source A.
Remarkably, the line of first-order phase transitions ends at
@5, as shown in Fig. 7, with ¢ ~ 1.088. A second-order
phase transition is present at this critical point. For values
du 2 Py, the free energy becomes single valued and the
theory just undergoes a smooth crossover. In the following
subsection we investigate the spectrum near the second-
order phase transition. We will see that the end of the line of
first-order phase transitions has an important consequence:
it triggers the appearance of a light dilaton in the vicinity of
the critical point.

C. Spectrum of fluctuations

As in Sec. I1 D, we study the mass spectrum of fluctua-
tions of our solutions, using the gauge-invariant formalism
of Refs. [131-135]. It is convenient to employ this
formalism in the four-dimensional bulk of the dimension-
ally reduced theory. We restrict attention to fluctuations that
are independent of the compact direction, neglecting the
higher Kaluza-Klein (KK) modes. This should be sufficient
for our goal of determining which solutions have a light
scalar in their fluctuation spectra, since the excitations of
the higher KK modes should have masses that are enhanced
by a factor of order #~!, the inverse of the size of the
compact direction, and therefore the spectra of excitations
of the higher KK modes should not contain any modes
lighter than the lightest excitations of the lowest KK mode.

¥Recall that in this paper we fix ¢, = 10 for convenience.
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FIG. 6. Free energy density (left) and vacuum expectation value of the operator dual to ¢ (right) for model B, with the choice
¢ = 97/100, as a function of the deformation, £A. In a range of parameters, a first-order phase transition appears, as indicated by the
black dot in the classical swallow-tail diagrams. Two stable branches of solutions meet and have the same free energy at the transition. At
that point, the value of the response function, (0,,), jumps discontinuously, as indicated by the vertical solid black line in the right plot.
As illustrated in Fig. 9, one can smooth out the transition by dialing the value of ¢,,.
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FIG. 7. The phase diagram of model B. The solid curve
indicates the critical value of ZA as a function of ¢,,. The disk
denotes the critical point, (¢¢,#“A) ~ (1.088,5.186), at which
the transition is second order.

The equations of motion for the gauge-invariant fluctua-
tions can be found in Appendix B, for general bulk
dimension and an arbitrary number of scalar fields. To
obtain the equations used in this section, one should set
d=3, ®!'= y, and ®? = ¢ in the expressions in the
appendix.

We compute the spectrum of spin-two and spin-zero
states in dual field theory. We begin with the former. After
removing spurious (gauge) degrees of freedom, one is left
with a set of transverse, traceless components, e,,, of the
perturbation of the three-dimensional background metric in
Eq. (42). These satisfy the Klein-Gordon equation on the
background metric,

[02 +3(0,B)0, + m*e™*le,,(p) =0, (50)

where we have Fourier transformed with respect to the field
theory directions, with corresponding momentum p,,, and
with the definition m* = —p#p,. Each eigenvalue, m?, of
this differential equation supplemented by appropriate
boundary conditions, is the mass squared of a spin-two
state in the dual field theory.

It is convenient to analyze the boundary conditions by
looking at the expansions of e, in the z coordinate. In the
deep IR, we consider solutions for which e, is finite, which
requires that its Taylor expansion reads

2

m
1——(z—z20)*+--|. 51
491R( 0) (51)

_ LR
ey = ew

In particular, each component of e, depends on one

integration constant, ef,IUR), with the other integration con-

stant having been eliminated by the requirement of regu-
larity in the IR.
(0)

In the far UV, two undetermined parameters, e,  and

e,(,?, appear in the asymptotic expansion of e, :

2.(0)
O Mo o e,(i)z“

o = e +—
2(f2 — 3m?
—l—ef,?)%z“logz%— e (52)

The spectrum of spin-two modes is given by those values of

m? for which a solution that is regular in the IR has

e/(,(,)) = 0, as these correspond to poles in the propagator of

the traceless part of the stress tensor.
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The numerical strategy we follow to identify such values
of m? is the following shooting method. We fix a value of
m? and integrate the bulk equations along the holographic
direction starting from the IR, using the expansion in
Eq. (51) to set the initial conditions. Because the equations
are linear, we can choose ef,lym = 1 without loss of general-
ity. Fitting the numerical solution of the differential
equation to the UV expansion (52) we determine e,g,),) for
our choice of m?. We repeat this procedure, scanning over

different values of m?. The mass spectrum of spin-two

states is given by the values of m? for which e,(l(,i) = 0. In the
following, we denote the lightest spin-two state of a given
theory by m,. We use this value to set the scale in the mass
spectrum of all other (spin-two and spin-zero) fluctuations.
We do not show the full spectrum of spin-two states in
model B, as it displays no distinguishing features, as in
model A; see Fig. 5.

