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ABSTRACT: We study the confinement/deconfinement transition in a strongly coupled
system triggered by an independent symmetry-breaking quantum phase transition in
gauge/gravity duality. The gravity dual is an Einstein-scalar-dilaton system with AdS
near-boundary behavior and soft wall interior at zero scalar condensate. We study the
cases of neutral and charged condensate separately. In the former case the condensation
breaks the discrete Zy symmetry while a charged condensate breaks the continuous U(1)
symmetry. After the condensation of the order parameter, the non-zero vacuum expec-
tation value of the scalar couples to the dilaton, changing the soft wall geometry into a
non-confining and anisotropically scale-invariant infrared metric. In other words, the for-
mation of long-range order is immediately followed by the deconfinement transition and the
two critical points coincide. The confined phase has a scale — the confinement scale (en-
ergy gap) which vanishes in the deconfined case. Therefore, the breaking of the symmetry
of the scalar (Zy or U(1)) in turn restores the scaling symmetry in the system and neither
phase has a higher overall symmetry than the other. When the scalar is charged the phase
transition is continuous which goes against the Ginzburg-Landau theory where such tran-
sitions generically only occur discontinuously. This phenomenon has some commonalities
with the scenario of deconfined criticality. The mechanism we have found has applications
mainly in effective field theories such as quantum magnetic systems. We briefly discuss

these applications and the relation to real-world systems.
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1 Introduction

The gauge/gravity duality, AdS/CFT correspondence or holography [1, 2] is by now a well-

established area, providing insights into fundamental issues of string theory and quantum

gravity but also into strongly-coupled physics in various areas such as quantum chromo-

dynamics (QCD) and condensed matter systems [4]. In such studies, the spacetime has



anti de Sitter (AdS) geometry at large distances, near the boundary of the space, while
the interior is deformed away from AdS by various matter and gauge fields. This means
that the high-energy behavior (ultraviolet, UV) of the field theory, determined by the near-
boundary geometry, is conformally invariant but the interesting low-energy (infrared, IR)
physics is determined by the geometry of the interior which can look differently for various
configurations of fields and matter. The basic idea is that the radial coordinate on the
gravity side corresponds to the energy scale in field theory: as we travel from the boundary
toward the interior, we probe lower and lower energy scales.

One outstanding problem where AdS/CFT has provided some insights is the confine-
ment /deconfinement transition in strongly coupled gauge theories. In the confined phase,
only gauge-neutral bound states (mesons or baryons) can be observed. In the deconfined
phase, individual gauge-charged particles are also observable. The fact that the gauge-
charged excitations confine to form gauge-neutral bound states means that a gap opens,
as we only see the gauge-neutral bound states at finite energies; the number of the degrees
of freedom is effectively reduced at low energies. In AdS/CFT, this in turn means that
the scale of the spacetime in the dual gravity model shrinks to zero in the interior. Such
geometries are called soft-wall geometries, if the scale shrinks continuously, or hard-wall
geometries if the spacetime is sharply cut off at some finite radius. Soft-wall geometries
(which are more realistic than the hard-wall idealization) are obtained by coupling a neutral
scalar — dilaton — to the metric in a non-minimal way. They were first used in so-called
AdS/QCD studies in [3, 21, 32-34].

