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The spectrum of bound states of special strongly coupled confining field theories might include a
parametrically light dilaton, associated with the formation of enhanced condensates that break (approxi-
mate) scale invariance spontaneously. It has been suggested in the literature that such a state may arise in
connection with the theory being close to the unitarity bound in holographic models. We extend these ideas
to cases where the background geometry is non-anti-de Sitter, and the gravity description of the dual
confining field theory has a top-down origin in supergravity. We exemplify this program by studying the
circle compactification of Romans six-dimensional half-maximal supergravity. We uncover a rich space of
solutions, many of which were previously unknown in the literature. We compute the bosonic spectrum of
excitations and identify a tachyonic instability in a region of parameter space for a class of regular
background solutions. A tachyon only exists along an energetically disfavored (unphysical) branch of
solutions of the gravity theory; we find evidence of a first-order phase transition that separates this region of
parameter space from the physical one. Along the physical branch of regular solutions, one of the lightest
scalar particles is approximately a dilaton, and it is associated with a condensate in the underlying theory.
Yet, because of the location of the phase transition, its mass is not parametrically small, and it is,

coincidentally, the next-to-lightest scalar bound state, rather than the lightest one.

DOI: 10.1103/PhysRevD.103.106018

I. INTRODUCTION

The Standard Model of particle physics is likely to be
replaced by a more complete theory above some unknown
new physics scale A. Yet, the discovery by the LHC
collaborations of the Higgs particle [1,2], with mass
my, ~ 126 GeV, has not been accompanied by convincing
signals of new phenomena in (direct and indirect) searches,
further pushing the hypothetical scale A into the multi-TeV
range. This observation hints at a difficulty in the appli-
cation of effective field theory (EFT) ideas to high-energy
particle physics. If the fundamental theory completing the
Standard Model above A plays a role (even indirectly) in
electroweak symmetry breaking (EWSB) and Higgs phys-
ics, it is technically difficult to implement the hierarchy
my;, < A and justify it inside the general low-energy EFT
paradigm. The resulting low-energy description requires
fine-tuning; in the literature, this tension is referred to as the
little hierarchy problem.
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The Higgs particle might emerge at the dynamical scale
A from strongly coupled new physics. If one could dial the
effects of explicit breaking of scale invariance to be smaller
than those associated with its spontaneous breaking, the
Higgs boson could be identified with the pseudo-Nambu-
Goldstone boson associated with the spontaneous breaking
of dilatation invariance: the dilaton. If furthermore its mass
my, could be made small enough to yield the hierarchy
my, < A, and without fine-tuning, then the little hierarchy
problem would be solved.

The properties of the EFT description of the dilaton are
the subject of a vast body of literature (see for instance
Refs. [3-15]), which includes well-known studies dating
from a long time ago [16,17]. The details of how this idea is
implemented in phenomenologically relevant models of
EWSB are the subject of many studies (see for example
Refs. [18-29]), and some date back to earlier days of
dynamical EWSB symmetry breaking and walking tech-
nicolor [30-32].

The main limitation to the study from first principles of
dilaton dynamics with strongly coupled origin comes from
calculability. For example, lattice studies have started to
uncover evidence that an anomalously light scalar particle
appears in confining gauge theories that are believed to be
close to the edge of the conformal window, namely in
SU(3) gauge theories with either N, =8 fundamental
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Dirac fermions [33-37] or with Ny =2 Dirac fermions
transforming in the two-index symmetric representation
[38—43]. It may be premature to conclude that these works
have uncovered firm evidence that the scalar particle is a
dilaton, but EFT-based studies yield encouraging indica-
tions in this direction (see for example Refs. [10,42,44]).

A complementary approach exploits holography and
gauge-gravity correspondences [45-47]. The properties
of some special strongly coupled field theories can be
derived from weakly coupled gravity theories in higher
dimensions (see the introductory review in Ref. [48]). A
systematic prescription exists for calculating correlation
functions and condensates, via holographic renormalization
[49] (see the lecture notes in Refs. [50,51]). The study of
simplified toy models, implementing the Goldberger-Wise
stabilization mechanism [52-58], shows the presence of a
light dilaton in the spectrum. Attempts at constructing
phenomenologically more realistic models, while disre-
garding the fundamental origin of the higher-dimensional
theory (the bottom-up approach to holography) yield
similarly encouraging results [59-67].

Evidence that strong dynamics can lead to the formation
of a light dilaton has been confirmed also in the context of
less realistic, but more rigorous holographic models built
starting from supergravity (top-down approach) [68,69]
(see also Refs. [70-73]). So far, this has been shown to be
true only inside the special framework of a particular five-
dimensional sigma model coupled to gravity, the solutions
of which lift to backgrounds with geometry related to the
conifold [74-79]. These backgrounds are related to con-
fining gauge theories. The known existence of a moduli
space (along the baryonic branch of the Klebanov-Strassler
system), and of a tunable parameter appearing in some of
the condensates of the gauge theory, provide a nontrivial
dynamical explanation for the existence of a light state,
which is tempting to identify with the dilaton.

Along a parallel line of investigation, we are intrigued by
the ideas exposed in Ref. [67] (and in Refs. [80,81]), which
are closely related to the discussions in Ref. [82]. The
present paper is a first step toward transferring these ideas
from the bottom-up context to that of rigorous holographic
models built within the top-down approach, and hence
testing them within known supergravity theories. Within
the bottom-up approach to holography, the authors of
Refs. [67,82] start by identifying the Breitenlohner-
Freedman (BF) unitarity bound [83] as a marker of the
transition between conformal and nonconformal behavior
of the dual gauge theory. The BF bound is related to the
dimension A of an operator O in the dual conformal field
theory. In the case of five-dimensional gravity theories, the
BF bound selects A = 2, which agrees with the arguments
discussed in the context of the Schwinger-Dyson equations
and their approximation [84], according to which, in gauge
theories with fermion matter field content, the O = py
operator acquires the nonperturbative dimension A =2

precisely at the edge of the conformal window. In recent
dilaton EFT studies, A is measured by fitting the afore-
mentioned SU(3) lattice data to yield A ~2 [9,10,13].
Reference [67] discusses the dynamics in proximity of
the BF bound, particularly in relation to the dilaton mass.
It adopts a bottom-up simplified model to describe this
scenario and to test it. The spectrum of bound states of the
putative dual theory is then calculated. It is found that,
when dialing the bulk mass to approach the BF bound [67],

“...the dilaton is always the lightest resonance, although
not parametrically lighter than the others.’

In this paper, we consider a holographic model that
realizes a physical system sharing several core features with
those advocated in Ref. [67], but within the context of top-
down holography. We see this paper as a precursor to a
broad research program of exploration of supergravity
backgrounds. We now describe how we can develop this
program and anticipate our main results for the one model
we focus upon in the body of the paper.

The techniques that we use are applicable to systems for
which the gravity geometry is asymptotically anti-de Sitter
at large values of the holographic direction p (correspond-
ing to the UV of the dual field theory). This is best suited for
the application of holographic renormalization, as we want
not only to compute the mass spectrum but also the free
energy of the system, which plays a crucial role in the body
of the paper.

In the bottom-up approach to holography, the mass gap
of the dual theory can be introduced by adding by hand an
end of space to the geometry in what corresponds to the IR
in the dual field theory. The presence of boundaries to the
space provides additional freedom and allows for the mass
gap to emerge in a way that can often be arranged to
preserve (approximate) scale invariance arbitrarily close to
the confinement scale. Hence, the notion of scaling
dimension and the associated BF bound may be well
defined even in close proximity of the end of space in
the geometry. [Notice that the value of the mass to which
one applies the BF bound must be calculated in reference to
the anti-de Sitter (AdS) geometry, or critical point of the
sigma model, that is closest to the end of space of the
geometry along the dual renormalization group (RG) flow.]

This is not the case within the top-down approach. The
backgrounds in the higher-dimensional geometry depart
from AdSp, and in the case when the dual field theory
confines, the geometry closes smoothly. The linear behav-
ior for the quark-antiquark static potential is recovered by
considering open strings in the uplifted ten-dimensional
geometry [85,86] and minimizing the classical action
[87-91]. In all known classical backgrounds that yield
linear confinement in the dual theory in D = 4 dimensions
(see for instance Refs. [75,77,78,92-94] and the general-
izations of these models), the geometry is manifestly quite
different from AdSp in the proximity of its end of space.
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By combining the fact that in supergravity the potential
and mass of the bulk scalar fields are fixed and known, and
cannot be arbitrarily dialed, together with the aforementioned
departure from AdS,, of the geometry in the crucial region
near the end of space, we conclude that the whole notion of
proximity to the BF bound (central to Refs. [67,82]) needs to
be generalized. The BF bound in AdS, spaces is a marker of
classical instabilities, taking the form of nonunitary behavior.
Within supergravity, it is possible to consider classical
backgrounds that evolve near the end of space toward regions
of instability. The instability of the RG trajectory in the dual
field theory eventually gives rise to tachyonic behavior for
some of the lower-dimensional classical fluctuations of the
background solutions. We hence replace the notion of
proximity to the BF bound (useful only in approximately
AdS; models, but not applicable to the dual of confining
theories), with the proximity to such tachyonic backgrounds.
We will not dial the parameters in the action (related to the
coefficients in the dual renormalization group equations), but
rather adjust the only allowed freedom: the UV boundary
conditions satisfied by the gravity and scalar fields.

We want to obtain physically meaningful results; hence,
ideally, we should focus on background solutions that are
regular. Nevertheless, we find that in order to explain some
crucial features of the gravity dynamics we are compelled
to include in part of our analysis also singular solutions that
exhibit what Gubser in Ref. [95] called a good singularity,
that is characterized by the fact that the scalar potential of
the supergravity theory, evaluated along the classical
solutions considered, is bounded from above. As we shall
see, some of these solutions exhibit a mild singular
behavior in D = 10 dimensions, that can be detected only
in higher-order curvature invariants, not in the Ricci scalar.
We are pushed even further: we have to include also badly
singular backgrounds in the study of the energetics. We will
clarify these notions eventually, in the body of the paper,
but we anticipate here that the reason why we introduce the
singular solutions in the study of the energetics is not that
we are making use of their field-theory interpretation
(which does not exist) but rather that, for our treatment
of the gravity theory to be self-contained and consistent, we
must treat all the classical solutions on the same grounds, in
order to select what the features of the dynamics are. If it
turns out that a singular solution has free energy lower than
the (known) regular solutions, it is not legitimate to discard
it, as its contribution to the path integral in the gravity
theory is actually dominant. This signals the incomplete-
ness of the gravity description.

So far, we have introduced a quite general program of
research, which can be carried out systematically on the
many known supergravity theories and their consistent
truncations (see for instance Refs. [96,97]). In this paper,
we exemplify this study with one specific class of theories.
We choose this class mostly on the grounds of simplicity—
the model is a simple example of a gravity theory which

provides the dual of a confining field theory, within the top-
down approach to holography. To this end, we broaden the
classes of backgrounds studied in earlier publications about
this same special system [92,93,98,99].

The gravity theory we consider is the half-maximal
N =(2,2) supergravity in D =6 dimensions first
described by Romans [100]. It has been studied in great
detail and for many different purposes [92,93,101-120]. Its
beauty lies in its simplicity: the model in D = 6 dimensions
contains only one scalar field ¢ coupled to gravity, with a
known classical action describing also four vectors and one
2-form. We compactify one of the dimensions on a circle.
The backgrounds approach the critical point ¢p = 0 at large
values of the holographic coordinate p (corresponding to
the UV of the dual field theory). The physics of confine-
ment is captured by the fact that there are solutions of the
background equations in which the circle shrinks smoothly
to zero size at some finite point in the radial coordinate
[94]. We extend the study with respect to Refs. [92,93] and
[98,99] and look at additional branches of solutions. In
particular, we consider solutions in which the scalar field
assumes positive values, ¢ > 0, for which the potential in
six dimensions is unbounded from below, and an instability
arises in the system. In parts of the study, we also consider
gravity solutions that do not have an interpretation in terms
of four-dimensional confining theories, either because the
dual theory is genuinely five-dimensional at all scales or
because a singularity emerges in the gravity description.

We expect that, as long as ¢ experiences just a small
excursion away from ¢ = 0, the spectrum of fluctuations
should not differ substantially from the one computed
elsewhere [92,93,98,99,121] and resemble qualitatively
that of a generic confining theory. In particular, all the
fluctuations have positive mass squared, and there is no
parametric separation of scales visible in the spectrum. At
the other extreme, if the scalar ¢ explores deep into the
instability region with ¢ > 0, in which the potential of the
six-dimensional gravity theory is unbounded, we expect at
least one of the states of the dual field theory to become
tachyonic. Under the assumption of continuity, somewhere
in between, one expects that the mass squared of one of the
states in the spectrum will cross zero, for some special
choice of background solution. We compute the spectra by
making use of the gauge-invariant formalism developed in
Refs. [122-126] and [99] and verify that all of these
expectations are realized. In close proximity of the afore-
mentioned tuned choice of background, the lightest state is
a scalar, and it can be made parametrically light in
comparison to all other states. Furthermore, we show that
this state can be characterized as an (approximate) dilaton,
by performing a nontrivial test on the spectrum [127] and
by identifying the presence of an enhanced condensate in
the vacuum. We use the term approximate dilaton to refer
to a state that has significant mixing with the dilaton but is
not necessarily light.
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But the attentive reader certainly took notice of the
phrase “assumption of continuity” in the previous para-
graph and realized that this assumption may fail, for
example in the presence of a phase transition. In fact, this
assumption must fail; the very presence of classical
instabilities, as indicated by the existence of a tachyon,
in what is an otherwise perfectly well-defined physical
system (a well-known and established classical super-
gravity), demands the existence of a different branch of
solutions, which must be energetically favored. The light
(approximate) dilaton and the tachyon appear along a
branch of classical solutions that eventually ceases to be
physically realized. We uncover evidence of a first-order
phase transition in the gravity theory and show that the
physically realized solutions do not come immediately
close to the tachyonic ones, undermining the chain of
implications from the previous paragraph. This is illustrated
in Fig. 1, which sketches the free energy as a function of the
source of a relevant deformation in the field theory for two
of the different branches of the classical solutions. As the
source is increased, one encounters a first-order phase
transition between a branch of regular solutions (in solid
black) and a branch of singular solutions (in long-dashed
dark green), which happens before the tachyonic region (in
short-dashed orange) is reached. We will be more specific
and precise in describing these phenomena in the body of
the paper.

The conclusion of this exercise is almost identical to the
one we explicitly quoted earlier on in italics, taken from
Ref. [67]. A distinctive element is that, in the physical part
of parameter space, the state that is approximately a dilaton
is the next-to-lightest state. Furthermore, the connection

Free energy

~a
-----------

Source

FIG. 1. Sketch of the free energy as a function of the source, for
two of the different branches of classical solutions, showing the
first-order phase transition at the crossing between the black
(solid) and dark-green (long-dashed) lines, as well as the region
with a tachyonic instability depicted by the orange (short-dashed)
line. The reader should consult Fig. 10, its caption and the text
around it, for more details on the phase transition in the realistic
model described in the main body of the paper.

with the study of phase transitions bridges between the
physics arguments in Ref. [67] and those exposed in
Refs. [80,81], that are inferred from lower-dimensional
statistical mechanics. The first-order phase transition (to
unphysical gravity configurations) signals the metastability
of the branch of regular solutions along which the dilaton
becomes light, and hence precludes us from creating an
arbitrarily large hierarchy between the mass of said dilaton
and that of the other states along the stable branch.