The spectrum of spin-zero fluctuations is found by
studying two coupled second-order differential equations
for two scalars, a' and a2, which are linear combinations of
the perturbations of the scalar fields, ¢ and y, and scalar
perturbations of the metric. As explained in Appendix B,
the equations of motion are given by

0= [0} +3B'0, + e *Em?*]a“
VOUD, VD, + BV,

5 S Vel (53)

with ®! = ¢ and o = y. Moreover, recall that
V,=0V/o® V,, = 0*V/od0®’ and indexes are raised
and lowered with the identity matrix, .

We solve Eq. (53) perturbatively in the deep IR, in terms
of a Taylor expansion in powers of small (z— z).
Regularity near the end of space restricts the solutions to
take the following form:

1 1

1 (3(1(11R) m2 4(1(IIR)L2V5 (¢IR)

a' =al,—— -
®) 12 IR Z%
2V3af, L2V5(¢r)
- R__2 (z—z0)*+---,
20
P — L 3afipym®  2v3ajy L2Vs(dw)
IR~ 12 9Ir Z(Q)
3af L2V (#r)
_% (=20 + -, (54)
0

2

with two integration constants, a(1 and a (IR)’ while g is a

IR)

background-dependent parameter.
We perform the same exercise in the far UV, near the

boundary at z — 0, by expanding in powers of small z.

We find that the solutions take the form

aly,m?
al = a(lo) + (4)1 2+ a(14>z4
alo m*(p? — 3m?)
© 13 Hlogz+ -,
2 2
a’? =a? z+2a,7° _to™ Zlogz+---, (59)
(©) @) 2 £z ’

where the integration constants are denoted as a(lo), a%()),

a<14), and a<22).

The mass spectrum of scalar fluctuations is obtained by
identifying the discrete eigenvalues of m? for which there
are solutions, of the form of Eq. (54), which are regular in
the IR and for which both a;(z) and 1a,(z) vanish when
z — 0. Numerically, we adopt the method of Ref. [144].
For each value for m?, we construct two linearly indepen-
dent numerical solutions in the bulk, which we denote
(al,a%) and (al,a2). These are obtained by integrating
Eq. (53) starting from the IR, with two different choices of
the integration constants in the IR expansions (54):

12, (.1

N O
and  al?: (ajp). = (1,-1). (56)
The spin-zero spectrum corresponds to values of m? for
which there exists a linear combination of the plus and
minus solutions for which both a(lo) =0 and a(zo) =0 in
Eq. (55). This requirement is satisfied if the pairs
(al,z7'a%) and (al,z7'a?) are proportional to each other,
in the limit z — 0. Thus, the spectrum consists of the values

of m? for which the determinant of the matrix

A(m?) = lim< a+(2)

=0 Z_l 02+ (Z)

al(z)
77'a2(z) ) 57)

vanishes. In practice, we evaluate the determinant at a
small, finite value of z = z., and then check convergence as
Z. 1s taken to zero.

Having performed the calculations of the spectra of
fluctuations of both spin-zero and spin-two states, we can
compare the results for different choices of background.
For instance, in Fig. 8 we display the spectrum correspond-
ing to the choice ¢, = 97/100, the same value of ¢,, for
which we showed the thermodynamics in Fig. 6. We find it
convenient to normalize the mass of the fluctuations to that
of the lightest spin-two state, m,, and plot our results for
different backgrounds by labeling them in terms of the
value of (O,). A tachyonic state appears precisely at the
turning points of Fig. 6, and persists over the whole range
of (thermodynamically) unstable background solutions.
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FIG. 8. Mass spectrum of spin-zero states as a function of the
vacuum expectation value of the operator dual to ¢, denoted as
(O,), normalized to powers of the scale A and a, defined in
Eq. (15). The masses are normalized to the mass of the lightest
spin-two state, m,. The value of (O,) jumps at the first-order
phase transition between the black, dashed vertical lines. Sim-
ilarly, the red dot-dashed vertical lines indicate the value of (O,,)
at the turning points, when plotted against £A (see Fig. 6). In this
example, we set ¢, = 0.97.