Typically, as the temperature rises, the system undergoes a confinement/deconfinement
phase transition: when the system deconfines, the free energy of individual gauge-charged
particles becomes finite, and they can be observed. This is the dominant mechanism in
quark-gluon plasmas in QCD. But confinement /deconfinement is also present in condensed
matter systems. Here the gauge field is not microscopic but emergent in the low-energy
description. In the confined phase the degrees of freedom are bound into gauge-neutral ex-
citations which are seen as normal electrons, i.e. quasiparticles. In the deconfined regime,
the excitations are gauge-charged and not observable by ordinary probes in experiment.
This might explain some non-Fermi liquid materials [10-15]. This topic was addressed
e.g in [29] as well as in a series of very general and systematic studies by Kiritsis and
coworkers [24-26]. In such systems, it is realistic to assume that deconfinement can also
happen as a quantum phase transition, at zero temperature, when some parameter is var-
ied. Deconfined gauge theories in AdS/CFT often have full conformal symmetry (dual
to AdS geometry) or at least some form of anisotropic scale covariance (with different
scaling exponents along different coordinates) which arguably can be expected to hold at
high energies for many realistic gauge theories [3] while a confined theory has an explicit
scale because the energy of gauge-neutral bound states or, equivalently, the position of
the wall z,, along the radial direction sets a scale. The confinement/deconfinement tran-
sition can thus be treated also as a symmetry-breaking transition, where scale covariance
is lost. The scaling properties of dilaton spacetimes have recently become known as hy-
perscaling geometries [27, 30, 31] and have attracted attention also independently of the
confinement /deconfinement problems.



Another class of problems where strongly-coupled models are provided by AdS/CFT
are the order/disorder quantum phase transitions where some field O acquires a vacuum
expectation value (VEV). A textbook example is the famous holographic superconduc-
tor [5-7] where a charged field condenses, breaking the U(1) symmetry, similarly to the
superconducting transition in metals. While many such systems are described by the
Landau-Ginzburg paradigm, this paradigm fails in some strongly-coupled systems. Many
variations of such models have been proposed [36-40] where a dilaton is also present, or
it is precisely the dilaton that condenses. The work [36] in particular addresses the setup
similar as in our study: a scalar which condenses in the presence of a separate dilaton
(however, explicit calculation with backreaction on dilaton and geometry was not done to
check if the confinement/deconfinement transition exists). This opens an alley to study
the interplay of the two transitions, the confinement/deconfinement transition and the
order/disorder transition.

Our idea is to explore the interplay of the two above phenomena: the confine-
ment/deconfinement transition and the condensation of an order parameter. They might
in principle be independent, or one might foster or hinder the other. Well-studied examples
of holographic superconductors [5] or superconductor-dilaton systems [37, 38| suggest that
order parameter condensation often makes the length scale in the interior decrease faster:
a charged black AdS-Reissner-Nordstrom black hole, which in deep interior has the AdSs
geometry of finite radius, upon condensation turns into a Lifshitz spacetime whose length
scale vanishes in the interior [4, 7]; in [29] this was interpreted as turning a fractionalized
non-Fermi liquid into a system closer to a Fermi liquid. On general grounds one also expects
that an ordered system can be expressed in terms of fewer degrees of freedom (in terms of
the fluctuations of the order parameter rather than all microscopic degrees of freedom).

We will however present an example where the opposite occurs, i.e. the formation of
a condensate destroys the soft-wall geometry and deconfinement takes place. Thus the
phase transition is not a straightforward symmetry-breaking transition: on one hand, the
condensate breaks a symmetry, on the other hand, another symmetry is restored as the
deconfinement happens. This happens because the confinement scale (the energy gap)
vanishes so scale invariance is restored. Our main interest is how this transition looks and
what is its nature. We find that the phase transition can be continuous, contrary to the
prediction of the Ginzburg-Landau theory where such transitions (where the two phases
have different symmetries neither of which is a subgroup of the other) can only occur
through phase coexistence or a first-order transition.

This has some common logic with the deconfined criticality concept of [10, 11]. Denote
the full symmetry group of the non-soft-wall geometry by G; and its subgroup which
remains after confinement by G2. We do not know what exactly Gy 2 are but generically G,
will contain some scale invariance which stems from the scaling behavior of the IR geometry,
while the confined system has a scale (the confinement gap) and thus Go does not contain
any scaling symmetry. Denote further the symmetry group broken by the condensate
formation by H; and its residual subgroup by Hy (in our case, we have (Hj,Hsy) = (Zg, 1)
for the neutral scalar and (H;,Hs) = (U(1),I) for the charged scalar. Now in our paper
we have a transition from the confined-disordered phase (symmetry group G, ® Hj) to the