We think this paper exemplifies and clarifies a few
important general points and opens a new avenue for
exploration. First of all, we confirm in the context of
top-down gauge-gravity dualities that one of the lightest
states arising in this way indeed overlaps significantly with
the dilaton and is not some accidentally light scalar particle
with generic properties. We do so by repeating the
calculation of the spectrum by treating the scalars in the
probe approximation, which ignores the fluctuations of
the five-dimensional metric, and by comparing the results
with the full gauge-invariant results. We expand on this
technical procedure in a different publication [127].

Second, the techniques we adopted can be equally
applied to many other backgrounds that are asymptotically
anti-de Sitter in the far UV and evolve toward a classical
instability. In principle, there are countless such examples
one can build within the known catalog of supergravity
theories. We expect the results we found here to hold
generically: there will be choices of parameters/solutions
that make one of the scalars arbitrarily light. And there will
be a first-order phase transition that prevents such solutions
from being physically realized. Yet, there is no reason to
expect that all phase transitions should be equally strong;
the phase transition might take place in close proximity of
the tachyonic instability. In this case, we would be able—
by exploiting the formalism we are testing in this paper—to
compute whether a nontrivial hierarchy appears in the mass
spectrum, as the dilaton state behaves differently from the
rest of the spectrum. Or, conversely, it might turn out that
our findings are truly universal, so that no hierarchy of scale
can be produced with this mechanism. Even such a negative
result would be an interesting finding.

The paper is organized as follows. In Sec. II, we define
the properties of the model we study. We show the branches
of solutions of interest to our investigation in Sec. III and
produce a classification of nontrivial classical backgrounds
based upon their asymptotic behavior in proximity of the
end of the space in the interior of the geometry. All of the
backgrounds share the same properties at large values of
the radial direction p, corresponding to the UV of the dual
theory. Many such solutions had not been identified before
in the literature. In Sec. IV, we present the spectra of
fluctuations, restricting ourselves to the regular gravity
backgrounds, and discuss their interpretation as bound
states in the dual confining theory. Section IV B contains
one of the core parts of the analysis: by comparing the
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results of the probe approximation to those of the full
calculation of the spectrum, we identify states that have an
overlap with the dilaton, and we discuss how this relates to
the magnitude of the condensates in the dual theory. We
discuss the energetics, computing the free energy of the
background configurations in Sec. V. Section VD shows
evidence for the arising of a phase transition. Given the
length of the paper, and the fact that the model we consider
is nontrivial, we find it useful to summarize all our results in
Sec. VI, and we conclude the paper with an outline of
further avenues for future exploration in Sec. VII. We
relegate to the Appendixes some useful technical details.

II. MODEL

In this section, we summarize the action of the six-
dimensional supergravity written by Romans, adopt an
ansatz in which one of the dimensions is a circle, perform
the dimensional reduction of the theory on this circle, and
write the resulting dimensionally reduced action in D = 5
space-time dimensions. Most of the material reported here
can be found in the literature, that we have already cited and
will further refer to throughout the section. Yet, we find it
convenient to collect all the useful background information
in this section, both to make the exposition self-contained,
as well as to fix the notation unambiguously.

A. Action and formalism of the D =6 model

The six-dimensional (gauged) supergravity constructed
by Romans [100] describes 32 bosonic degrees of freedom
(d.o.f.) (we ignore the fermions). We denote by indices
Me {0,1,2,3,5,6} the coordinates in D = 6 dimensions.
The field content (number of d.o.f.) is the following: one
scalar ¢ (1 x 1), one vector Ay (1 x 4) transforming as a
singlet under U(1), three vectors AL (3 x4) in the 3
representation of SU(2), one 2-form By, 4 (1 x 6), and the
six-dimensional metric tensor gy (1 x 9). The action is
given by

R .
So= | dxv/=Gs (46 = 9" 05 d0y = Ve(9)
1

RGNS i o
=2y F s
l

PR .
=2 i Hs

4¢§MR§NS§TUGMNTGRSU>’ (1)

where summation over repeated indices is implied. The
tensors are defined as follows:

Fi o = 0pAl — 05 AL + ge'lA% A% )

Fyy=0pAy — 03Ay, (3)

Huy =Fyuy +mByy. (4)

Ging

30By 1 = OByt + OyBris + 0B (5)

Here, g is the determinant of the metric tensor, and R¢ =

"N Ry, i is the corresponding Ricci scalar. We return to the

scalar potential Vg(¢p) and its critical points in Sec. II B.
B. Scalar potential in D =6 dimensions

The potential for the real scalar field ¢ in the six-
dimensional model is given by1 [105]

1
Vold) =5 (e —9¢% — 12¢) (o)

and is shown in Fig. 2. It admits two critical points:

=0 (Vo) =-3). 0
and
__10g(3) __i
=5 (o =-T5).  ®

with the former (latter) a global maximum (minimum)
which preserves (breaks) supersymmetry. As we shall see,
there exist numerical solutions to the equations of motion
that interpolate between these two critical points, corre-
sponding to a renormalization group flow between a UV
and IR fixed point in the dual field theory. In previous work
[99], we restricted ¢ to the closed interval ¢ € [¢r, dyuv]-
For the purposes of this paper, we extend this domain by
allowing positive values of ¢.

C. Reduction from D=6 to D=5 dimensions

We compactify one of the external dimensions
[described by the coordinate # € [0,2x)] of the Romans
theory on a circle S' and parametrize the six-dimensional
metric as follows,

ds? = e ds + e (dn+ VydxM)?

= e‘z)((eZA(’)dx%j +dr?) + % (dn+ Vy,dxM)?

= e (24P dx? 5 + e dp?) + e (dy+ Vydx™)2, (9)
where dsg is the five-dimensional line element so that
det(gyy) = gs = —e® (), with warp factor A(r), and

we have adopted the “mostly plus” four-dimensional
Minkowski metric signature, 77, =diag(—,+,+,+); indices

'In the language of Ref. [105], we adopted the choice of g =
V8 and m = %i without loss of generality.
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run over u,v € {0,1,2,3} and M,N € {0,1,2,3,5}. The
third equality introduces the convenient redefinition of the
radial coordinate dr = e?dp. In the background solutions
that we will consider, each field of the supergravity model
depends only on the radial coordinate p, and additionally
only ¢(p), x(p), and A(p) acquire nonzero radial profiles,
thus ensuring Poincaré invariance along the Minkowski x*
directions. We constrain the holographic coordinate to take

|

R 1 1
Ss = /d5x =95 <_5 = =G g™ Oy @ OND" = V(. y) —

4 2
1
12

where the 32 physical degrees of freedom are now carried
by the following five-dimensional field content: six scalars
{p, . 7", Ag} (6x 1), six vectors {Ay, AL, Bey, Vit
(6 x 3), one 2-form B,y (1 x3), and the metric tensor
guny (1 x5)in D =5 dimensions. The dynamical scalar
field y parametrizes the size of the compact S' [see Eq. (9)].
The sigma-model scalars are ®* = {¢,y,n'} with the
metric G, = diag(2, 6, e~%~2¢), while the field strengths
{FY,F'} have the metric H,p = diag(}e®, e%~2?). The
five-dimensional scalar potential appearing in the circle-
reduced model is given by V(¢h, ) = e *Vy(oh).

D. Equations of motion

The classical equations of motion can be obtained from
Ss, the action for the five-dimensional model, provided in
Eq. (10). We remind the Reader that all of the classical
supergravity background fields are assumed to depend

—T T T T T T T T T T T T T T T T T T T T T T

0.0F

Ve (0)

Ll

-0.8 -0.6

Ll

-0.4

Ll

-0.2 0.0 0.2 0.4 0.6

¢

P U BRI N B

FIG. 2. The potential Vg(¢) of Romans supergravity as a
function of the one scalar ¢ in the sigma model coupled to
gravity in D = 6 dimensions. We highlight the two critical points:
the case ¢ = ¢pyy =0 (blue disk) and the case ¢ = pr =
—1log(3) (dark-red triangle), both of which allow for AdSg
background solutions.

values in the closed interval p € [py, p,], for reasons to be
discussed later, but it is understood that the physical results
that apply to the dual field theory are recovered only after
removing these restrictions.

After decomposing the fields, and some algebra (see
Ref. [99] for details), the action of the reduced five-
dimensional model is given by

1
H g g"R gV S Foyy Flg — Zezl_zqngRgNsHMNHRs

1 1
— — e GMRNS GTU G\ sy — 5 ™20 NS H o Hes — 1 e~ PN SQTUGeNTG6SU> ; (10)

[

solely on the holographic coordinate p. Hence, the equa-
tions of motion for the background functions are given by

10V,
8/2)¢+(4apA_ap)()ap¢:58—¢6’ (11)

Vs

Doy + (40,A = 0,7)0,x = (12)

3(0,4)? = (9,#)* = 3(0,x)* = =V (13)

302A46(9,A)* +2(0,0)* +6(0,x)* —30,A0,y = —2V.
(14)
Only the first three are independent. These equations of

motion can be reformulated using the following convenient
redefinitions,

c=4A -y, d=A-4y, (15)
or equivalently
—i( 4d) A —i(4 d) (16)
A=05 T BEEAR

so that we can recast them in the following form:

10V,
Opp + 0,0, = 58—456, (17)
e+ (0,¢)* = =5V, (18)
(0,¢)* = (0,d)* = 5(0,¢)* = =5V, (19)
R+ 0,c0,d = 0. (20)

The last of these four equations can be derived from the
previous three, yet we show it explicitly for a reason we will
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explain shortly. Having solved the coupled equations (17)
and (18) to yield ¢ and c, one can proceed then to solve
Eq. (19) to determine d. Notice that for any given solution d
one finds that —d is also admissible. We observe that
Eq. (20) can be rewritten as a vanishing total derivative, and
hence we obtain the following useful relation,

740,y - 9,A) = C, (21)

for some background-dependent integration constant C.
We will make use of this relation later in the paper. Finally,
we also note that by combining Eqgs. (18) and (19), one can
derive the inequality

82c <0, (22)

that constrains the RG flows of the dual field theory
admitting a description based on the classical backgrounds.

E. Superpotential formalism

The conventions we are using in writing the action in
Eq. (1) are such that if the potential of the model in D
dimensions Vp can be written in terms of a superpotential
W that satisfies the following equation [123]

1 D -1

— _GoP 2_Z7 w2
Vp =5GP0,V - 5= WA, (23)

for the metric ansatz
dsp = e*dxi _, +dp?, (24)

then one finds that the solutions to a special set of first-
order equations are also solutions to the second-order
classical equations. The aforementioned first-order equa-
tions are the following:

2
9 A=W, (25)

8, =GP, W. (26)

As we are working with D = 6, and given the potential
Ve of Eq. (6), one finds [110] the superpotential W = W,
which together with the corresponding first-order equa-
tions is

W, = —e? — %e‘w, (27)
1 1 1
= —_—— = — (/) — _3¢
0,A 2W1 5 (e +3e > (28)
1 1 Y
0,4 5ad,wl =3 (—e? + e737). (29)

It is straightforward to verify that solutions to the previous
two equations also solve the full equations of motion of the
system, which after imposing the constraint A = 4y (and
hence A = 3y) can be rewritten as

ov

402 +150,A0,¢ = 28—4)6, (30)
3024 +4(0,0)* =0, (31)
45(0,A4)> — 16(3,¢)*> = —16Vs. (32)

The superpotential VW, yields a system of equations that
admits the solution ¢) = 0 and A = %p. It can be expanded
in powers of small ¢:

61

4 4 . 7 2
Wi(p) = —§—2¢2 +§¢3 —6474 +§¢5 —Eff)é

+ O(¢7). (33)

The quadratic term in this expansion shows that the solutions
can be interpreted in terms of the vacuum expectation
value of an operator of dimension A = 3 in the dual five-
dimensional strongly coupled field theory [110].

Besides providing a useful solution-generating tech-
nique, the superpotential formalism also plays a role in
defining an unambiguous, covariant, and physically moti-
vated subtraction scheme in the calculation of the free
energy. To this purpose, we notice that the system admits a
second choice of superpotential, that we call W,, and that
can be written as a power expansion for small ¢:

4 4 16 86 848
W2(¢):—§—§¢2+?¢3+?¢4+T¢5
988658
T ) (34)

We are not aware of the existence of a closed form solution
to Eq. (23) that satisfies this expansion. Notice that, while
encompassing the same AdSg solution of the first-order
system derived from WW,, in this case the solutions of the
first-order system correspond to deformations of the dual
field theory by the nontrivial coupling of the same operator
of dimension A = 3. As we shall see, by choosing to adopt
W, (¢) as the form of one of the boundary-localized terms
in the complete gravity action, we can provide the counter-
terms in the holographic renormalization procedure and
guarantee that all the divergences are canceled for any
asymptotically AdS¢ backgrounds.

III. CLASSES OF SOLUTIONS

In this section, we present the classes of solutions that we
will refer to as supersymmetry (SUSY), IR-conformal,
confining, and skewed, together with their IR expansions.
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We also introduce a few additional, more general, singular 7 = ¢=%/3, We truncate each expansion at O(z'!"). These
solutions, including ones that preserve five-dimensional  expansions are used in the numerical analysis for all classes

Poincaré invariance. We introduce the relevant UV expan-  of solutions in order to extract values for the set of UV
sions for the two scalars {¢,y} and the warp factor A,  parameters {¢,, ¢3.xs.xy. Ay} that unambiguously iden-
which are valid for all these classes of solutions. tify each background and to compute the free energy. All
solutions we are interested in have the same formal UV

A. UV expansions expansion, as they all correspond to deformations of the

We present here the large-p expansions for ¢, y, and A in same supersyrpmetric fi?(ed point. The expansions are given
terms of a convenient holographic coordinate defined by by the following equations:
|

339
$(2) = o2 + 327 — 632" — 4(hagh3)2° +( %3 ¢3> 6+E¢%¢3Z7
., (77¢2¢§ ) 146¢§) o (19(,5; B 8497¢~2¢3)Z9

0 3 2 105
6752¢5 _ 19864343\ 1o, (41271613¢s 3427443 | 2
+< 3 3 )¢ "\ iooso - mo )¢ O 9

log(z) ¢%Z4 > 4’%)

_ : 3203 _ 7743\
22 =2u = =37 =y st +<9 12)° ¢

32
6 2, 7 3
ETRCLR +< 4 16

1072¢3¢5 | 25¢s83 443\ o 1573 172¢5  3181¢3¢3  Ixshaths\ 1o
( 135 36 T 27)8 T \Tes T 600 8§ J)°
44776433 200x5d3  96hah3 | 252543 1
_ _ E O(212). 36
( 1155 33 55 Tas )7 TOED) (36)
B 4log(z) ¢%Z4 X5 3hads\ s 32452 ¢3
A = ay =B (8200 )0+ (S0 4 Shoin

1
- m( —69508p3hs + 375x5¢3 + 1280¢3)7°

4
<3¢z¢3 L >

+3¢ 0 0( 33752 + 27520045 — 78936363 )7'°

+ 1540 4 %0 ——(2932864¢5¢p3 — 28000y 53 — 135324¢h,p3 + 26255¢p3) 2! + O(z'2). (37)

For convenience, we also write explicitly the UV expansions for the two combinations ¢ and d that were introduced in
Sec. I D:

Sg3zt 12 1043 542
¢(2) = 44y =70 = Slog(z) = 2 (_,,2 - )7 ¢2¢%Z
45,07 115508\ 204;3 10874305\ o [ 22572 860(1)2 164814202 Ozshadhs)
+<4 6 )¢ "\ o o )T\ TTe T3 200 g )°
458960%0s 303}
+< 977¢2¢3— 1¢;2¢3>z”+(’)(z12), (38)

o 15ys  3¢r¢3 5 54’%‘153 125)(54"% 9
d(z) =Ay 4)(U—|-< 4 s )t + 5 18 )¢

(A0 250ty 150203 3TSy543
11 11 44 176

18 242 9)(5452453 10
+< 25¢2¢3 2 <

)z“ + O(z"?). (39)
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When computing the free energy for each class of
solutions, we will choose to always set Ay = yy =0.
The constraint A =4y < d = 0 reinstates (locally) five-
dimensional Poincaré invariance. It is required for the
SUSY, IR-conformal and singular domain-wall solutions,
and it constrains the parameters appearing in the UV
expansions.