We devote the next subsection to a detailed analysis of the
relation between masses of the states, in particular that of
the lightest scalars, and thermodynamics.

D. A light state near the critical point

As we saw, having fixed the other parameters in the
potential, generic choices of ¢,, < ¢5, lead to the appear-
ance of a first-order phase transition in the space of
admissible, regular background solutions. For these, the
free-energy density plotted as a function of the source
shows the typical multivalued, swallow-tail diagram (see
Fig. 6) containing two branches of (meta)stable solutions as
well as one of unstable ones. In the spectrum, a tachyon
appears along the unstable branch.

This subsection is devoted to discussing how such
features change when one increases ¢,, to approach and
move beyond its critical value, ¢, highlighted in Fig. 7.
[lustrative examples are depicted in Fig. 9, where the
vacuum expectation value of the operator dual to ¢, (O,),
is displayed as a function of its source, A, for several
choices of ¢,,. The corresponding spectra are also shown.
When the critical value ¢y, is reached, the transition
becomes of second order, as (Oy) is continuous but its
derivative, which diverges, is not. Ultimately, when the
critical value is exceeded, a smooth crossover is
encountered.

As can be seen in the figure, for values of ¢, < ¢y, near
the critical point but for which a phase transition is still
present, the lightest state becomes parametrically light.
This occurs along the physically realized and stable branch

of solutions. Such a light state survives for ¢, = ¢5;, over a
region of parameter space near the critical point. It hence
appears that the presence of a nearby critical point in the
space (¢, £A) suppresses the mass of the lightest scalar
state in the theory, compared to the other scales, and other
masses.

We come now to discussing the nature of such a
parametrically light scalar particle. If it is a dilaton, the
pseudo—Nambu-Goldstone boson associated with the spon-
taneous breaking of approximate scale invariance, then it
should couple to the trace of the stress-energy tensor; see
for instance the lecture notes in Ref. [1]. In the language of
gauge/gravity duality, said trace sources the trace of the
bulk fluctuations of the metric. But this is not a gauge-
invariant statement, and furthermore the explicit breaking
of scale invariance results in the mixing of the would-be
dilaton with any other spin-zero, flavor-singlet excitation in
the theory. Following the suggestion in Ref. [145], we redo
the calculation of the spectrum of spin-zero states in the
probe approximation. In doing so, we ignore the back-
reaction on the metric, and hence the metric fluctuations are
ignored. This drastic approximation is doomed to miss the
dilaton, while it should capture well the properties of states
that are generic scalars. In the presence of modes that result
from the admixture of the two, the approximation is going
to work better for states that are predominantly the latter.
The details of the computation are collected in Appendix C,
and the results are shown in Fig. 10, for a particularly clear
example, obtained with ¢,, ~ ¢5;. In a range of values of
(O,), the lightest scalar is approximately massless. The
probe approximation reproduces all the excited states very
well. However, it fails to capture the lightest mode,
particularly when this state is very light. This result
provides strong evidence that this light scalar state is to
be interpreted as a light dilaton.

E. Model B in compendium

Model B is built starting from the same general setup as
model A: a real scalar field is coupled to gravity in five
dimensions. However, we adopt a simpler, polynomial
potential, and furthermore generalize the ansatz for the
background, to admit solutions in which one of the
dimensions is compactified on a circle. We then search
for regular and smooth background solutions, in which the
circle shrinks to zero size, hence modeling the generation of
a mass gap in the dual, lower-dimensional field theory
interpretation.

Asin model A, we identified a boundary in the parameter
space separating regions in which the background solutions
are qualitatively different. By contrast with model A
though, we were able to compute the free energy and
perform a global stability analysis of the background
regular solutions over the whole parameter space. This
analysis demonstrated that the aforementioned boundary is
actually a line of first-order, zero-temperature phase
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FIG. 9. Vacuum expectation value of O, (left) and corresponding mass spectrum of fluctuations (right), for different choices of ¢,
near the critical point. A massless scalar state appears at the critical point, ¢,; = ¢5;-

126017-18



LIGHT HOLOGRAPHIC DILATONS NEAR CRITICAL POINTS

PHYS. REV. D 110, 126017 (2024)

2

i

]  sign(m?) m; !