deconfined-ordered phase with the symmetry G; ® Hs. We have Go < Gy and Hy < Hj so
the critical point partly breaks, and partly restores symmetry. The same situation occurs in
deconfined criticality scenario but the detailed physics is different: at a deconfined critical
point (only at the critical point) there is an additional topological conserved quantity which
governs the transition. We will comment on this in the paper in more detail, however no
direct relation or equivalence can be established at this level. We cite the deconfined
criticality as an inspiration and possible direction of future work, not something that our
present results are directly relevant for.

Although the specific problem of how condensation of a scalar may influence the con-
finement /deconfinement transition was not studied so far to the best of our knowledge,
a lot of work was done on Einsten-Maxwell-dilaton systems in other contexts. After the
pioneering work in [3] which first drew attention to the AdS/QCD alley of research, con-
finement was studied in [32-34] and more systematically in [22, 23] with finite temperature
behavior further explored in [21]. These authors have studied a neutral Einstein-dilaton
system and have classified geometries which lead to confinement as well as the nature of the
phase transition (first-order or continuous). Charged systems have been studied in [24-27].
The non-condensed phases of our system (without the order parameter) are just a small
subset of the systems studied in [25] and we will frequently compare our case to their
general results throughout the paper. Charged EMD systems are particularly well studied
as top-down constructions regularly include charged fields. The charged case we consider
is also closely related to the dilatonic charged black holes considered in [18-20] as possible
candidates for gravity duals of Fermi liquids. The issue of a scalar condensation in the
presence of dilaton is also rather extensively studied, e.g. in [39, 40] but in these cases
the dilaton does not lead to a soft wall geometry so there is no confinement which can be
destroyed upon condensation. In [35, 37, 38| the dilaton itself is charged (i.e., a charged
scalar is coupled to the curvature) and the phenomenology was found to be similar to the
basic holographic superconductor [5].

In section 2 we give the gravity setup and explain our model. Section 3 sums up dif-
ferent solutions for the geometry, depending on the bulk mass (conformal dimensions) of
the scalar field and classifies the solutions into confined and deconfined ones. In section 4
we explain how the condensation of the order parameter proceeds and how it leads to
deconfinement, and finally construct the phase diagram of the system. In the fifth sec-
tion we study the response functions (conductivity, charge susceptibility and the retarded
propagator of the scalar field) and show how various phases and their symmetries can be
inspected from the response functions which are in principle measurable quantities. The
last section sums up the conclusions and discusses possible directions of further work. The
appendix contains a detailed description of the numerical calculations.

2 Gravity setup

We have the Einstein-(Maxwell)-scalar-dilaton system in asymptotically AdSp; space-
time, with or without the Maxwell sector: the metric g,,, the dilaton scalar ® and the
(neutral or charged) scalar y. If the system is charged, there is also the electric field A,



where only the electric component Ay is nonzero (we do not consider magnetic systems).
The dilaton ® couples to the curvature R in the string frame and is always neutral; thus
unlike the models where the dilaton (actually, a non-minimally coupled scalar) is itself
the charged field that condenses, we want the dilaton to perform its usual work, i.e. to
control the scale (and confinement). This will be crucial to study the influence of the order
parameter on the confining properties. We find it more convenient to work in the Einstein
frame where the dilaton does not couple non-minimally to the metric but to the matter
fields only. The scalar y is minimally coupled to gravity and to the Maxwell field with
charge ¢ (including the possibility ¢ = 0). We now have the action:

5':/dt/dDzJjg(R—A+L¢+L¢+LEM) (2.1)
L = —£(0%)* = V(®) (2:2)

1 2 mi 2 1 2 ¢ 2.9 €24 5,
Ly = —52(2)(Dx)" = X" = —52(2)(9x)" ~ Qf(z)gZ(‘I’)on ~ e X (2.3)
Ley = —ET@)FQ = —%T(@)(@AO)? (2.4)