B. SUSY solutions

The first-order equations presented in Egs. (27)—-(29) of
Sec. IIE can be solved by performing the change of
variable 0, = e~?0,, after which one obtains

Dp = — sinh(29), (40)
&A_l(g¢+lfw), (41)
2 3
which are solved exactly by [110]
¢(z) = arccoth(e2(*=%)), (42)
Afe) = A, + Slog(sinh(2(z - 7,)))
+ Llog(tanh(z ~ 7,))). (43)

where A, and 7, are integration constants. These SUSY
solutions evolve ¢ monotonically from the supersymmetric
fixed point toward the good singularity (¢p — o), for which
the potential is bounded from above. We notice that the
flow breaks scale invariance and hence reduces the number
of supersymmetries of the underlying theory to 8 [110]. We
remind the reader that these solutions result from the
formation of a nontrivial condensate in the dual field
theory.

By relating the radial coordinates p and 7, one finds that
the SUSY solutions given in Eqgs. (42) and (43) have the
following IR expansions,

Do) = 1ou(2) ~1og(p = po) + g5 (= po)' + s (44)
£0) =11+ 31080 = ) + 365 (0= p0)* + o (49
A(p) = Ay + 31080 = po) + g5 (= po)* + s (46)

where y; and A; = 4y, are integration constants and p,, is
the radial position of the singularity in the deep IR region of
the bulk.

In Fig. 3, we illustrate the space of domain-wall
solutions, of which the SUSY solutions are a special case,
through the following procedure. We first solve Eq. (32) for
8,,A and substitute into Eq. (30) to obtain a second-order

B L N LA v o e L
RN Sy LY S
AR AN RN A

OO K IR

K

(6]

osh

0.0

BRLYRRE R
‘\‘\“\ \ ‘\\‘1\“\‘\‘\‘1‘\ A
-04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

¢

\
_2_0’\ ‘\ 1\ ‘\‘\“ \\ \“\ ‘\\‘\‘1

FIG. 3.  Parametric plot of 9,¢ as a function of ¢ for solutions
which satisfy the domain-wall constraint A = %A = 4y. The blue
disk and dark-red triangle, respectively, denote the UV and IR
critical points of the six-dimensional potential V¢; the purple
(solid) line represents the class of IR-conformal solutions
introduced in Sec. III C with duals which flow between the
two critical points; and the light-gray (solid) line represents the
analytical supersymmetric solutions obtained by solving the first-
order differential equations (27), (28), and (29). The dark-gray
arrows exhibit the vector field appearing in the first-order
differential equation for (¢, 0,¢). We also show two examples
of the (good) singular solutions obeying the IR expansion in
Sec. IIIF, for ¢, = —1/+/5 and ¢, = —0.3, 0.1 (long-dashed
dark-blue lines) and two examples of the domain-wall (badly
singular) solutions from Sec. III G, with ¢, = —0.06, 40 (dashed
dark-green lines).

differential equation in terms of ¢ alone, then plot para-
metrically (¢, d,¢), and study how the solutions flow away
from the supersymmetric fixed point at the origin. We
observe that the SUSY solutions (gray line) form the
separatrix between numerical solutions which flow to a
bad singularity (¢ - —o0) and solutions which instead
flow to a good singularity (¢ — o0).

C. IR-conformal solutions

A second class of solutions interpolates between the two
known AdS¢ solutions of the six-dimensional model,
corresponding in the boundary theory to a renormalization
group flow between two fixed points. The six-dimensional
bulk geometry does not close off for any (finite) value of the
holographic coordinate p and the compact dimension
described by # maintains nonzero size for all p. Hence,
there does not exist a physical lower limit for the energy
scale at which the field theories dual to this class of
solutions may be probed. The IR expansions for this class
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of solutions in terms of

(5-AR)

are conveniently written

e ﬁ, which is small in the limit p — —oo0, and they
are given by

d(p) = bR + (d) — Pr)e G-twlrg 4., (47)

x(p) —Xl+ﬁ_ﬁ(¢l_¢IR)2 _Z(S_AIR)W+“" (48)
4p 1 2 25-Ar)is

A(p) A1+ﬂ—§(¢1—¢m) e R4, (49)

where y; and A; are integration constants, Rz =
—5(Vs(¢pr))™' =3V/3 is the (squared) curvature radius

of the AdSg geometry, A =1 (5+ V/65) is the scaling
dimension of the operator in the dual boundary theory that
is related to the IR critical point value of the bulk scalar ¢,
and we restrict the one free parameter ¢p; > — ilog(3). We
observe that d = A — 4y = 0 for all values of ¢; for this
class of solutions. It is also worth noting that the back-
grounds defined by this class of solutions do not preserve
supersymmetry. In the UV expansions, these solutions
require a tuning of ¢; against ¢,, as we will discuss in
Sec. VB.

D. Confining solutions

With some abuse of language, we refer to a third class of
solutions as confining. Here, the compact dimension
(described by the coordinate #) shrinks to a point at some
finite value p, of the holographic coordinate, and the six-
dimensional bulk geometry closes off smoothly. On the
boundary side of the duality, this smooth tapering property
of the bulk manifold is interpreted as a physical lower limit
on the energy scale that may be probed in the correspond-
ing field theory in D = 5 dimensions. We anticipate that the
IR asymptotic expansion of these solutions is identical to
those studied in Ref. [98] and hence the calculation of the
Wilson loops via the holographic prescription yields the
area law expected from confinement. We will compute
explicitly the spectrum in Sec. IV and show that it is
discrete, generalizing the results of Ref. [99].

As mentioned in previous work [92,93,98,99], there exist
exact analytical solutions of the classical equations of
motion when ¢ is constant,

¢ =duv =0, (50)
x(p) =x1— élog {cosh (\/? (p— po))]
+ %log [sinh (@ (p — p,,)>:| , (51)

A(p) = Ar — 1 log(2) + ~loglsinh(v=50(p ~ )]

(52)

with v = V(¢ =0) as defined in Sec. IIB. By direct
substitution of the above analytical solutions, we find

1 1
ecr) — HAP)~x(p) — Eezm,—x/ sinh (?0 (p— p0)>, (53)

e?V) = AP)=4(p) = eA1=411 coth <§ (p— ﬂo))- (54)

These solutions can be generalized by series expanding for
small (p — p,) and allowing for nontrivial values of ¢ for
small (p — p, ), to obtain expansions which may be used to
construct a generalized family of numerical solutions.

We obtain the numerical solutions by solving the
classical equations of motion, subject to boundary con-
ditions obtained from the following IR [small (p —p,)]
expansions,

1
P(p) = =" (1 =4e* +3¢%0) (p—p, )?

_3%6—12@ (4—28¢*1 45181 —27¢'1) (p—p,)*

+O((p—p())6), (55)

1 5 1
x(p) =x1+ glog (g) + glog(p — Do)

— 5 #1(2.+ sinh(4g), + 1og(3))) 0~ p,)?

5 .
+ 136 e™*1(2 4 sinh(4¢; +10g(3)))*(p = po)*

+0((p=p,)°). (56)

1 5 1
Alp) = A+ glog <3> + glog(p = Po)
7

— L O (] — 491 _ 9801 - 2

1
— (1 — —12¢, =8¢y

+ 17496( 08 — 67¢ + 636e

—2124e~*1 — 1053¢*1) (p — p,)*

+0((p = £0)°). (57)

where y; and A; generalize the integration constants
appearing in the analytical solutions and the third integra-
tion constant p, may be chosen to fix the point at which the
geometry ends. We will comment on the fourth integration
constant ¢»; momentarily. By using these expressions, we
find that
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ecV) = *P)=xe) = M2 f (b, (p -p,)),  (58)
el) = AVI=H0) = Adig(gy, (p - p,)).  (59)

where the functions f and g are known for ¢; = 0, and
otherwise can be determined numerically.

The additive integration constant A; may be removed by
a rescaling of the Minkowski coordinates. By contrast,
because 7 is a periodic coordinate with period 27z, we are
required to fix y; to avoid a conical singularity at p,. In
proximity of this point, the six-dimensional geometry
resembles a two-dimensional space described by the
following metric,

ds3 = dp? + e%dip? (60)

5
= dp? = J v (p = po)*dn* + - (61)

from which we extract the required constraint:

1 —4 1 5

The one remaining free parameter of this system is ¢y,
which we constrain to take values ¢; > —1log(3), as we
are interested only in solutions that reach back to the trivial
critical point for large p (the fact that not all possible
solutions flow to the UV fixed point can be seen for the
domain-wall solutions in Fig. 3).

E. Skewed solutions

There exists another class of analytical solutions with
¢ = 0 for which the compact coordinate does not shrink to
a point; y(p) is a nonmonotonic function which diverges to
oo at small p. We refer to these solutions as skewed. The
solutions are as follows:

b= v =0. (63)
A0 =1+ g eon (V5 (=) )]
~ptogsmn (VS -p)) ] e
A(p) = Ar — - log(2) + ~loglsinh(v=50(p — )]

As with the confining solutions, we take note of the
following two results obtained by substituting in for the
skewed analytical solutions above,

ecP) — pH4AP)=2(p) — %ezm,—;n sinh <¥ (p— p0)>, (66)

edr) = pAlP)=42(p) — A1—411 tanh (g (p— Po)) (67)

which shows that these are indeed the solutions obtained
from the confining ones with ¢ = 0 [see Eqgs. (53) and (54)]
by replacing d — —d, as anticipated in Sec. 1l D.

Just as with the solutions that confine, we can generalize
these analytical solutions to any values of ¢; by series
expanding for small (p — p,). We obtain the following IR
expansions,

1
¢(p) = 1 =507 (1 =41 +3¢1)(p = p, )?

1
_@6—1245, (4—28e*1 + 51891 —27e'%01) (p— p,)*

+0((p=p,)°). (68)
1 5 1
x(p) =1 = 5log g) —glogp = ro)
1
— 0P (] — Adr _ Q81 — 2
1
~ 9730 e 1201123 + 341 (—88 + 9e*1(38 + 244
+21e¥0))(p = po)* + O(p = p,)°). (69)
Alp) =A —l—]l > +11 ( )
p) =Ar+3log( 3 ) +<log(p —p,
1
——e%1(1 =124 —9e81) (p — p,)?
36
LTy 4
— $11131 b1 (—4
To1e ¢ 2131 + ¢4 (<436
+ 3¢ (508 + 84e*P 4 26131))](p — p,)*
+0((p = £0)°). (70)

where the integration constants y; and A; are the gener-
alization of the ones appearing in Egs. (64) and (65) and ¢,
is the free parameter that we vary to generate the family of
solutions. One can solve numerically the classical equa-
tions of motion, subject to boundary conditions derived
from these IR expansions, in order to construct a class of
skewed solutions.
We observe that the following relations hold,

ec0) = 4MA0)xl0) = M (. (p—p,)).  (T1)

) — A=) — hrtulg(gy. (p=p )T (72)

where the functions f and g take exactly the same form as
those in the analogous results for the confining solutions.
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Hence, provided that ¢$° =
finds the relation

¢skew and pconf _ ps)kew’ ne

8pdconf(p) = _apdSkew (p), (73)
where the conf and skew superscripts represent evaluation
using the confining and skewed background solutions,
respectively. In turn, this implies that the relation

skew(p) _Askew(p) —

p =20 (p) + A () (74

is satisfied up to an additive integration constant. By
comparing the UV expansions, one then finds the identi-
fications

¢3kew — ¢§0nf’ (75)
¢§kew — ¢§onf’ (76)
)(gkew _ conf ¢conf conf (77)

We conclude this subsection with an observation which
motivates our choice of the name “skewed” for this class of
solutions. From the six-dimensional metric in Eq. (9), we
can deduce the behavior of the bulk geometry in the deep
IR for these solutions. We notice by substituting for the
small-(p — p,) expansions that the size of the Minkowski

directions scales as (p — p, )3, while the compact dimension

parametrized by 7 scales as (p—p(,)‘g. Hence, in the
p — p, limit, the four-dimensional Minkowski volume
vanishes, while the volume of the circle diverges. This
contrasts with the small-(p — p,) behavior of the geometry
for the confining solutions wherein the Minkowski
directions maintain a fixed nonzero volume in the IR,
while the circle shrinks to a point. The shrinking and
expanding behavior of the various metric components for
this class of solutions motivates our choice of the name
“skewed.” Appendix A is devoted to showing that, while
the confining solutions are regular, the skewed ones are
singular.

F. Generic (singular) solutions

When ¢ diverges at the end of space, all curvature
invariants diverge (see Appendix A). If ¢ approaches
¢ — +o0, we find a good singularity. These solutions
are incomplete but capture at least some salient features of
the system. By contrast, in the case in which ¢ - —oco at
the end of space, the solutions result in a bad singularity,
and we should disregard them as unphysical. Nevertheless,
they play an important technical role in our study, as we
anticipated in the Introduction and as we shall see and
explain in detail in Sec. V.

We find that a broad, generic class of classical solutions
can be parametrized by the following expansion near the
end of space at p = p,,

¢ =+ dloglp—p,)

)
+chnl p— p 2n+2n(ﬁL 4}(/)L

n=1 j=0

(78)

where the coefficients c,; depend on the free parameters ¢,
and ¢;. Some useful details are provided in Appendix B,
while we exhibit here only the leading-order terms of this
expansion, ignoring all the power-law corrections:

P(p) (79)

=¢r+grloglp—p,) +---,
1) =11+ (401503 + 1) log(p=p,) +---. (80)

Ap) =g (61 =503 +4) loglp—p,) 4. (81)
The five integration constants are ¢;, y;, A;, ¢, and p,,
supplemented by the discrete choice { = 1. We notice
that for ¢; =0 and { = +1 we recover the confining
solutions, while for ¢p; =0 and { = —1, we recover the
skewed solutions. For ¢; # 0, one obtains either solutions
with a good singularity (¢p; < 0) or with a bad singular-
ity (¢ > 0).

The integration constant in front of the logarithm is
constrained to take values within the range

1 1
_ﬁS¢L<§ (82)

The lower bound ¢; > —7 arises from the requirements

that both y and A be real. For a choice that saturates this
lower bound, and for A; = 4y,, the solutions satisfy the
condition A = 4y required by domain-wall solutions. This
parametrization then encompasses all of the aforemen-
tioned solutions, with the exception of the IR-conformal
and SUSY solutions.

The upper bound in Eq. (82) emerges from the require-
ment that all powers in Eq. (78) be positive. As for positive
¢, the worst power appearing at any given n is
2n(1 —3¢;), in order for all the powers to be positive,
and that hence the IR divergence be logarithmic in (p — p,,),
we must require that ¢; < 1/3. (The same line of argu-
ments for negative ¢; would be controlled by the j =0
power, in which case one would find the constraint
¢ > —1.) This requirement is more stringent than requir—
ing that A and y be real, which would yield ¢; <

The limit ¢, — §is such that the series expansion cannot

be truncated nor resummed at all infinitely many levels
of n, one finds additive contributions proportional to
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(p=p,)°, to (p—p,)*? and so on. We discuss a related

class of solutions in the next subsection.