4

1072 107! 1 10

FIG. 10. Spectrum of scalar fluctuations in model B computed
in the probe approximation (orange dashed lines), defined by
ignoring the metric fluctuations, compared to the correct spec-
trum of scalar fluctuations (solid blue lines), as a function of
(O,). The calculation is performed by keeping fixed ¢y, = ¢, as
is the case for the third row of panels in Fig. 9. When the
fluctuations of the metric are ignored, the light state in the region
near the critical point is missed by the probe calculation, which
suggests it can be interpreted as a light dilaton.

transitions, which terminates for a critical value of the
tunable parameters in a second-order phase transition.

The calculation of the mass spectrum of fluctuations of
model B shows that a tachyonic mode appears only in
regions of parameter space leading to background solutions
that are energetically disfavored, hence reinforcing the
interpretation of the global stability analysis in terms of
phase transitions in the theory. In the rest of the parameter
space, both spin-zero and spin-two states display the
properties one expects in a field theory that admits a
supergravity dual description, with towers of approxi-
mately equally spaced masses.

The noticeable exception is represented by the
region of parameter space close to the second-order
phase transition: in this case, one of the spin-zero
states is anomalously light, and its properties, ana-
lyzed by comparing the fully backreacted calculation
of the spectrum to the results of the probe approxi-
mation, are compatible with its interpretation as a
dilaton, the parametrically light particle associated
with spontaneous breaking of approximate scale
invariance.

IV. DISCUSSION

Motivated by the long-standing problem of identifying
classes of strongly coupled field theories with a spectrum of
composite states containing a light dilaton—the pseudo—
Nambu-Goldstone boson associated with spontaneous
breaking of approximate scale invariance—in this paper
we considered two classes of models, both constructed

within the bottom-up approach to holography. We pre-
sented the mass spectrum of fluctuations and the zero-
temperature thermodynamic properties of the backgrounds
we identified. These calculations provide two complemen-
tary (local and global) stability analyses of the vacuum
structure of the dual field theories. We summarize in this
final section our main findings, as well as their implications
for the more general research program on the dilaton. We
also identify some future avenues for research.

In model A our main results are depicted in Figs. 2 and 4.
We find evidence of the existence of a boundary, a
hypersurface in the parameter space of the theory, that
divides it into two regions within which the nature of the
classical background solutions is qualitatively different.
Furthermore, we find evidence of the existence of an
exactly massless scalar fluctuation along such boundary.
In the proximity of such boundary, said state has an
anomalously light mass compared to all other scales in
the dual field theory. It is tempting to associate the
boundary to the existence of a phase transition in the field
theory at zero temperature, and to associate the light state
with a dilaton. Unfortunately, the nature of the model does
not allow firm conclusions of this type. However, we do
find a remarkable, robust result: while model A has been
designed to exhibit the existence of complex FPs, in the
vicinity to which the RG flow slows down to the point that
the physics is nearly conformal, their presence plays no
central role in the aforementioned phenomena.

Our main results for models of type B are illustrated by
Figs. 6-10. First, we find that there are regions of parameter
space in which the lightest scalar in the spectrum of
fluctuations has a mass parametrically suppressed with
respect to all other mass scales in the theory. This happens
even when the field-theory phenomena associated with
confinement are modeled, in the gravity dual theory, by the
smooth shrinking to zero size of an internal compact
manifold (a circle), as suggested in the context of confining
Yang-Mills theories [84]. Furthermore, we find evidence
that this scalar particle is approximately a dilaton. We think
these are two important results, in the context of the historic
discussion in the literature [24-27].

We find that this is not a generic expectation, though. As
also discussed elsewhere in the literature, for instance in the
context of top-down holographic models obtained within
the context of extended supergravity theories in higher
dimensions [116-118], the generic expectation is that when
a gravity background is located in the proximity of a
classical instability, then a first-order phase transition in the
parameter space of the field theory is also present. If so,
generically one finds that along the physical, stable
branches of admissible solutions, the lightest scalar state
has a mass that is not significantly lower than the scale of
all other resonances. While it may be argued that the
composition of such a state does contain a significant
dilaton component, its physical properties are not dissimilar
to those of a generic scalar bound state.
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The remarkable finding of this paper is that, as hinted to
in the final paragraph of Ref. [118] (see also references
therein), we identified a model in which, for some choices
of the parameters, the phase transition is weak; for such
choices, we demonstrated the appearance of a light dilaton
in the spectrum. Qualitatively, this expectation may be
related to the ideas of Ref. [73]. Nonetheless, the models
discussed here include a mechanism for confinement, and
the direct connection between the emergence of the dilaton
and the proximity of a second-order phase transition
appearing at the end of a line of first-order ones is novel
in this context (a related argument can be found in the
lattice literature [146]).