G. Badly singular domain-wall solutions

Finally, we also found another class of singular domain-
wall solutions, for which the IR expansion is the following:

#0) = glog (3) + B gulp =)

+3 " Fi(0=po)". (83)
=2
1 2 4/9
x(p) =x1 + ﬁlog(p - p,) + §¢4(/} -7,)
+3 gi(p—po)7. (84)
=2

Some more details about this expansion, truncated at the
order of (p — p,)*, are presented in Appendix C. Together
with the domain-wall constraint A = 4y, this expansion
identifies a class of solutions that depend on the trivial
parameter y; and two additional parameters: the position p,,
of the end of space and the integration constant ¢b4. The
coefficients f; and g; are polynomial functions of ¢,. This
family of solutions is the (nontrivial) limiting case of
the solutions in Sec. Il F obtained when ¢; — 1/3. The
freedom in choosing ¢; in the generic singular solutions is
replaced here by the freedom in ¢,. We verified explicitly
that the singularity is not removed by the lift to D = 10
dimensions (see Appendix D).

Although we cannot exclude a priori the existence of
additional singular backgrounds with more exotic IR
behaviors, our exploration of the space of solutions that
connect to the trivial (¢p = 0) fixed point for large p,
performed by perturbative generation of IR asymptotic
expansions and evolution toward larger values of p, was
confirmed by the result of scanning numerically the five-
dimensional space of perturbations of the ¢ = 0 critical
point and evolving the solutions backward, toward small p.
We did not find any indications that additional solutions
with asymptotic UV behavior in Sec. III A exist outside of
the classes discussed in this section.

H. Scale setting

To facilitate comparison between all classes of solutions,
we choose to set A;; = 0 and y;; = 0 in all cases; the former
assignment is permitted since the classical equations of
motion are invariant under an additive shift of A(p), while
the latter can be achieved by a rescaling of the radial
coordinate 7 — ze¥v. We are hence left with the UV
parameters {¢, ¢3, x5}

Moreover, we find it useful to introduce a quantity that
we use to set the scale in the observables deduced from the

free energy (see later, in Sec. V) and that we conveniently
define as the time a massless particle takes to reach the end
of space from the UV boundary, following Ref. [128],

Al = /oo dfe A0 = /oo dperP-AP) (85)

Po

where A and y are evaluated on the backgrounds. When a
dual field-theory interpretation exists, A can be thought of
as a characteristic energy scale, which governs, among
other things, the mass gap of the theory.

We notice, by looking at the metric, that a trivial rigid
rescaling of the coordinates x* — Ax* and n — Ay is
equivalent to a rigid shift of A and y as A—A+3log()
and y — y + $log(4). This is to be accompanied by a shift
p — p —3log(A) such that y;; and A, remain equal to zero.
Under such a rigid shift, one can see that A - 1A, and

¢y — 22, It hence becomes evident that ¢, = A2 is
an invariant (dimensionless) quantity, which we denote by
the hat. In the following, we often express our results in
terms of such dimensionless quantities, by which we mean
that we are measuring in units of A.

In order to appreciate the need for a scale setting
procedure in the comparison of different classes of sol-
utions, consider that the space of free parameters has
different dimensionality for the confining and skewed
solutions; for the confining solutions, the IR parameter
x1 1s fixed by the requirement of avoiding a conical
singularity in the small p region of the bulk geometry,
but no such constraint exists for the skewed solutions, in
which the space does not smoothly shrink to a point.” To
ensure that we can properly compare these two classes of
solutions when plotting the free energy, we measure all
quantities in units of A, effectively reducing by 1 the
dimension of the parameter space for the skewed solutions.
We apply the same procedure to all other solutions as well,
thus enabling us to compare the different branches of
solutions in a consistent manner.

IV. MASS SPECTRA, A TACHYON,
AND A DILATON

Applying the dictionary of gauge-gravity dualities, the
spectrum of small fluctuations around an asymptotically
AdS supergravity background can be interpreted in terms of
the spectrum of bound states of the strongly coupled dual
field theory. All classes of solutions that we introduced in
Sec. III have the same asymptotically AdS expansion for
large p, but only the third class of geometries (those which
we referred to as confining) have a regular end of space.

“In constructing the skewed solutions numerically, we exploit
the fact that, as discussed in Sec. IIIE, they can be obtained
(up to a trivial additive integration constant) from the confining
solutions by making the substitution d — —d.
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We hence restrict our attention to this class of solutions in
this section, as they are the only candidates for admitting an
interpretation in terms of confining field theories.

We devote this section of the paper to two calculations.
We first compute the mass spectra for the full set of bosonic
field excitations of the dimensionally reduced model
presented in Sec. IIC. We then repeat the computation
for the scalar excitations implementing the probe approxi-
mation, according to the prescription described in
Ref. [127]. The former exercise will reveal the existence
of a tachyonic spin-0 state in a certain region of parameter
space for the class of confining solutions. The latter will
show that, in proximity of this region, one scalar state is not
only parametrically light but also an (approximate) dilaton.

A. Mass spectra

We present in this subsection the mass spectra of
fluctuations of the various bosonic supergravity fields of
the sigma model coupled to five-dimensional gravity. We
interpret the states as glueballs with spin 0, 1, or 2 in the
dual confining field theory in four dimensions. In order to
conduct this numerical analysis, we employ the convenient
gauge-invariant formalism developed in Refs. [122-126].
The equations satisfied by the scalar fluctuations a® =
a?(M, p) are given by

0 = [e*D,(e*D,) + (40,A)D, + e* > M?|a“
— X X9 ac, (86)

where M is the mass of the composite states in the dual
theory and where

d
X, = —e " R,10,000,0¢ + D, <G‘”’ V)

PP
4 % oV
D ab q)d
39,4 |7 g0 T O gar GdC}
16V
+ 5. A 9,090,D"Gy,. (87)
P

In all these expressions, the quantities y, A, ®, and V are
evaluated on the background. Moreover, given a field X¢,
we defined the sigma-model-covariant as well as the
background-covariant derivatives by D,X¢ = 0,X“ +
G*p.X¢ and D,X* = 9,X* + G,.0,®"X with the con-
nection %y, = 3 G(0,G .4 + 0.Gap — 9,Gp.), while the
sigma-model Riemann tensor is given by RY%,.;, =
0:G% 0 — 049 be + G° e G pa — g 120G pe. We impose the
following boundary conditions™:

| 39,4 _ 4y w
e™9,0,0/GyDya’| = _{ y ¢ M0, <3a A% (Ddcd”+8<l>”>} b o
Pi :
To compute numerically the mass spectra for the fluctua- 0= [0] + (40,A = 0,0)0, + > M?es, (89)

tions of the fields, it is necessary to introduce regulators in
the form of radial coordinate cutoffs; p; is a (nonphysical)
infrared regulator chosen so thatp, < p;, and p, is chosen as
the end point of the backgrounds in the far UV at large p. The
physical results are obtained by removing the two holo-
graphic regulators, i.e., by taking the limits p; — p, and
p> — +oo. For a comprehensive explanation of this pro-
cedure (and our notation and conventions), and details not
immediately important for the purposes of this paper, see
Refs. [98,99,126]. In our numerical study of the spectrum,
we chose p; and p, to be sufficiently close to the end of space
and to the boundary, respectively, that both cutoff effects are
negligible—we estimate that the numerical precision is
accurate to within a few percent.

The fluctuations of the pseudoscalars #' satisfy the
same equation as the scalar fluctuations above, with
G,, = e~ %% while the equations of motion for all the
other fluctuations are the following [99],

In practice, the equivalent form of the boundary conditions
given in Eq. (14) of Ref. [73] turns out to be especially convenient
in the numerical implementation.

0= P[e0,(e2M4720,V,) + M?e¥V,),  (90)

0 = PR, (M40, A7) + M22A),  (O1)
0=8X+ (50, —20,A +20,4)0,

n <M26—2A+2;( _ g e—6¢>X’ (92)

0= [Mz + e, (2479 ) — gezA-z;(-oqs] P* By,

(93)

0= P [Bp(e"fapxy) — (20,0 —20,$)0,X,

4 et <e—2AM2 _ g 6—2;(—645) Xy] , (94)

—_ - —4q¢) QP 8 - —0¢
OZPW)PDO'|:M2€ 2A+€ Sy 4(/8/)(63;(+4/a/))_§e 2y 6/:|Bpm

(95)
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where P* =yt — 24 The fluctuations X and X obey
q H

generalized boundary conditions, that reduce to Dirichlet in
the limit of interest to this paper [see Egs. (B41) and (B.42)
of Ref. [99] for detailed technical explanations]. All other
fluctuations obey Neumann boundary conditions.

The confining solutions are characterized by the constant
¢ > —1log(3), where the lower bound would correspond
to the IR fixed point of the dual five-dimensional quantum
field theory (in the sense that it results in a constant solution
for the scalar field ¢ = ¢r). Conversely, ¢; = ¢pyy =0
corresponds to the UV fixed point of the dual five-dimen-
sional field theory. While the background solutions and
spectra for —Xlog(3) < ¢; <0 have been presented in
Ref. [99], the results for ¢; > 0 are new to this work.

We show the results for the computation of the mass
spectrum in Figs. 4 and 5. In Appendix E, we also show the
same numerical results, but normalized with the scale
setting parameter A defined in Eq. (85). For the region
—1log(3) < ¢; 0, each plot is in agreement with our
previous computation in Ref. [99]; of more interest are the
observations that for large enough ¢; one of the states in the
scalar spectrum becomes tachyonic and that the lightest

massive states in two of the other towers (B, and B,,)
appear to become massless in the limit of large ¢;.

B. Probe scalars and dilaton mixing

This is one of the central subsections to the paper. We
analyze the composition of the scalar particles in the
spectrum in terms of fluctuations of the background fields,
in order to establish whether any of them can, at least
approximately, be identified with the dilaton. The magni-
tude of the condensates in the underlying dynamics, as
evinced from the parameters ¢»; and y5 (see Appendix F),
changes along the branch of confining solutions, providing
a natural interpretation for the emergence of a dilaton and
its properties. We will further return to this point, later in
the paper.

The spin-0 mass spectrum presented in the previous
subsection represents the solutions to the scalar fluctuation
equation for the gauge-invariant combination (see
Refs. [122-127]) given by

9,2 (p)

h(M.p),  (96)

M3-5‘,' - MS-S'V T
E 1 E 1
r 1
3.0L ! 3.0f !
[ ' [ '
[ [ L 1
2.5F ' 25F
1 [ [
n T [ 1
2.0f . 2.0F .
F 1 F 1
L " r 1
15F ! 1 150
E . b . ]
1.0p + 1.0 ' 9
[ 1 ] [ ' ]
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0.5F : 1 0.5F : 1
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[ 1 1 [ 1 1
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\‘\&r
:
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[
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FIG. 4. The spectra of masses M, as a function of the one free parameter ¢; characterizing the confining solutions and normalized in

units of the lightest tensor mass, computed with p; = 10~ and p, =

12. From top to bottom, left to right: the spectra of fluctuations of

the tensors e} (red), the graviphoton V, (green), and the two scalars ¢ and y (blue). The orange points in the plot of the scalar mass

spectrum represent values of M> < 0 and hence denote a tachyonic state. We also show by means of the vertical dashed lines the case
¢; = @5 > 0, the critical value that is introduced and discussed in Sec. V.
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The spectra of masses M as a function of the scale parameter ¢;, normalized in units of the lightest tensor. From top to bottom,

left to right: the spectra of fluctuations of the pseudoscalars z’ forming a triplet 3 of SU(2) (pink), vectors A;'l forming a triplet 3 of SU(2)
(brown), U(1) pseudoscalar X (gray), U(1) transverse vector Bg, (purple), U(1) transverse vector X, (black), and the massive U(1) 2-
form B,, (cyan). The spectrum was computed using the regulators p; = 10~ and p, = 12 with the exception of the U(1) pseudoscalar
X for which we used p; = 1077 in order to minimize the cutoff effects present for the very lightest state at large values of ¢;. We also
show by means of the vertical dashed lines the case ¢; = ¢¢ > 0, the critical value that is introduced and discussed in Sec. V.

where ¢“(M, p) are the first-order fluctuations of the scalar
fields about their respective background solutions ®“(p),
while (M, p) describes small perturbations of the trace of
the four-dimensional tensor component of the Arnowitt-
Deser-Misner decomposed five-dimensional metric tensor.
In terms of the dual field theory, ¢“ are associated with
generic scalar operators that define the theory, while 4 is
associated to the dilatation operator.

We are interested in determining to what extent any of
the scalar particles is a dilaton, i.e., whether mixing effects
between ¢“ and h are important. To this end, in this
subsection, we repeat the computation of the mass spec-
trum in the spin-0 sector, by using the probe approximation;

we neglect the contribution of the metric perturbation /4 in
Eq. (96), effectively removing any backreaction the scalar
fluctuations may have on the bulk geometry (for details, see
Ref. [127]). We then check how well the resulting spectrum
computed with a“|,_, agrees with the correct computation
making use of a“. If we find that the two calculations yield
results that are in good agreement, then we may infer that
the contribution of the metric perturbation is negligible and
hence the spin-0 state is not a dilaton; if, by contrast, the
two results disagree, then this is a clear indication of
the fact that the metric perturbation affects significantly the
spectrum and hence the scalar state has a significant dilaton
component.
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FIG. 6. The spectra of scalar masses M as a function of the parameter ¢; along the confining branch of solutions, normalized in units of
the lightest tensor mass, computed with p; = 107 and p, = 12. As in Fig. 4, the blue disks represent the two scalars of the model ¢ and
¥, while the orange disks denote the tachyon. We additionally include the results of our mass spectrum computation using the probe
approximation for M? > 0 (black triangles) and M? < 0 (orange triangles); note that these do not represent additional states. We also
show by means of the vertical dashed line the case ¢, = ¢¢ > 0, the critical value that is introduced and discussed in Sec. V. The shaded
gray region indicates the metastable region of parameter space.

As can be seen in Figs. 6 and 7, the probe approximation
is not accurate, and for all values of ¢;, at least one of the

We have already discussed the case ¢p < 0 elsewhere [127],
and we will not return to the details of that discussion here.

lightest states is not well captured. This state is the lightest
scalar for large, negative ¢; and becomes the next-to-
lightest state for ¢; close to zero. This is a mixed state
that has a significant overlap with the dilatation operator.

Interestingly, for ¢; ~0.25, starting from the region in
close proximity of (but before) the appearance of the
tachyon, the discrepancy between the probe approximation
and the mass of the lightest physical scalar becomes much
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FIG. 7. A magnification of the plot shown in Fig. 6. We normalized the masses M in units of the lightest tensor mass and computed
with p; = 107 and p, = 15. We focus in particular on the lightest state of the spectrum, in the plot region where the tachyonic states
first appear. The dashed red box is intended to enclose an important feature of the full spectrum in Fig. 6, namely a region of ¢;
parameter space wherein the probe approximation completely disagrees with the full gauge-invariant scalar computation. We see that
there exists a finite range of values of the IR parameter ¢, for which the squared masses M? of the physical scalars a” and the probes
a’|,_, differ by a minus sign, and hence the probe approximation unambiguously fails.
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more pronounced (see Fig. 7). In this region of parameter
space, the lightest scalar particle can be rendered para-
metrically light with respect to all other states, and it is
legitimate to interpret it as an approximate dilaton. It is to
be noticed that the next-to-lightest state is still not well
captured by the probe approximation, due to mixing effects.

Let us now discuss the confining solutions with large
values of ¢;. In the limit ¢; - +o0, the plots in Appendix F
show that ¢, — 0 and ¢h; — +o0, as in the SUSY solution.
Since cf)z is connected to the explicit breaking of scale
invariance, while &53 encodes its spontaneous breaking, in
this limit, one expects the emergence of an exact dilaton.
This is confirmed by the fact that the mass squared of the
tachyon approaches zero from below, as can be seen in
Fig. 6. While these solutions are unphysical, this observation
nevertheless provides a nontrivial check of our analysis. We
further note that as ¢; is increased the probe approximation
results in additional heavier states becoming lighter and
eventually tachyonic. This reinforces the fact that it is not
only the tachyon and the lightest scalar that mix with the
dilaton but some of the heavier states as well. We finally
notice that, besides a small number of light, discrete states,
the spectrum of heavy particles in four dimensions becomes
densely packed, eventually degenerating into a gapped
continuum. Early evidence of this phenomenon can be seen
in all the mass spectra, in Figs. 4 and 5. This final observation
is reminiscent of the features that emerge in proximity of the
Chamseddine-Volkov-Maldacena-Nunez solution [75,78]
along the baryonic branch of the Klebanov-Strassler system
[68,69]—see also Refs. [129,130] that study the gravity dual
of the Coulomb branch of N = 4 super-Yang-Mills.

We conclude this section by summarizing our results for
the spectrum and interpreting them in terms of the dual field
theory. We consider only the regular (confining) solutions,
and we start from the region of parameter space in
proximity of the backgrounds with ¢ = 0. The dual field
theory is given by a supersymmetric fixed point in D =5
dimensions, that admits two deformations. One corre-
sponds to the insertion of an operator of dimension
A = 3, the source for which is encoded in the boundary
value of the field ¢, via the coefficient ¢,, and the response
function, which is related to the coefficient ¢b;. The other is
the compactification on a circle of one of the spacelike
dimensions, which is encoded in the gravity theory by the
marginal deformation corresponding to y—by the coeffi-
cient ys. The gravity solutions all correspond to dual
theories that confine, in the usual sense typical of strongly
coupled gauge theories in four dimensions.

Scale symmetry is both spontaneously and explicitly
broken. The spectrum of bound states in proximity of
¢ = 0 contains two almost degenerate scalar bound states.
The lightest of them is well captured by the probe
approximation, and it corresponds to fluctuations sourced
by the operator of dimension A = 3. Its overlap with the
dilaton is negligible. The other state, conversely, can be

identified with an approximate dilaton (in the sense that it
would couple to the dilatation operator as a dilaton does),
and its dynamical origin is the unsuppressed vacuum
expectation value of the marginal operator. We highlight
the fact that ¢; vanishes when ¢, — 0, but this is not the
case for ys (see the plots in Appendix F). This region of
parameter space resembles generic Yang-Mills theories;
there is no sense in which the explicit breaking of scale
invariance is parametrically small compared to the scale of
spontaneous breaking, and hence while one of the scalar
bound states inherits some of the properties of an approxi-
mate dilaton, it is not parametrically light. We further
discuss the regime in which ¢j5 is large in Sec. V E, where
we return to the results of the exercise performed in the
current subsection.

V. FREE ENERGY AND A PHASE TRANSITION

In this section, we discuss the stability of backgrounds
belonging to all the distinct classes of solutions introduced
earlier on. To this end, we compute the free energy density
of the system, by applying a prescription that allows us to
compare to one another the free energies associated with
solutions belonging to different classes.

A. General action and formalism

Our first step is to derive the free energy of the solutions
from the truncated action of the scalar field ¢ coupled to
gravity in D = 6 dimensions—while setting equal to zero
all other fields. We include a boundary at p =p, as a
regulator, with the understanding that the physical field-
theory results will be recovered at the end of the calcu-
lations by taking the limit p, - 4+o00. We also need to
introduce a regulator in the IR: despite the fact that some of
the solutions we consider are completely smooth, the
physical space is bounded by p; < p < p,. It is understood
that eventually we will take p; — p,, with p, the physical
end of the geometry. The presence of boundaries requires
on general grounds adding to the action the Gibbons-
Hawking-York (GHY) terms Sgyy; and boundary-
localized potentials S, ;, for i =1, 2. We hence write
the action as follows.

S = Spuik + Z (Scry.i + Spot.i)
=12

R -
= [ atxandov/=ao( 2 - 050050 - Vi)
JrZi:m(_)i / d4Xd’7\/—>§<§+ii>

where gy 5 1s the metric tensor for the six-dimensional line
element in Eq. (9) for V; = 0, g is its determinant, R is
the corresponding Ricci scalar, and §g 5 is the metric
induced on each boundary.

. (97)

P=Pi
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In order to define the induced metric, we introduce the
six-vector ny = (0,0,0,0,1,0), that satisfies the defining
relations:

1= QMNnMnN = nMnM, (98)
0= n" (g5 — ngng). (99)

The covariant derivative is written in terms of the con-
nection as

Vi s =0ufy —T% o fo- (100)

L. boia » . .
i =59"%Oudvo + Oxdom = 9p9us)-  (101)

We can now define the induced metric tensor gy, 5 and the
extrinsic curvature K as follows,

D5k = Ou s — il (102)
K= @MNKMN = gﬂﬁvM”Nv (103)

so that with our conventions we find that
K=-g""1%  =40,A— 0,y =d,c.  (104)

In order to calculate the free energy, one needs to
evaluate the action on shell. The bulk part of the action
then has two components: one proportional to the equations
of motion themselves, that hence vanishes when evaluated
on any classical background solution, and a second part that
reduces to a total derivative. We can use Eq. (20) from
Sec. II D to rewrite the bulk action as

Spulk = Sputk,1 + Shuik 2

3 [

P1

Explicit evaluation shows that the boundary-localized
contributions, evaluated on shell, yield

1
Seuy1 = — / d*xdpe*A—+ (28PA - 56,);() . (106)
P=P1
S == [ danett )| (107)
P=P1
1
Scuy2 = /d4xd77e4A_Z (28pA - 58”){> , (108)
P=pP2
Sz = [ dhadnett (i) (109)
P=P2

The free energy F and the free-energy density JF are
defined as

F=-1lim lim S= [ d*xdnF, (110)
P1=Po P2+ 0
which yields the general result
1
F = lim LM (139,4 — 40,1 + 84|
P17Po P1
1
— lim —e4A‘Z(138/,A —40,x +84) (111)
pr—+00 8 P2

In the body of the calculations, we adopt the following
prescription. We choose 4; = —%apA and 4, =W, (it is
sufficient to know the form of W, up to quadratic order in ¢
in order to extract the divergent and finite parts), and as a
result, the free energy density is

1
F = lim §e4A_1(8/,A —40,x)

P17Po

P1

— lim
P2+

1
¢ (130,A — 40, + 8V, (112)

P2

The choice of 1; is dictated by the requirement that the
variational principle be well defined, and the variation of the
bulk action supplemented by the IR boundary action yields
the bulk equations of motion and boundary conditions at
P =p . We find that with this choice

Scuy.1 T Spoi

1
= —E/d“xdn(e‘““*(@pA—@p)()) . (113)

P1

and by looking at the IR expansions of the regular solutions,
we find that the boundary-localized action does not con-
tribute to their free energy in the p; — p,, limit. Hence, in the
case in which the geometry closes smoothly in the IR, the
presence of the regulator is unnecessary and has no physical
effect. We are now in a position to apply this prescription to
all other solutions as well.

The choice of 4, is dictated by covariance, locality, and
the requirement that all divergences cancel [49-51]. In the
case at hand, in general, one expects two types of UV
divergences: one driven by the bulk cosmological constant
and one driven by the (square of the) mass deformation ¢3.
Because of these two divergences, F and its second
derivative with respect to the source ¢, are scheme

“This leads to the requirement that 4, | . =—30,A],, evaluated
at the IR boundary, hence explaining the aforementioned
choice. Note, however, that we do not need to know the explicit
functional dependence of A, on ¢ in order to perform our
calculation of the free energy.
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dependent. This is a generic feature, commonly appearing
in many holographic free energy calculations, and has been
observed in other contexts (see for instance the discussions
in Ref. [131]). For our purposes, it has one important
implication: the classical statistical mechanics concavity

|

AAu=xu (5
Scuy2 = / d4Xd’7€ <

2¢%z4+0xzs+~~>

theorems do not trivially apply to our results for the free
energy, the minima of which will not exhibit a concavity
with definite sign. With our choice of 4,, dictated by
holographic renormalization, and by making use of the UV
expansions and of the relation 9, = —%zaz, we find that

s

ZS 3 - T P2
(114)
Mo (4] 8
Spor2 = /d4Xd’7 i <_§ + §¢%Z4 + E¢2¢3ZS + - ) pzv (115)
P Lo, 1 5
Spuk2 = [ d*xdp— — 3T 5Pt + (43 +25¢5)2 + -+ (116)
z 3712 80 N

The divergences exactly cancel, leaving a finite contribu-
tion to the free energy.

We observe that the contribution to the free energy
coming from evaluation at the IR boundary p; in Eq. (113)
happens to be proportional to the combination appearing in
Eq. (21). This contribution hence coincides with a con-
served quantity, that we can evaluate at any value of the
coordinate p. It is convenient to evaluate it at the UV
boundary, where we notice that (as expected) it gives a
finite contribution. By substituting the general UV expan-
sions, we hence obtain the following final result for the free
energy density,

1
F = EE4A"_X“(4¢2(/)3 + 25y¢5)

1
- @64%_“(284’2453 + 15¢5) (117)
— _ lim M (204 + W, (118)
pr—=+o0 277 P
1
= — 5 e (dhaps — 15¢5), (119)

12

where in the first line the first term comes from the
p1 — +oo limit evaluation of the first term in Eq. (112)
and the second comes from the p, limit evaluation. The
second line is a general combination of all the contribu-
tions. The third line is our main result, and we will return to
it when we discuss each individual class of solutions, in the
subsections to follow. For completeness, and to elucidate
some subtle differences, we repeat this calculation in the
five-dimensional language, in Appendix G, with identical
results.

B. Domain-wall solutions

If we impose the (domain-wall) constraint A = 4y, this
introduces two additional constraints on the five UV
parameters:

AU:4ZU’ (120)

4
X5 = —5452453- (121)

From these two relations, we may deduce the values of y;
and y given the other three parameters. We notice that the
above constraint on y5 causes the first term of Eq. (117) to
vanish exactly, and we hence obtain the following expres-
sion for the free energy of the domain-wall (DW) solutions,
which include, among others, the SUSY as well as the
IR-conformal solutions:

_ E e4AU—)(U¢2¢3_

F(DW) —
15

(122)

In the case of the IR-conformal solutions (IRC), one
numerical background may be used to generate any other
by an additive shift of the holographic coordinate. The
following ratio is an invariant:

“’53'3. (123)

ol

We find numerically that x ~2.87979, so that the final
result for the free energy is

8 3 8 3
FURC) — —EK¢2|¢2|7 = —3(2-87979)¢2|¢2|7- (124)
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C. Numerical implementation

The general result for the free-energy density for all
solutions is in Eq. (119):

1
F = —E€4A”_X”(4¢2¢3 — 15¢s).

All the classes of solutions we discuss are known
numerically and are obtained by exploiting the IR
expansions we reported in Sec. III. We implement a
numerical routine to extract a table of UV parameter
values {¢,, ¢3,xs} for solutions of each class, having
set Ay = yy = 0. To this end, we do the following:
(1) For each given choice of IR expansion, we numeri-
cally solve the background equations of motion for
#(p), x(p), and A(p), having chosen the end of space
to be at p, = 0 with the boundary conditions set up
at a small p.

(2) Starting from these solutions, we generate new ones
by shifting the radial coordinate together with y and
A such that the combined effectis to set Ay =y =0
as required.

(3) We match each numerical solution and its derivatives

with the UV expansions and extract ¢,, ¢3, and ys.
In the third step, one needs to choose a value of the radial
coordinate p = p,, at which to do the matching. This choice
is dictated by the requirement to minimize the effect of the
numerical noise, while at the same time ensuring that p,, is
large enough that the solutions have reached the region in
proximity of the ¢ = O critical point. We do not report the
details of this laborious process but only report our main
results.

We checked that the numerical determination of the UV
parameters can be used to set up the boundary conditions in
the UV, and by solving again the equations of motion
toward small p, we recover the original backgrounds. The
reader should be alerted of the fact that the nonlinear nature
of the equations is such that this second process does not
allow one to reproduce accurately the region of the

TABLE L.

geometry in proximity of the end of space at small p, a
region that is essential in the calculation of the scale-setting
parameter A. Indeed, this is the reason why, for the purpose
of numerical studies, it is preferable to construct the
solutions by choosing the boundary conditions close to
the end of space in the geometry and evolving the differ-
ential equations toward large values of the holographic
coordinate p. We estimate the numerical precision of our
calculation of the free energy and of the parameters relevant
to the energetics study to be accurate within a few percent.

Singular solutions are treated in exactly the same way as
the confining solutions, thanks to the introduction of the
regulator at p; and to the prescription we discussed earlier
in this section. A practical simplification of the procedure is
given by the observation that the free energy of the skewed
solutions is formally identical to that for the confining
solutions, except for the replacements in Egs. (75), (76),
and (77).

In Table I, we summarize some basic properties of the
various classes of solutions relevant to the analysis that
follows. We repeat here some important and subtle points.
The scale-setting procedure for the SUSY and IR-con-
formal solutions is treated in a different way, for specific
reasons that we describe in the next subsection. In the case
of confining solutions, ¢; and y5 are constrained by the
requirement of eliminating curvature and conical singular-
ities, respectively. For the skewed solutions, these require-
ments are replaced by the fact that skewed solutions can be
obtained from confining solutions by changing the sign of
the background function d.

From here on, we find it convenient to define the
following notation. We rescale all the physical quantities
by the appropriate power of the scale A defined in
Eq. (85) as

PN

F=FAS, (125)

by = A2, (126)

Parametrization, constraints, and scale setting procedure of each class of solutions considered in the text and in Figs. 8 and

9. The scale A is defined in Eq. (85) and has been used to restore physical units in F and ¢, in the energetics. In the case of the IR-
conformal solutions and of the SUSY solutions, no scale setting is used, because 7 = 0 in the former, and F = — 18—51<¢2|¢2|3/ 2 in the
latter, but A is not defined. The SUSY singular solutions are represented by a point in Figs. 8 and 9; the IR conformal, confining,
skewed, and singular DW solutions are represented by lines; and finally the generic (good as well as bad) singular solutions cover a two-

dimensional portion of the ((}52,.72' ) plane (see Figs. 8 and 9).

Class Ay XU b b3 Ve Scale setting
SUSY 0 0 0 Free A =4y None
IR-conformal 0 0 <0 B3 = K|y |'/? A=4y None
Confining 0 0 Free Curvature singularity Conical singularity A
Skewed 0 0 Free Cskcw — Cconf dskew —— dconf A
Good Singular 0 0 Free Free Free A

Bad Singular 0 0 Free Free Free A

DW Singular 0 0 Free Free A =4y A
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by = A7, (127)
and so on for all possible physical quantities. By doing so,
as we will show explicitly, we can legitimately compare
solutions belonging to any of the different classes described
in this paper.

D. Free energy density and the phase structure

In order to investigate the energetics along all the
branches of solutions, we employed a numerical routine
to compute their free energy by extracting physical values of
the five UV parameters; we present here the results of this
numerical analysis. In particular, we show how the free
energy density F behaves as a function of ¢,, the deforma-
tion of the theory corresponding to the aforementioned
operator of dimension A = 3. We repeat that we normalized
the two quantities by the appropriate power of the scale A, in
order to be able to compare different solutions. As the plots
are rather busy, showing a large amount of information, we
first devote some space to explaining how to read them, and
then we analyze the physical results, by treating separately
the ¢, < 0 and ¢, > O cases.