These findings further motivate the program of searching
for realistic field theory realizations of the scenario in
which a parametrically light dilaton appears in the spectrum
of bound states of strongly coupled theories close to
instabilities, in particular when critical points at the end
of lines of first-order phase transitions exist. We do not
have, yet, a systematic understanding of the conditions
under which this might happen. Achieving this may require
the study of broader classes of models than the two
examples we provide in this paper. A prominent question
is whether examples of this type exist in the context of top-
down holographic models, embedded in well-understood
supergravity theories that are believed to be the low-energy
descriptions of fundamental theories of gravity (string
theory).

In conclusion, the results of this paper demonstrate that
the emergence of a light composite dilaton in strongly
coupled gauge theories is possible in the presence of
confinement and phase transitions at zero temperature.
The appearance of a dilaton in regions of parameter space
near the end point of lines of first-order (zero-temperature)
phase transitions is the central result that our examples
illustrate. It would be interesting to demonstrate that this
feature also survives in realistic field theories that can be
studied in the context of lattice gauge theories, in which
the discretized theories exhibit a rich, nontrivial phase
structure [146]. Investigating these and closely related
questions promises to be a fascinating future research
program.
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APPENDIX A: MORE ABOUT MODEL A

In this appendix, we provide details on the procedure of
holographic renormalization applied to the models of
type A we consider in the body of the paper. For
completeness, we also briefly expand the discussion of
the vacuum structure, to consider cases other than a = 1,
which are the focus of the main body of the paper.

1. Holographic renormalization

Using the equations of motion, the Lagrangian density
appearing in the bulk part of the action, in Eq. (1), reduces
to a total derivative when evaluated on shell:

L3 20 f f 7
S =— d* / dz|= =
bulk 167rGN/ Y. Z[z (z2> }
:_L_S/déxxf_c AN
167Gy 2\2%) |-’
Here Sy, = S — Spay» and € is a small-z cutoff. Substituting

the small-z expansion of f(z) from Eq. (14a), we find that the
regularized on-shell action is

L3 1 A
St =—o— [ dx|5 -
bulk 871Gy / ! |:€4 12¢2
A* (1 a* 3 3

+§ 3—2+¢%+¢22>:|+0(€). (A2)

The boundary term in the action (1) receives two additive
contribution, Syqy = Sguy + Sei- The first is the GHY
boundary term evaluated on the cutoff surface at z = e,
Sauy = ﬁ [ d*xv/=hK, where h,, is the induced metric
on the cutoff surface, and K is its extrinsic curvature.
Evaluating on shell, we find

L’ 4 A?
Sty = ——— [ dtx| S -2
GHY = 872Gy / * [e‘* 3¢2

(A1)
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FIG. 11. The phase space and spectra of model A for a = /2/3.

The second contribution to the boundary term, S, is a set
of local counterterms that cancel the divergences in the on-
shell action,

_ 1 N ¢’
Set = 87zGNL/dx h{3+4
o1 & 3 3
+e (3~ +¢2+ log |,

8
where c¢ is a free coefficient, since it multiplies a finite
counterterm. Different choices of ¢ amount to different
renormalization schemes. The remaining coefficients in
Eq. (A4) have been chosen to precisely cancel the small-¢
divergences in the action; adding the counterterms, we find

+ cgp?