In Fig. 8, we show five of the seven classes of solutions
listed in Table I:

(i) The SUSY solutions all have ¢, = 0, and because

they satisfy the domain-wall constraint A = 4y, by
virtue of Eq. (122), which descends from Eq. (121),
also 7 = 0. The integral defining A in Eq. (85)
diverges (A — 0). These solutions are represented
by the gray disk at the origin.

(ii) The IR-conformal solutions exist only for ¢, < O.
The integral defining A in Eq. (85) diverges also in
this class of solutions (A — 0). Yet, because of scale
invariance, we find that F scales as a power of ¢,
and we represent these solutions with the longest-
dashed purple line in Fig. 8. This line represents
what would be the result of using any other possible
scale-setting process for the IR-conformal solutions.

(iii) The confining solutions are rendered in solid black
and short-dashed orange. They form a line, as we
generate the solutions by varying the parameter ¢;.
We notice the existence of a maximum value of &52.
For graphical illustration, we rendered in short-
dashed orange the part of the curve obtained with
confining solutions for which one of the scalar states
has a negative mass squared (see Figs. 6 and 7). Part
of this tachyonic portion of the branch of solutions
has free energy F lower than the solutions with the
same value of (272 located along the regular portion of
the confining branch, and the short-dashed orange
and solid black curves cross nontrivially. This
observation by itself would be proof that a phase
transition takes place, were it not for the undesirable
feature that the tachyonic backgrounds would be

——

1 n n n n 1 n n n n n n n n 1

-1.0 -05 0.0 05 P

FIG. 8. The free energy density F as a function of the
deformation parameter (252 for the IR-conformal solutions
(longest-dashed purple line), the confining solutions (solid black
line), and the skewed solutions (dashed red line), compared
to a few representative choices of (good) singular solutions
(thin blue lines). For the latter, we generated the numerical
solutions from the IR expansions, by setting (¢;,¢) =
(—0.02,-1), (-0.04,-1), (—0.08, 1), (-0.15,-1), (-0.2, -1),
(-0.25,-1), (-0.3,-1), (-0.35,-1), (-=0.35,1), (-0.3,1),
(-0.25,1), (-0.2,1), (-=0.15,1), (=0.04,1), and (-0.02,1),
respectively (top blue line to bottom blue line), and varied the
value of ¢;. The darker blue line, separating the cases { = +1,
corresponds to the domain-wall solutions obtained with ¢; =
—1/+/5 and varying ¢;. The SUSY solutions are represented by a
gray point at the origin. The short-dashed orange line shows the
region along the branch of confining solutions in which the
tachyonic state appears in the scalar mass spectrum. (Note that
the very top thin blue line crosses the dashed red one for large
negative values of (}52. We expect this to be a purely numerical
artifact that could be removed with higher numerical precision.)

minimizing the free energy over a portion of param-
eter space.

(iv) The skewed solutions are rendered in dashed red. We
obtained these solutions by changing the sign of
d — —d from the confining solutions, which implies
the relations in Eqgs. (75)-(77). Also in this case,
there exists a maximum value of &52.

(v) The generic solutions with good singularity are
depicted by thin blue lines. We choose a number
of representative values for the parameter ¢p; < 0
and discuss both choices of { = +1 (see Sec. III F).
For ¢; — 0, the thin blue lines approximate the
confining (for { = +1) and skewed (for { = —1)
solutions, as expected. For ¢p; — — \/ig, one finds the

special case of domain-wall solutions with good

singularity (in this case the choice { = +£1 is

immaterial), and we denote this line, which appears

just above the longest-dashed purple one, with a
darker shade of blue.

We notice one very important fact: thanks to the

rescaling that defines F and (252, all branches of solutions

depicted in Fig. 8 (and this holds true also in the subsequent
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Fig. 9) connect to the origin of the diagram, with F = 0

and &52 = 0. This observation makes it explicitly clear that,
despite the semiclassical nature of the calculations we
performed, the free energy density F is defined in a
consistent way that allows for the comparison of all
possible solutions along all the branches we identified,
given that effectively they all share one common point.

All the thin blue lines are entirely contained within the
region of the plot delimited by the solid black, short-dashed
orange, and dashed red lines. Varying within this class of
solutions, for all available choices of parameters, the
confining solutions minimize F , while the skewed solu-
tions maximize it. The solutions with good singularity do
not resolve either of the two problematic features of the
confining class: they do not extend the plot beyond the
maximum value for (252; nor do they give us solutions with
energy lower than the tachyonic sub-branch of the confin-
ing solutions. Finally, we highlight how not only are the
solutions fully contained inside the region delimited by the
solid black, short-dashed orange, and dashed red curves but
also that, by varying ¢;, we can span the entirety of this
region.

In Fig. 9, we add to the set of solutions on display several
representative choices of badly singular solutions (in thin
light green), chosen by varying ¢; and £, as well as the

P B

| IS R E— TR P n PR
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15 4, 20

FIG. 9. The free energy density F as a function of the

deformation parameter (?)2 for the IR-conformal solutions (lon-
gest-dashed purple line), the confining solutions (solid black
line), and the skewed solutions (dashed red line), compared to a
few representative choices of (badly) singular solutions. For the
latter, we generated the numerical solutions from the IR ex-
pansions, by setting (¢;,¢) = (0.05,-1), (0.1,-1), (0.15,-1),
(0.2,-1), (0.25,-1), (0.25, 1), (0.2, 1), (0.15, 1), (0.1, 1), and
(0.05, 1), respectively (thin light-green lines), and varied the
value of ¢;. The long-dashed dark-green line represents the
domain-wall (badly) singular solutions, obtained by varying
the parameter ¢, in the IR expansion in Sec. III G. The SUSY
solutions are represented by a gray point at the origin. The short-
dashed orange line shows the region along the branch of
confining solutions in which the tachyonic state appears in the
scalar mass spectrum. We shaded in light blue the region covered
by the good singular solutions (see Fig. 8).

domain-wall ones discussed in Sec. Il G (in long-dashed
dark green). We replace the solutions with a good singu-
larity by shading in light blue the whole region of the plane
(¢, F) delimited by the confining and skewed solutions.
We notice two important features: for some choices of
parameters, badly singular solutions exist that exceed the

upper bound on (}Sz that we identified when discussing the
confining solutions, and furthermore there are domain-
wall, badly singular solutions with free energy lower than
those along the tachyonic portion of the confining branch of
solutions.

The plot in Fig. 9 clearly displays the features expected
in the presence of a phase transition, and we will return to it
shortly. Figure 10 is a detail of Fig. 9, in which we retained
only the confining solutions (solid black and short-dashed
orange lines) and the badly singular domain-wall solutions
(in the long-dashed dark green). We highlight the region in
proximity of the intersection between the two lines, which
identifies a critical value q?ﬁﬁ of the deformation parameter
¢,. The minimum of the free energy density is given by
confining solutions for (2)2 < g;ﬁi and by badly singular
domain-wall solutions for 4252 > (/715 The tachyonic section
of the confining branch is never a minimum of the free
energy at fixed 6272-

We now discuss the physics lessons we learn from the
combination of Figs. 8~10. For negative values of ¢,, we
find that all classical solutions identified in the body of the
paper have finite free energy density F, and this is bounded
from below by the confining solutions and from above by
the skewed solutions. All other solutions have free energy
somewhere in between—they include the SUSY solutions,
the IR-conformal solutions, and all the generic solutions
discussed in Secs. IIIF and III G. If we were to restrict
attention to ¢ < 0 (as done for example in Refs. [98,99]),
there would be no benefit from the study of solutions other
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FIG. 10. The free energy density F as a function of the
deformation parameter ¢, for the confining solutions (solid
black and short-dashed orange lines) and the domain-wall (badly)
singular solutions, obtained by varying the parameter ¢, in the IR
expansion in Sec. III G (long-dashed dark-green line).
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than the confining ones, which already minimize the free
energy, have no curvature nor conical singularities, and
admit a sensible field-theory interpretation. Furthermore,
the spectrum of the small fluctuations around the confining
solutions can be interpreted in terms of the discrete mass
spectrum of bound states of the dual field theory.

When we analyze the region with g?)z > 0, we find the
existence of a critical choice g?)ﬁ for which a phase transition
takes place, with the physically realized background
minimizing the free energy density being given by con-
fining solutions when 42’72 < g?ﬁg, and singular domain-wall
solutions for ¢, > 5. Interestingly, while the spontaneous
compactification of one of the space-time dimensions of the
theory is energetically favored in the confined phase,
beyond the critical point, the theory prefers to preserve
(locally) the full five-dimensional Poincaré invariance. The
critical parameters at the transition are extracted from the
numerical study, and we find

#5 ~0.169, (128)
¢ ~0.027, (129)
$5 ~98.9, (130)
F¢~-3.893. (131)

We also find that the UV parameters in the gravity analysis
show a sharp discontinuity in the values assumed in the
phase with a shrinking circle (denoted by the subscript )
and in the domain-wall phase (denoted by the subscript - ):
@5 ~432,

P5. ~—0.092, (132)

Po~=312,  go ~—117. (133)

In particular, we notice the enhancement of ¢5. .

E. Properties of the phase transition

Having established the existence of a first-order phase
transition, we devote this subsection to characterizing it. We
also return to its relation with the physical spectrum of the
bound states of the dual theory along the confining branch.

As repeatedly stated, two nontrivial operators are present
in the dual field theory. We identify the source for the
operator of dimension A = 3 with the leading-order coef-
ficient ¢, in the UV expansion exhibited at the beginning of
Sec. III. We can express this statement by adopting the
following definition,

lim e*~%¢(p,),
pr—+co

b = (134)

which is manifestly consistent with the UV expansion. In
the study we performed of the free energy density F, we

kept the source of the other nontrivial operator fixed (we set
Ay =0 = yy) and studied how F varies as a function of
the source ¢,. Moreover, in order to facilitate the com-
parison of different branches, we implemented a scale-
setting procedure by defining the energy scale A, allowing
us to compare dimensionless quantities.

We now define two dynamical quantities that play a role
similar to that of order parameters and study them as we
cross from one side to the other of the phase transition. In
analogy with the magnetization of a system in thermody-
namics, the first such parameter is defined as the variation
of the free energy density with respect to the source ¢,
(holding A;; = 0 = y and A fixed) measured in units of A:

~ 0 O A~ -
M=A7=F(hs ) = —F ().
a¢2 8¢2
We cannot write this in closed form, as it requires
expressing explicitly the coefficients ¢5(¢,) and 75(¢,),
appearing in the expression for the free energy density, in
terms of (}2. But we can evaluate the derivative numerically.

(135)

From Figs. 8 and 9, we see that M is a well-defined
quantity for the confining, skewed, IR-conformal, and
singular domain-wall solutions. In the more general sin-
gular solutions (represented by the thin blue and lighter
green lines in Figs. 8 and 9), an additional parameter
remains undetermined in terms of 4?52 (see Table I), and
therefore the variation with respect to ¢, is ambiguous.

The second parameter that we define measures how
much Poincaré invariance in D = 5 dimensions is broken
and is given by

N 4 . .
Apw = Js +£¢2¢3- (136)
As can be seen from the leading-order parameter appearing
in the UV expansion of the combination d = A —4y in
Eq. (39), ADW vanishes for the domain-wall background
solutions, for which d = 0. . .

In Fig. 11, we show a detail of the functions F and M =
oF
Oy
been evaluated numerically. The plots show clear evidence
of a strong first-order phase transition: while the free energy
is continuous, its derivative with respect to the deformation
parameter is not. The two bottom panels of Fig. 11 show that
in the physical phase in which the confining solutions are
realized, the order parameter ADW is large, while 4?73 is
negligible, and vice versa &’)3 is large along the singular
domain-wall solutions for which ADW =0.

Along the branch of confining solutions, the dynamics
captured by the gravity theory favors the shrinking to zero
size of the compact dimension spanned by #, which in field-
theory terms corresponds to confinement of the dimen-
sionally reduced dual theory. Conversely, along the branch

in the vicinity of the phase transition. The derivative has
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FIG. 11. The free energy density F (top left) and its derivative M= 3% (top right), as a function of the deformation parameter ¢,
for solutions within the confining (solid black) and singular domain-wall (long-dashed dark-green) classes. The bottom panels show
the order parameter ADW (bottom left) and g?§3 (bottom right), for the same solutions.

of singular domain-wall solutions, the theory is preserving
(locally) the higher-dimensional Poincaré invariance, with
the formation of a condensate for the dimension-3 operator
05 associated with ¢, whose magnitude is related to the
coefficient ¢; of the subleading term in the UV expansion
of ¢. In Fig. 12, we show ¢ as a function of ¢, for a few of
the branches of solutions. The confining, skewed, and
singular domain-wall branches all share the feature that g5
diverges as (2)2 — 0. This reflects the fact that in this limit
they all approach the solution we called SUSY, in which
both ¢, and ys vanish, but the combination 4?53 = P3N\
diverges. The regions in parameter space for which g%_g
diverges are never energetically favored. Moreover, while
g?)3 > 1 on the singular domain-wall branch close to the
phase transition, the singular nature of this class of
solutions makes a field-theory interpretation problematic,
and it is unknown whether this feature would remain in a
more complete treatment of the gravity description.

We can now return to the discussion of the spectrum of
bound states along the branch of confining solutions, that
we started in Sec. IV B. The behavior of ¢); and y5 is related
to the nature of the approximate dilaton state. In particular,
the region of parameter space in which ¢; is large

compared to the dynamical scale A of the theory is the
region of large and positive ¢;, for which we see in the
spectrum the appearance first of a parametrically light
(approximate) dilaton state that eventually becomes
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FIG. 12. The UV parameter &53 as a function of the deformation
parameter ¢,, for the confining (solid black and short-dashed
orange), skewed (dashed red), IR-conformal (longest-dashed
purple), and singular domain-wall (long-dashed dark-green)
classes of background solutions.
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tachyonic. This region of parameter space is not physically
realized, as the confining solutions are energetically dis-
favored, compared to the singular domain-wall solutions.
Some of the metastable configurations leading to a very
light dilaton might be long lived, but exploring this
possibility would require a detailed study of the bubble
rate of the phase transition, which goes far beyond our
current purposes (see Ref. [132] for a recent study in this
direction). Nevertheless, it is reassuring to notice how the
(failure of the) probe approximation captures correctly
the existence of a region of parameter space in which
the condensate (O3) is parametrically enhanced.

Some degree of complication in interpreting the spec-
trum of scalar bound states along the physical, confining
branch of solutions arises because of the interplay between
the two possible operators developing vacuum expectation
values (VEVs). This is particularly subtle in the region with
positive, large values of ¢;. As can be seen in Figs. 18-21
in Appendix F, by following the solid black and short-
dashed orange lines, in the limit in which ¢; — 400, one
ultimately drives toward suppressing the explicit symmetry
breaking parameter ¢, — 0. One of the condensates van-
ishes in this unphysical limit, as 5 — 0, yet scale invari-
ance is broken spontaneously by the divergence of the other
condensate, signaled by the fact that ¢; — +oo. Albeit
unphysical (because of the tachyon and the presence of a
phase transition), the analysis of this region of parameter
space is quite interesting as a way to test our theoretical
tools. The reason why the mass of the lightest scalar
fluctuation in the system shows significant discrepancy
with the probe approximation is the emergence of this
divergently large condensate. At finite, small values of ¢,
the effects of explicit symmetry breaking are not small, and
the mixing effects between the two scalar particles sourced
by both the operators developing VEVs are not negligible,
either.

We finally notice that the critical value of ¢ that sets the
upper limit to the reach of the field-theory interpretation of
the confining solutions is comparatively small with respect
to the value at which the tachyon emerges. By examining
Fig. 6, one sees that in immediate proximity of this value of
¢; the lightest scalar is not a dilaton, and neither is it
appreciably much lighter than the other states of the system.
The next-to-lightest state, though, shows significant dis-
crepancy with the probe approximation, and it should be
interpreted as an approximate (not so light) dilaton, which
exists because Apyw # 0, signaling the presence of a
condensate.

Furthermore, our estimate of &55 is likely an overestimate:
the domain-wall, badly singular solutions cannot be the
ones realized physically, and in a more complete gravity
theory, other solutions must take over the dynamics beyond
a new critical point ¢5¢ < @5. Potentially, this might
happen at @5 =0 (see Sec. VF for a complementary
discussion). This might make the phase transition even

stronger, but we do not have the quantitative elements to
support this suggestion.

We must close this discussion by repeating the obser-
vation that two pathologies are still present: we could not
find any solutions, neither regular nor singular, correspond-
ing to arbitrarily large values of ¢,, and furthermore the
phase transition we identified seems to indicate that the
energetically favored solutions for $2 > q?ﬁﬁ are singular
and hence do not admit a sensible physical interpretation in
terms of dual field-theory quantities. Our interpretation of
these results is that there is an upper bound to the choice of
¢, < @5 for which the gravity description at our disposal
admits a holographic field-theory interpretation. The other
phase exists only as a phase of the gravity theory, regulated
by putting boundaries p; < p < p, on the radial (holo-
graphic) direction. This unusual feature resembles what
happens in the presence of bulk phase transitions in the
study of lattice field theories. We will explore this obser-
vation further in Sec. VF.

We are forced to conclude that large (positive) defor-
mations of the field theory due to the dimension-3 operator
05 dual to the scalar ¢ cannot be captured by this gravity
model. Whether or not extensions of the gravity theory can
overcome this limitation is unknown; given that Romans
supergravity does not contain other scalar fields, such
extensions either might involve allowing for nontrivial
behaviors of the fields removed by the reduction on $*
of massive type-IIA or might require the inclusion of
extended objects that are not captured by the supergravity
approximation. We leave this challenging problem open to
future exploration.

F. Alternative approach to the free energy density

In the previous subsections, we introduced appropriate
regulators p; and p,, as well as a suitably defined set of
boundary-localized terms, chosen according to a prescrip-
tion that allows one to remove all divergences and to
compare to one another the free energy density F of
different, independent background configurations. In par-
ticular, we derived Eq. (118), which we reproduce here for
convenience:

pr—teo

F=— lim e @ 9,A + Wz)

P2

For the same purpose, we repeat the definition of the scale
A, taken from Eq. (85):

Al = 1lim

P2 - -
> X (P)=A(P)
,Jim dpe .

Po

We also studied the energetics as a function of the leading-
order coefficient ¢, in the UV expansion exhibited at the
beginning of Sec. III, and that we can write by copying
Eq. (134):
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FIG. 13. The regulated free energy FA™ of the confining solutions, as a function of the regulated deformation ¢, A=> (dashed blue
lines), for various choices of Ap = 3,4,5,6,7,8,9, 10, 11 (top to bottom, left to right). The solid black and short-dashed orange lines

depict the renormalized free energy Fin Figs. 8-10. The green dot marks the location of crossing between the branch of regular
solutions and the branch of singular domain-wall solutions. The gray dot denotes the SUSY solutions.

b= lim e*2¢p(p,).

pr—+eo

The strategy we followed in the previous subsections
consisted of first taking the p, — +oo limit in these three
expressions and then studying the resulting phase structure
for the theory. There is another possible way to perform this
study, and we explore it in this section. We can first hold
fixed Ap = p, — p,, and study the phase structure encoded
in the dependence of F = FA~ on ¢, = ¢,A~2, and only
afterward take the limit p, — 40 by looking at how the
phase structure evolves in the limit in which the boundary
of the gravity theory is removed. We hence introduce the
following quantities,

. 3 4 4
Flpy) = —e*A <— 9,A + W{) . W= ¢
2 ” 373
(137)

~ P2 S—A(5 ~ o _
A (py) = / dpeP)=AG) -y (py) = A Hp(p,),

Po

(138)

which are the finite-p, analogs of their infinite-p, limits.
We will study them at finite Ap, perform the minimization
of FA™, and identify possible phase transitions, and only

afterward take p, — +o0. Notice that in defining W]; we
chose to retain only the terms of WV, that give divergent
and finite-order contributions to the free energy in the
p> — oo limit; this corresponds to a particular choice of
subtraction scheme.

This alternative approach is closely related to what is
normally done on the lattice, where one first performs a
rough scan of the lattice parameter space, to identify
possible artificial phase transitions of the lattice theory,
and then restricts the lattice studies to the region connected
with the field theory, before taking the continuum limit, in
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this way avoiding completely unphysical regions of param-
eter space. In this section, we perform this study, restricting
our attention to the confining solutions. We will show that
the procedure yields the same results as those discussed in
the bulk of the paper, in the physical region. The existence
of spurious phase transitions in the gravity side of the
gauge-gravity correspondence has been observed before,
though in a different context, dealing with the treatment in
the probe approximation of extended object embedded in
curved backgrounds [133]. We stress that the phase
transition is not a feature of the field theory but rather
of the regulated gravity dual (although it should be possible
to interpret our results in terms of a finite cutoff in the field
theory).

The results of this analysis are shown in Fig. 13. We
display the results for the confining solutions only, by
comparing the regulated free energy FA™>, for various
choices of 3 < Ap < 11, to the result of the renormalized
analysis. For Ap 2 5, the signature of a phase transition
appears, and moreover there is no maximum allowed value
of &52[\_2.

The branch that takes over the dynamics at large Ap, at
least for large positive values of ¢,A~2, has no genuine
field-theory dual interpretation, as it exists only when we
retain the finite UV cutoff p, when minimizing the free
energy. We notice that this rather rough analysis seems to
suggest that the phase transition takes place at smaller
(positive) values of the deformation parameter ¢,A~2,
when compared with the analysis conducted in the bulk
of the paper. We also notice that the comparison is not
rigorous, as it is affected by the presence of arbitrary
scheme dependences. This dependence on the order of
limits, on the scheme, and the fact that the energetics of the
dominant solution is dominated by spurious cutoff effects
are typical of what in the lattice literature are called bulk
phase transitions.

VI. SUMMARY

We presented a first realization, within top-down holog-
raphy, of one particular strategy for building a dilaton
scenario, which is inspired by the ideas in Refs. [67,82].
In this scenario, a parametrically light dilaton would emerge
as a light scalar particle for choices of the parameters that
bring the theory in close proximity of a dynamical instability
(and in the presence of enhanced condensates). However,
we also found direct evidence of a phase transition,
effectively preventing the dynamics from approaching
arbitrarily close to the aforementioned instability, and hence
none of the scalar particles can be made arbitrarily light
along the physical branch of solutions. Nevertheless, the
lightest particle can be dialed to have arbitrarily small mass
along the metastable solutions of the same branch.

This approach represents an appealing, alternative
search strategy for dynamical realizations of the dilaton,

in contrast to starting by establishing first the existence of a
moduli space in the field theory.5 This study complements
the work done by other authors, either guided by consid-
erations emerging from lower-dimensional statistical-
mechanics systems [80,81] or by holographic models built
within the bottom-up approach to holography [67]. The
primary difference is that we proposed and studied a
calculable model built within top-down holography.

The example we considered is the six-dimensional half-
maximal supergravity written by Romans [100], dimen-
sionally reduced on a circle. The lift of the solutions to
D = 10 massive Type-IIA is known [101-103] (alternative
lifts in Type IIB exist as well [104,105]). The equations of
motion admit a special solution with AdSq geometry and
trivial ¢» = 0. This solution can be interpreted as the dual of
a strongly coupled fixed point in the large-N limit of a class
of supersymmetric field theories in D = 5 dimensions that
has been studied extensively in the literature [134—138]
(see also Refs. [139-142] and references therein and the
discussion in Ref. [102]).

The scalar ¢ in the gravity theory corresponds to an
operator of dimension A = 3 in the dual five-dimensional
theory. Its coupling and condensate are related to the
coefficients ¢, and ¢; in the asymptotic expansion of
background gravity solutions. It is known that by tuning ¢,
and ¢p; one can build the gravity dual of the field-theory
renormalization group flow toward what can be interpreted
as a second, nonsupersymmetric, perturbatively stable fixed
point [110]—although it is not known that this fixed point
exists in the dual field theory.

The field theory admits compactification of one spatial
direction of the geometry on a circle, hence breaking five-
dimensional Poincaré invariance. The size of the circle in
the gravity theory is a function of p, controlled by the field
¥, and in particular by the coefficient y5 appearing in its
asymptotic (UV) expansion. When the circle shrinks, the
resulting strongly coupled four-dimensional dual theory
confines. The gravity description hence provides a com-
paratively simple description of confinement in four
dimensions, along the lines suggested by Witten [94],
but in a somewhat simpler environment [92,93].

The simultaneous combination of these two deforma-
tions had been studied so far only for values of ¢ <0
[98,99]. In this paper, we extended our study by first
allowing ¢ > 0 and secondly by complementing the
calculation of the spectrum with the study of the free
energy density . Furthermore, we considered several new
general classes of background gravity solutions, all of
which approach the aforementioned AdSq geometry for
large values of the radial direction p. Some are regular and

>Top-down holographic realizations of the latter approach
already exist, though for limited and quite nontrivial systems,
for example along the baryonic branch of the Klebanov-Strassler
system [68,69].
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are the main subject of our attention; some have a good
singularity, in the sense defined by Gubser [95]; and some
have a bad singularity.

(1) We called SUSY the solutions that satisfy the first-
order equations for the system in D = 6 dimensions.
These solutions are supersymmetric, exhibit a good
singularity, and preserve five-dimensional Poincaré
invariance—in the gravity language, this last prop-
erty corresponds to the constraint d = A — 4y =0,
with A the warp factor in the metric, as discussed in
the main body of the paper.

(i) The [R-conformal solutions correspond to the
aforementioned flows between the two fixed
points. They preserve five-dimensional Poincaré
invariance but break supersymmetry. These solu-
tions are regular.

(iii) With some abuse of language, we called confining
solutions the regular ones in which Poincaré
invariance is reduced to four dimensions and in
which the compact circle shrinks smoothly to
zero size at a finite value of the radial direction
p — p,. The holographic interpretation of such
backgrounds involves both the compactification
of the dual five-dimensional theory on a circle
and then linear confinement of the resulting dimen-
sionally reduced four-dimensional strongly coupled
theory.

(iv) A related class of gravity solutions can be obtained
from the confining ones by changing the sign of the
function d = A — 4y. These solutions have the same
symmetries as the confining ones, but the size of the
circle diverges for p — p,, and as a result, the
geometry has a (good) naked singularity. We called
these solutions skewed.

(v) We also included in our survey three other classes of
singular solutions. We found that they can either
result in good singular solutions or in bad singular
solutions. (The constraint A = 4y yields the subclass
of singular domain-wall solutions.) While not rep-
resentative of dual field-theory configurations, we
found that the badly singular domain-wall solutions
play an important role in the energetics of the gravity
theory.

We summarized in Table I all these classes of solutions
and how we chose to parametrize them. We introduced a
scale setting procedure via the function A defined in
Eq. (85) and showed the dimensionality of the resulting
space of solutions. We plotted the free energy in Figs. 8
and 9.

Our first new finding is that the regular, confining
solutions exist also for positive values of ¢p > 0. We hence
extended the one-parameter family of solutions studied in
earlier publications [98,99]. We computed the spectrum of
fluctuations of all the 32 bosonic degrees of freedom of the
five-dimensional theory obtained by dimensional reduction

on the circle. Our second new result is the mass spectrum,
that can be seen in Figs. 4-7.

The salient feature of the mass spectrum is what brings
this work in contact with the line of arguments in
Refs. [67,80-82]. While the confining solutions are regular,
by moving along the one-parameter class labeled by ¢;, the
mass squared of the lightest scalar glueball becomes
progressively smaller (in units of the mass of the tensor,
which we use to set the scale in the spectrum), until it
becomes tachyonic at some finite, positive value of ¢;. This
instability is our third new result. The reason why this is
interesting is that, if interpreted naively, this system would
yield an example of a theory in which by tuning the
parameter ¢; one could dynamically produce a hierarchy of
scales between the mass of the lightest scalar particle and
the rest of the spectrum. By making use of the probe
approximation (as suggested in Ref. [127]), we also
showed that in the region of parameter space in which
the lightest scalar has a parametrically suppressed mass—in
proximity to the region in which a tachyon emerges—the
associated particle is indeed an approximate dilaton (see
Fig. 7), which is our fourth original result. In connection
with this, we also noted the divergent behavior of the
parameter (}53 in the limit of ¢; - +o0.

Unfortunately, though, the naive interpretation contained
in the previous paragraph has to be used with caution. To
show why, we studied the energetics of the classical
solutions and found another additional result. The
tachyonic instability appears for values of the deforming
parameter g?)z for which the solution has free energy F that
is higher than that of other solutions. This is the typical
feature expected in the presence of a first-order phase
transition. It is hence not possible to dial the boundary
parameter to approach arbitrarily close to the massless case,
as this would require exploring a branch of metastable and
unstable solutions, well past a phase transition.

We could only identify two branches of solutions within
the confining class, by varying ¢,. Furthermore, a maxi-
mum value of the parameter ¢, emerged, further confirm-
ing the incompleteness of the energetics discussion when
restricted to the confining solutions only. The picture
became more clear once we included in the discussion
also singular solutions. For arbitrarily large g?ﬁz >0, we
could not find a ground state solution (within the restric-
tions defining our ansatz for the background metric)—free
of gravity singularities—that admits a trustable field-theory
interpretation. Yet, for values of g;ﬁz > éﬁﬁ, we showed that
there exist singular solutions with free energy lower than
that of the regular, confining solutions. Conversely, for
negative ¢», < 0, the singular solutions have free energy
higher than the confining ones. Hence, the phase transition
takes place at ¢, = ¢5¢ (with 0 < @5¢ < @5), and all the
solutions with ¢, > ¢5° along the confining branch are
either metastable or unstable. In particular, there is not a
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parametrically light dilaton near the transition; although the
lightest bound state is a scalar, and its mass is slightly
smaller than in other regions of the physical portion of
parameter space, it does not show the properties expected
by an approximate dilaton, and its mass is not parametri-
cally, nor numerically, small. The next-to-lightest state,
though, is at least approximately a dilaton, but it is heavier,
and its mass does not show any special features in the
region of parameter space immediately adjacent to the
phase transition.

We repeat again that the phase transition we find is not a
field-theory feature, but rather it exists only in the gravity
theory. As discussed in Sec. V F, this is not contradictory, as
gauge/gravity dualities relate only physical objects in the
physically related phase of the theory, and the gravity
theory (with finite radial direction p; < p < p,) may
exhibit a more general phase structure. Nevertheless, it
is interesting to notice how the physical properties of the
bound states in the region of parameter space that admits a
field-theory interpretation are influenced by the phenomena
taking place past the phase transition.