(A4)

that the total renormalized on-shell action, S* = S} . +
S&uy + S&, is given by
L 4 4
S§* = d*x |[AD — 4cA
327Gy / x[ ¢
A1 3 3
Sl . A5
SEraa)l W

The one-point function of the operator, O, dual to the
bulk scalar field, ¢, is obtained from the functional
derivative of the on-shell action with respect to L,

68*
A

(0) =- (A6)

To obtain the contributions from the unrenormalized bulk
action and the GHY term, we write the latter as a bulk
integral over a total derivative and define Sy, + Sguy =
[ d*x [dzL for some Lagrangian £. Then, under a small
variation ¢ — ¢ + ¢ and g,,, = Gun + 69, We find
that the corresponding variation in the unrenormalized
action is

oL
5S* OSk v =— 0q,,, ——
pulk T O9GHY / ( ¢ 0¢’+ Imn 9 len> -~

L¥ [ 2A6A
= 3DSA — ASD
3271GN{ € -
3AA (1 @ 3 3
il (SIS A
2 <3 2t 2‘2)]’ (A7)
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FIG. 12. The phase space and spectra of model A for a = 1.25.
where in the second equality we have substituted the UV N L3 L3
- 3,1 __
expansions in Eqs. (14a) and (14b), and we have dropped 5" 32,6, APVOIR™Y). (O)=—g7=®. (A10)

terms that vanish in the limit ¢ — 0. The variation in the
counterterms may be obtained straightforwardly by
expanding Eq. (A4):

2A6A
/ d4x{ 2

1 o 3 3
YPIN EAA. | )
Q 2+ﬁ+:»]

The divergent term and the term proportional to 6@
cancel from the variation of the full renormalized action,
as expected. Using Eq. (A6) we find the one-point
function:

L3 1 & 3 3
- DdeN o (-T2 2
SnGN[ R (3 2—%¢3+-52>}

(A9)

L3

DSA + ASD — 16¢A3SA
327Gy @A+ ¢

88%

(A8)

(0)=

It is convenient to choose a renormalization scheme (a
value of c¢) to cancel the terms in (O) proportional to A>.
In this scheme we find

where vol(R*!') denotes the regularized volume of
Minkowski space, arising from the integral over the field
theory directions in S*.

2. On the vacuum and spectra of model A

While in the main body of the paper we restricted
attention in model A to the choice @ = 1, we performed
an extensive study of the parameter space to check that our
findings have general value. To illustrate this point, we
present in Figs. 11 and 12 two numerical examples of the

phase space of the models, with @ = 1/2/3 and a = 1.25,
respectively, and samples of their corresponding spin-zero
spectra. We plot the spectra as functions of ¢; for three
different values of ¢,: one value of ¢, for which our
solutions are bouncing at small ¢;, one value of ¢, for
which our solutions are just outside the bouncing region,
and one value of ¢, well away from the bouncing region.
As can be seen in the figures, by comparing them with
Figs. 2 and 4, the qualitative features of our analysis are not
affected by the change in @. Namely, we find a region
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around the origin of the complex ¢, plane for which our
solutions bounce and are unstable. Just outside this region
the lightest spin-zero state is much lighter than the other
states in the spectrum.

We also investigate the probe limit of spin-zero fluctua-
tions in model A, similar to the analysis for model B
performed in Sec. IIID. In this case the probe limit
equation of motion is incompatible with imposing regu-
larity of the spin-zero fluctuation in the IR—instead in the
probe limit there are a pair of modes with complex
exponents near z = zp—so the spectrum is not well
defined. One possible approach is to cut off the deep IR,
considering only the region z < zy — € with some small e.
One can then compute the spectrum by imposing Dirichlet
boundary conditions at z = z; + €, and investigate whether
the spectrum converges in the limit € — 0. We find that this
process indeed gives a convergent result for model A;
however the result bears no relation to the true spectra
plotted in Fig. 4.

APPENDIX B: FLUCTUATION EQUATIONS

The spectrum of bound states is computed by studying the
fluctuations of the background fields [84] in a sigma model
coupled to gravity (see, for instance, Refs. [148-150]),
and makes use of a formalism that exploits gauge inva-
riance [131-136]. In this appendix we discuss the derivation
of the equations of motion for the gauge-invariant combi-
nations of metric and scalar perturbations appearing in the
main text. We follow Ref. [132]. We consider gravity in
(d + 1) dimensions, minimally coupled to some number of
scalar fields ®“, with bulk action

1
S — da+1 —
bulk = T Gyl / Xy =9

1
x {R ~39"0,9,0,9* ~V(®)|.  (BI)

where V(@) is the potential for the scalar fields, including a
negative cosmological constant. Note our sigma-model
metric is the identity, ®, = §,,®". We consider linearized
fluctuations about an asymptotically AdS,,; background
geometry of the form
ds? =dp? + B0y, devdx?, @ =%(p),  (B2)

where p is the radial direction and x* are the field theory
directions. Greek indices in this appendix are raised and
lowered with the Minkowski metric, 77,,,, and its inverse. The
notation used in this appendix differs slightly from that used
in Sec. II; at the end of the appendix we provide a dictionary
for translating between the two.