VII. CONCLUSION AND OUTLOOK

Along a new branch of regular solutions of Romans
supergravity, we found a tachyonic instability by studying
the mass spectrum of the fluctuations of the sigma model
coupled to gravity. By approaching this instability in the
space of parameters, we found that the lightest scalar state
in the spectrum turns into a tunably light approximate
dilaton, which could be realized in a metastable configu-
ration of the system. A condensate is enhanced when
moving along this branch of solutions, spontaneously
breaking (approximate) scale invariance. But we also found
that the instability is hidden away by a strong first-order
phase transition, so that the lightest scalar state along the
stable phase is not parametrically light, and it is the next-to-
lightest scalar state that behaves as an approximate dilaton
(in association with an enhancement of one of the con-
densates). We hence uncovered a concrete realization
within top-down holography of arguments closely resem-
bling those of Refs. [67,80,81], although in a general-
ized form.

Our study admits a clear (though not simple) interpre-
tation, and our action is taken from the established catalog
of rigorously defined supergravity theories. We also tested
the formal tools that would be needed to perform this type
of analysis in other supergravity theories. This paper
establishes the basis for the development of a systematic
future research program, encompassing the exploration of
the vast catalog of known supergravity theories—possibly
encompassing the technically more challenging cases in
which one does not recover an AdS geometry asymptoti-
cally far in the UV.

While we found a strong first-order phase transition,
there may be other models realizing this mechanism, and it
is not known a priori how strong the first-order phase
transitions should be in general. They might be very weak.
There are well-known examples in physics of systems in
which first-order phase transitions sit along critical lines (in
parameter space) that have an end point. If one could
identify a supergravity theory realizing this type of critical
behavior, then it would be interesting to repeat our analysis
in more detail within such a system. A direct calculation
could establish whether the phase transition takes place in
the proximity of the end point of the critical line. We might
find that the whole spectrum scales without producing a
hierarchy and hence asymptotically reproduces the scaling
behaviors expected in the presence of explicitly broken
scale invariance. Conversely, one might discover that the
spectrum still behaves as in Figs. 6 and 7 and a light dilaton
emerges. If so, its existence would be connected to the
enhancement of nontrivial condensates in the vacuum,
which can be checked explicitly. This possibility, if
realized, would have important theoretical and phenom-
enological implications and hence motivates us to further
pursue our program in the future.
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APPENDIX A: A FEW GRAVITATIONAL
(CURVATURE) INVARIANTS

In this Appendix, we find it useful to present and discuss
the results for some of the curvature invariants of the
theory in D = 6 dimensions—the Ricci scalar R = R, the
Ricci tensor squared R3 = Ry, NRM N and the Riemann
tensor squared R =Ry 44 SRM MRS e adopt the six-
dimensional metric ansatz in Eq. (9). After using the
equations of motion presented in Sec. II D, we find that
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FIG. 14. Gravitational invariants computed using the analytic confining solutions with ¢ = 0, shown in Egs. (51) and (52). From top
to bottom, left to right: R = ¢ ¥Ry 5, RS = Ry 3 RMY, and R = Ry, 5 psRMVES.
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FIG. 15. Gravitational invariants computed using the analytic skewed solutions with ¢p = 0, shown in Egs. (51) and (52). From top to
bottom, left to right: R = ¢" ¥Ry 5, RS = Ry 3 RMY, and R} = Ry, j psRM VRS,
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R =6V, +4(9,0)%
R3 = 612+ 8V5(0,4)2 + 16(3,¢)*,

1

R} =——
47250

+5V/5,/6R2 — R? — IOR) —25(R% - 10R)),

where in deriving the expression for R2, we made use of the
fact that for our solutions 8/,c > 0 [see Eq. (22)].

From these expressions, and from the knowledge of the
smooth potential Vg in Eq. (6), one sees that as long as ¢
does not diverge, both the Ricci scalar and the square of the
Ricci tensor remain finite. This is the case for the regular
solutions that we called “confining,” but it also holds true
for the ‘“skewed” solutions, for which the singularity
manifests itself only at the level of the square of the
Riemann tensor. In Figs. 14 and 15, we plot the curvature
invariants for representative examples of solutions belong-
ing to these two classes, which we chose to be the analytical
|

(T +3)

d(p) = ¢+ ¢ loglp —p,) —

e 21 (Tpy, - 3)

gL+ )22gy +3) PP

e~ (9 = 23¢,)

(32(9,d)? (48,,d\/ 36(9,d)? + 15v/51/6R3 — R2 — 30R + 24(9,d)?

(A1)

[

backgrounds with ¢ = 0, corresponding to the confining
and skewed solutions, respectively.

APPENDIX B: IR EXPANSIONS OF THE
GENERIC SINGULAR SOLUTIONS IN SEC. III F

This Appendix complements the discussion in Sec. III F.
Explicit evaluation of the first terms in the series expansion
performed near the end of the geometry, which would
correspond to the deep IR of the field theory, including all
terms with n < 2, yields the following:

2,42
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In the numerical studies included in the body of the paper (e.g., in the calculations illustrated by Fig. 8), we retained a few
additional higher-order terms in these expressions in order to minimize noise and improve convergence of the numerical
studies.

APPENDIX C: IR EXPANSIONS OF THE SINGULAR DOMAIN-WALL SOLUTIONS IN SEC. III G

In this Appendix, we show explicitly some of the terms in the series expansion around the end of space of the geometry,
for the solutions discussed in Sec. Il G. For convenience, we truncate the expansion at the order O((p — p,)*), although we
retained also a few additional higher-order terms in some of the numerical calculations described in the main body of the

paper,
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0 —32/3108193471875V/2
+ 17278898175000{ ? V2t
— 45915207465600 x 22/3+/3¢,> — 1414212386352128¢,5}
(p—po)*/° 3
0 58007569300875+v/232/3
+ 319659616237500{ V23R
+ 3409626494789460 x 22/3v/3¢% + 891504059358130244] }
+ (0= o)™ (~38576134638208906875v/23%/3 2
41775516097038281250 4

+ —1921139818985605118175 x 22/3\3/§¢i — 43318844111573477101952¢% }

(p B po)4

i 3509143352151215625000

{14718312628622578125

+ 18585357769872307035000v/23%/3¢3
+ 744000468587964720553300 x 2%/3/3¢S

+ 14846531094788772880019552¢3} + - - -

The domain-wall condition A = 4y restores (locally)
Poincaré invariance in D = 5 dimensions.

APPENDIX D: SINGULAR DOMAIN-WALL
SOLUTIONS—LIFT TO D =10 DIMENSIONS

This Appendix discusses the lift of the solutions to
massive type-IIA supergravity in D = 10 dimensions. We
focus on the ten-dimensional metric, which in the Einstein
frame is given by

ds?, = (sin(&))/12X1/8A3/3(dsZ +dQ%), (DI1)
where
X =e?, (D2)
A = X3 sin? (&) + X cos?(€), (D3)
dQ? = X2d& + X~ 'A" cos (5)%@92 + sin?(0)d¢?
+ (dy + cos(6)de)?], (D4)

(C2)

and the ranges of the angles,
4-sphere, are

describing the internal

0<0<Lm, 0<¢<2n,

0<wy<4n, —f<(§<—

27 2 (D3)
The detailed expressions for the remaining nonzero back-
ground fields, the dilaton and the Ramond-Ramond 4-form,
can be found in Refs. [103,105].°

Because of the factor sin(£)!/!? in the ten-dimensional
metric, all the solutions we consider are singular at £ = 0.
For nonzero values of &, the behavior of the curvature
invariants differs depending on the different classes con-
sidered in the body of this paper, as we shall now see. For
simplicity, consider the ten-dimensional Ricci scalar evalu-
ated at £ = /2, given by

R(IO) ‘é::% - 6e_¢ +963¢

5 (12V,(9) +0,Vo(#) + 40,0 (D6)

®Our conventions are such that they agree with Sec. 3.1.3 of
Ref. [98] putting g = 1.
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As can be seen, R1?| ¢« remains finite as long as ¢ remains

finite as a function of p. This is the case for the confining
and skewed solutions. The class of badly singular domain-
wall solutions introduced in Sec. III G plays a prominent
role in our analysis, being the energetically favored branch
for g?)z > g?)ﬁ. Using the IR expansion given in Eq. (83), we
obtain that

2\2/3 2)2/3
R('0)|§:% _ 5(3; p—5/3 + (%) 5 ¢4p_11/9
+0(p77), (D7)

confirming the singular nature of these solutions also in
D = 10 dimensions (even away from & = 0).

APPENDIX E: MASS SPECTRA IN UNITS OF A

In this Appendix, we show the mass spectra normalized
in units of the scale A, in order to facilitate the comparison
with the results of Sec. V. The results are depicted in
Figs. 16 and 17. The only purpose of these plots is to allow
the reader to easily relate the scale setting procedures we
used in the calculaton of the spectrum and of the phase
structure.

APPENDIX F: A FEW PARAMETERIC PLOTS

In this Appendix, we show some additional details of the
numerical results we obtained by studying the confining
and skewed solutions and their approach to the trivial
critical point for large values p of the radial direction. In the
main body of the text, we focused most of our attention on
the values of the parameter ¢, and on the free-energy
density F along the various branches of solutions. We show
here how the other parameters, ¢s, x5, and ¢;, evolve along
the two special branches of solutions that we called
“confining,” “skewed,” and “IR-conformal.” These param-
eters are extracted by following the procedure outlined in
Sec. V C, and correspond to the values obtained in step 3 of
the list describing the numerical implementation.

The main qualitative features that emerge from
Figs. 18-21 are similar to what we have already described
in the main text. We notice that when studying ¢,, ¢, and
s as a function of ¢; two different regimes emerge. For
negative values of ¢, all the physically interesting UV
parameters show a monotonic, unbounded dependence on
¢y itself. When ¢; > 0, the fact that a maximum value of ¢,
is reached at finite ¢; gives rise to the nontrivial shape of
the curves shown in the three figures. We find it useful to
show also the results along the IR-conformal branch of
solutions where appropriate.

<

20F ' ]

o

O F=meapmedef-b--§-

o

o1

I L

L L L

0.0 0.5

1.0 1.5 20 ¢

FIG. 16. The spectra of masses M, as a function of the one free parameter ¢; characterizing the confining solutions and normalized in
units of A, computed with p; = 10~ and p, = 12. From top to bottom, left to right, the spectra of fluctuations of the tensors e/ (red), the
graviphoton V, (green), and the two scalars ¢ and y (blue). The orange points in the plot of the scalar mass spectrum represent values of
M? < 0 and hence denote a tachyonic state. We also show by means of the vertical dashed lines the case ¢, = @5 > 0, the critical value

that is introduced and discussed in Sec. V.
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FIG. 17. The spectra of masses M as a function of the scale parameter ¢;, normalized in units of A. From top to bottom, left to right,
the spectra of fluctuations of the pseudoscalars 7z forming a triplet 3 of SU(2) (pink), vectors AL forming a triplet 3 of SU(2) (brown),
U(1) pseudoscalar X (gray), U(1) transverse vector B, (purple), U(1) transverse vector X, (black), and the massive U(1) 2-form B,
(cyan). The spectrum was computed using the regulators p; = 107 and p, = 12 with the exception of the U(1) pseudoscalar X for
which we used p; = 1077 in order to minimize the cutoff effects present for the very lightest state at large values of ¢;. We also show by
means of the vertical dashed lines the case ¢p; = ¢ > 0, the critical value that is introduced and discussed in Sec. V.
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FIG. 18. Plots showing the relationship between the UV expansion parameter ¢, and the IR parameter ¢;, in the solutions we called
“confining” (solid black and short-dashed orange lines) and “skewed” (dashed red line). The left plot shows the bare parameters
extracted: the solid black and dashed red lines agree, as with @5 = gskev, gpsonf = gskew The right plot shows the same parameters
after rescaling with the appropriate powers of A.
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FIG. 19. Plots showing the relationship between the two UV expansion parameters ¢, and ¢ for solutions belonging to the confining
(solid black and short-dashed orange lines), skewed (dashed red line), and IR-conformal (longest-dashed purple line) classes. The left
plot shows the base parameters extracted by matching to the UV expansions, with ¢S = g5k, ¢S = ¢hs<¥. The right panel shows
the same parameters after rescaling with the appropriate powers of A. (For ¢, < 0, although the confining, skewed, and IR-conformal

classes are not in complete agreement, they are close enough that in these plots the solid black and dashed red lines are hidden behind the
longest-dashed purple one.)
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FIG. 20. Plots showing the relationship between the two UV expansion parameters ¢, and ys for solutions within the confining (solid
black and short-dashed orange lines), skewed (dashed red line), and IR-conformal (longest-dashed purple line) classes. The left plot
shows the parameters extracted by matching to the UV expansions, with qbg"“f = (/);kew, (;Sg"“f = qﬁ;kew, and )(gkew = —)(g""f —%qﬁg‘mf{/}g““f.
The right panel shows the same parameters after rescaling with the appropriate powers of A.
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FIG. 21. The coefficient ys5 + %¢2¢3 = Apyw appearing in the expansion of the function d in Eq. (39), for solutions within the
confining (solid black and short-dashed orange lines), skewed (dashed red line), and IR-conformal (longest-dashed purple line) classes.
The left plot shows the parameters extracted by matching to the UV expansions. The right panel shows the same parameters after
rescaling with the appropriate powers of A.
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APPENDIX G: FORMULATION OF THE FREE
ENERGY IN D =5 DIMENSIONS

In this Appendix, we rewrite the same system of Sec. VA
in the language of a sigma model of two scalars ¢ and y in
D =5 dimensions. We remind the reader that this is
derived by assuming that none of the background fields
depends on 7 and then performing dimensional reduction of
the system. As detailed elsewhere [99], for the bulk action,
one finds that

~ 1
Shuik = /drl{sbulk+§/d4XdraM(\/_gngNaN)()},

(@1)
with
Sputc = / d*xdry/=gs
< (-3GO0 Vigs)). (G2)

where the sigma-model metric is G, = diag(2,6) in the
basis {¢,y}, and the potential is V = e~ V.
Hence, by just replacing the equations of motion, we find

~ 3 p
Sbulk = —g//z d4xdp8p(e4A_18pA)
P1

1 P2
-3 / d*xdpd, (e*70 ).

P1

(G3)

The boundary-localized Gibbons-Hawking-York (GHY)
term at p = p, now reads’

Sy, = / d4x\/ —95

=2 / d*xe*79,A

P2

(G4)

P2

"The sign of the term proportional to d,A is the opposite of that
which is stated just after Eq. (2.23) of Ref. [99].

The boundary-localized potential term at p = p, reads
Sz = [ atxv/Th)| = [ dxe

which by comparing to Eq. (109) implies that we must
choose 1, = e),.

In the five-dimensional language, even regular solutions
in six dimensions may be singular—in the sense that the
curvature singularity in D = 5 dimensions is resolved by
the lift to D = 6 dimensions, which makes it more trans-
parent to understand why we need to introduce the
boundary at p = p;. The resulting contributions to the
action are

N _K
Seuy,1 = —/ d4x\/ - b

. (GS5)

P2

P2

’

P1

(Go)

=2 / d*xe*A79,A

P

Spor1 = —/ d*xy/=g(1y)| = —/ dxe*A (1))

. (G7)

P1 P1

which again implies that 1, = e™%J,.

We notice how the GHY terms in the description in
D =5 dimensions combine with the total derivative dis-
tinguishing Sy and Sbu,k to yield exactly the GHY term of
the formulation in D = 6 dimensions. Hence, we have now
shown that we can match the two formulations of the
theory:

Shulk + ZSGHYJ + Spot.i

i=12

- / @ (3"‘% + D (Suv.i + 3pm,,->>. (G8)

i=12

Note that matching the formulations in D =6 and D =5
dimensions as in Eq. (G8) does not require making use of
the equations of motion.
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