When perturbing the background in Eq. (B2), it is
convenient to decompose a general metric in radial slicing
according to the Arnowitt-Deser-Misner formalism:

ds? = (n* + n,n*)dp* + 2n,dpdx* + g, dx*dx*, (B3)
where (1, n,, g,,) depend on p and x*. We rewrite the small
perturbations as

g;w - e2B(p) (77;”/ + h;w)’ ny, = v,

n—1+v, D — Y(p) + y. (B4)
The small (h,,,v,,v.w,) depend on both the radial
coordinate p and the field theory coordinates x*. We further

decompose the symmetric tensor, /,,, as

d,0,
h/w =1t,+ 0ﬂuy + a,,u” + n H+ nﬂyh,

(BS)

where 7, is a symmetric, transverse (0", = 0), traceless
tensor, u* is a transverse vector, and H and & are scalars.
The field theory d’ Alembertian L1 = #**d,,d, is constructed
using the Minkowski metric. If we define the transverse
projector

%9y

< (B6)

H/w = ’7;41/ -

then we can extract the individual components of
h,, as [151]

1
ty = (HMHW - IHWHM> h*,  (B7a)
1 VA
I/t” = il—lﬂyaﬂl s (B7b)
1 M
H=— - h B
d—l(d 0 hy, hﬂ>, (B7¢)
1 oM
=—\| M, - . B
h 7= <h T hﬂ,,> (B7d)

Under an infinitesimal diffeomorphism, x” — x™ + &",
the scalar fields and metric transform as
O —» P4+ £, D + ...,

gmn - gmn + vmén + vnfm + cr (B8)

where the ellipses denote terms of higher order in ¢&.
Applying the projections in Eq. (B7), we can then extract
the following gauge transformations for the fluctuation
variables:

Sy =@,
8t,, =0,

ov=0,&
ou, =11,,&,

v, =1n,,e*80,E +0,&,
oH =20,¢", Sh=2B'¢.
(B9)
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Using these transformations we identify gauge-invariant
combinations of the fluctuation variables. With n scalar
fields there are (n + 1) combinations that do not include
any radial derivatives of the fluctuations,

al

aa:wa—ZB/h, e

=ty

» (B10)
In addition, there are three gauge-invariant combinations
that we can form involving radial derivatives of the
fluctuations,

h\' Oh B
b:y—(ZB/), =y, —— -

b, =1L v, — 8

. (B11)
Notice that ¢ and D, are essentially built from the longi-
tudinal and transverse components of v,, respectively.

The action in Eq. (B1) leads to a cumbersome set of
linearized equations of motion for the fluctuations. We use
Egs. (B10) and (B11) to eliminate (y*, ,,,v,v,) from these
linearized equations of motion in favor of the gauge-invariant
variables. One finds that the remaining gauge-dependent
variables (u,, h, H) then also disappear from the equations of
motion; they represent residual gauge degrees of freedom.
The fluctuations, written in the form of Eq. (B10), obey
decoupled, second-order ordinary differential equations.
Fourier transforming, so that a®(p, x*) = e!Pw*"a"(?Pu) | the
Fourier modes of the scalar fluctuations, a“, obey

e—dB (edBaa/)/ + m2e—28aa
VOUD, VD, + DUV,
(d—1)2B2 " (d—1)B’

+ vab> a®=0, (BI2)

where V, =0V /o®?, V,, =V /oD D", and m? =
—p,p". Recall that indices are raised and lowered with
the identity matrix, d,,. Similarly, the independent compo-
nents of the gauge-invariant, spin-two fluctuation, e,,, obey
the Klein-Gordon equation on the background metric,
e—dB (edBe;w)’ + mZe—ZBe

,=0. (B13)

"

Once these equations are solved, the remaining gauge-
invariant fluctuations are fixed by algebraic equations,

b — @/ a?
- 2(d-1)B"
B @ a? V@, a vV, a®
e *Pe=— ,
2(d—1)B' " 2(d—1)B? " 2(d—1)B'
b, = 0. (B14)

The full set of fluctuation equations are completely solved by
any (a,.b,c,d,.e,, ) satisfying Eqs. (B12)-(B14).

Equations (50) and (53) in Sec. III are recovered by
setting d = 3 in Eqs. (B13) and (B12), respectively. To
recover the notation used in Sec. II, we set d =4,
p = Llog(z/zg), and €*® = L?f(z)/z*. Section II has a
single scalar field, ® = ¢.

APPENDIX C: SCALAR FLUCTUATIONS
IN THE PROBE APPROXIMATION

In this appendix, we discuss the details of the computation
of the scalar fluctuations of model B when the fluctuations of
the metric are ignored, which we referred to as the probe
approximation. The motivation is to support our claim that
the mode that becomes light is indeed a dilaton. In this
approximation, the fluctuation equations become [145]

0=[05+3B'0, + e *Pm*a’ — vV,a’. (C1)
Here, the “~” reminds us that these are not the actual
perturbations, but their probe approximation.

Interestingly, the UV expansion of the perturbations are
significantly altered. We find that

1
al= 2\/§<vl +s;log(z) +4¢sszlog(z)2> 2Z2+0(zY),
1
@ =52+ [Uz +ﬂ(sz¢f —36¢,(s1—2v,) = 12m?s;)log(z)

25 =4l +afBlog’(0)| 2+ O
(©)

Notice the appearance of the coefficient s, in both
expansions. Fortunately, if we consider the combinations

1 al(z) 1, log(z)
og(2) <2ﬂz2_1a @ele) = )

wi(z) =1

o) =2, (©3)

we find that near the boundary

Uy

log(z)

1
Yo =58+ |02 +ﬂ(52¢? —36¢)(s; —20;) —12m?*s,)log(z)

v, =5+ +0(2%),

~ 252,451 )log* () + yadilog’(9)| 2+ O().
()

Thus, we identify s, and s, as the coefficients that have to
vanish for the solutions corresponding to the spectrum.
Similarly, the perturbations near the (IR) end of space read
as follows:
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(z = 20)*(=2C1gRL*V5(pr) 4 6C;m*25 + Crgir L* Vs ()

ial=c¢c, — + 0((z = 20)?).
: 24(gir7p) ’
—70)%(2¢,gr L*V/, — Cygr L2V c,m?z2
2=c,— (z = 20)" (219 LV (¢1r) 2291R 5(PR) + Com”z5) +0((z—2)), (C5)
4(9rzp)

with the appearance of two undetermined parameters, C,
and C,.

The appearance of logarithmic divergences in Eq. (C2)
makes the integration from the IR all the way up to the
boundary challenging. In particular, it is complicated to
proceed as we did with the full perturbations. There, we
were looking for a combination of numerical solutions
obtained from initial conditions at the IR for which the
sources vanish at the UV. Here, instead, we must compare
numerical solutions obtained by evolving the differential
equations from both sides, and merging them at an
intermediate point.

®10)(Zm) (Pl(l,l)
P (Zm) (ﬂ/( 1.IT) Zm)

m?,z,) =
M. 2n) ¢(1,111)(Zm)
(2m)

Pav)\Zm

If det M # 0, it means that there is no linear combination of
the IR solutions that reproduces the UV solutions. Con-
sequently, modes with the sources s; = s, = 0 cannot be
connected to the regular IR. In contrast, if det M # O there
is a linear combination of I and II the value and derivative
of which at z,, coincide with a linear combination of III
and IV.

We proceed as follows. On the one hand, we set the sources
to zero at the UV and make the choices (v, v5) = (y1, £y»),
with y; €ER positive real values, obtaining two different
solutions {1 (), @2, (2)} and {@( ) (2). @2 (2) }. We
find these solutions (numerically) and evolve them between
the boundary and an intermediate matching point,
72 = 2,, € (0, zg). On the other hand, we solve the equations
from the IR with (¢, C;) = (wy, £w,), with w; €R. This
gives two additional numerical solutions, which we denote
by {60(1,111)(1)a (/7(2,111)(1)} and {(p(l,IV)(Z)7 ¢(2,IV)(Z)}- These
are defined between the matching point z,, and the IR z,.

With these two sets of solutions, we construct the matrix

Within this midpoint determinant method, the mass
spectrum is given by those values of m? for which
det(M(m?,z,,)) = 0. This set of m? should not depend
on z,, which we check explicitly in the case of the
numerical study presented in the body of the paper, and
shown in Fig. 10.
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