This is just the minimal symmetry-allowed action for these fields apart from the exponential
couplings of the dilaton. In string theory we would have £ = 4/(D — 1) but since our model
is purely phenomenological we can leave it as an arbitrary positive constant. We have
subtracted the constant piece, i.e. the cosmological constant A = —D(D — 1)/2 from the
dilaton potential, so the AdS solution corresponds to ® = 0 (and x = 0). The geometry
is AdSpy; in the far field (UV, near-boundary) region while, with a suitable choice of
V(®),Z(®), T(P) it narrows into a soft wall in the interior (IR). The AdS radius is
rescaled to L = 1. The potential of the scalar is fixed to just the mass term, like in [5, 6],
as it suffices to achieve condensation (and is a consistent truncation of more elaborate,
top-down potentials). As explained in [5], the field x, even when charged, can be made
real, i.e. its phase can be put to zero.

Now we come to the question of choosing the model, i.e. the dilaton potentials
V(®),Z(®), T(®). The basic picture of confinement in AdS/CFT means the dilaton po-
tential should produce a soft-wall geometry but we also want to study its interplay with
the establishment of (bosonic) long-range order and condensation. We want to engineer

the dilaton potentials so that the scalar is unstable to condensation into a hairy black hole

2
X

turn unstable to transition into a non-confining (non-soft-wall) solution upon the formation
v
for the scalar, x(z) = 0 and x(z) # 0, each with a different nonzero solution for the dilaton

with x(2) # 0 for some mZ in the soft wall background and that the soft wall dilaton is in

we should have two possible solutions

of scalar hair. This means that, upon dialing m

®(z). The following potentials will serve us well:

2v—2

V(®)=1pd v e2®
Z(®) = Zpe’®, D—-1<~y<2D
D—-2\* 1
T(®) =Toe™, 7> 2D — 4, 72><7+8> + 5 (2.7)



The limitations for v and 7 follow from the requirement that the stress-energy tensor of
the EM field and also of the charged scalar field x should stay finite and not dominate
over the components of the Einstein tensor. In top-down constructions from supergravity
the functions Z(®), V(®),T(P) are typically all purely exponential in ® (or linear com-
binations of such exponentials), with fixed exponent values. In our bottom-up approach
these exponents are free parameters and by tuning these we can study the behavior we are
looking for. We have added a power-law prefactor to (2.5) for reasons of better analytical
tractability: the soft wall solution for the scale factor A(z) is simplified with this choice
for V(®) and at the leading order reads just A(z) = z” with subleading corrections for
z — oo whereas with a purely exponential V(@) it would have be more complicated also
at leading order. We conjecture that the phase diagram and overall behavior of the system
would be similar for V' o e*®. In a companion publication we derive our model from a
superpotential which demonstrates the stability of the system, giving legitimacy to (2.5).
The prefactors Zp, Ty merely rescale the amplitudes of x, Ayp and can be put to unity (they
have no physical meaning). Notice the case v = 1 is special: then we get the linear dilaton
theory, the potentials V, Z, T become purely exponential and can be embedded in a super-
gravity action. Finally, the potentials (2.5)—(2.7) are the expressions in IR: near the AdS
boundary they are corrected to ensure the AdS asymptotics.

For analytical considerations it is convenient to parametrize the metric as:!

dz>
ds? = ¢724() ( f(z)dt* + — + dx2) : (2.8)
f(2)
with the coordinates (¢, z, z1,...xp_1), where z; are the transverse spatial coordinates, i.e.

the spatial coordinates in field theory and z is the radial distance in AdS space: the AdS
boundary (UV of the field theory) sits at z = 0 and the interior (IR in field theory) is at
z — 00. At equilibrium, the fields are static, homogenous and isotropic, so they depend
only on z. The equations of motion read:

" no 1 i . 1 "o 1 "o

AT+ (A) = 5— f2T00 + T = 3D-1) 1>Z(X) + 5 —18(®) (2.9)

f"—(D-1)fA=2 GTDO + T> = 2e2AT (A})? (2.10)
/ —2A 2A —3A

o ({; —(D— 1)A’> i 5?‘1"/ - e%f(x’)?a@z - GT(A{))Q&DT =0 (2.11)
/ —2A 2

X"+ (‘; —(D-1)A + @’H‘ZZ> - 2le mix+ L 743 =0 (2.12)

Af — <(D —3)A — 8‘?;) Af — ;ie—?’f‘szo =0. (2.13)

The prime denotes the radial derivative. As we have only two independent functions in the
metric, it suffices to take two combinations of the Einstein equations. Due to homogeneity

In numerical calculations we find it convenient to use a different parametrization of the metric. Equa-
tions of motion and the description of the numerical algorithm can be found in appendix A.



we have Ty 2, = Thoo = ... = Typ y2p , = 1 and the off-diagonal components are zero.
The energy-momentum tensor T = TH” + T{" + T, reads

T‘gO —_ ggz,Z(cI)/)Q . ‘/v, TZ% — Tg — _é‘gzz(q)/)Z -V (214)
Zgzz(XI)Q ZgzzA2X2 B Zgzz(XI)Q ZgzzA2X2

00 __ 0 2.2 _ _ 0 2.2

" = 5 + 5 —myx”, T =T)=— 5 — 5 —myX

(2.15)

Tear = T = —Tg" g7 (4p)%, Tiin = —2T %97 (Ap)? (2.16)

In order to have AdS asymptotics, the metric functions must satisfy A(z — 0) = log z and
f(z = 0) = 1. The near-boundary expansion of the gauge field is of the form

Ag(z = 0) = p—pzP2 ... (2.17)

which determines the chemical potential ¢ and the charge density p. One can work either
in the canonical ensemble (fixing p) or in the grand canonical ensemble (fixing p). For
our purposes it doesn’t matter much which variant we choose; in the concrete numerical
examples we always fix the chemical potential. The scalar has the near-boundary behavior:
A

X=x_22"(I4cqz4co2?+ . )+ xe22 (A +cepz+ ozl +..) (2.18)

where the leading and subleading branches x+ have the conformal dimension Ay = D/2+
\/D?/44m2. In field theory, one of these is the source of the order parameter O, dual
to x and the other is its the vacuum expectation value (VEV). We pick x+ as the VEV,
so the formation of the condensate means yy # 0 for x_ = 0 — nonzero subleading
component (VEV) for zero leading (source) term. It usually turns out that the scalar
can condense for negative enough mass squared, i.e. for mi < mZB p for some bound mpr
(Breitenlohner-Friedmann bound [17]) that depends on the spacetime, i.e. on geometry;
in AdSp41 of unit radius it is m%, = —D?/4. Similar asymptotics as in (2.18) hold
for the dilaton ® when the near-boundary form of the potential starts from a quadratic
term: V(®(z — 0)) ~ m3®? +.... We tune m2 above the bound for condensation
because we never consider the condensed state of the dilaton. This leaves ®_ as the

sole free parameter. Obviously, ®_ sources some field theory operator Og of dimension

D/2—,/D?/4 + mZ which does not condense and thus does not break a symmetry. Still, the
value of ®_ influences the bulk solution and consequently may influence the condensation
of x or the confinement/deconfinement transition. In accordance with the main idea of the
paper, we mainly focus on the condensation of O, at fixed ® and only briefly discuss the
meaning of Og.

In absence of the scalar x and apart from the subleading correction in the dilaton
potential V', our system is one of the many cases of Einstein-dilaton and Einstein-Maxwell-
dilaton systems considered systematically in [25]. Our parameter values are similar to a
solution that the authors of [25] call “near-extremal case”. For each solution, we check
that the value of the parameters we use for «, d, v are consistent with the Gubser criterion
for “good” curvature singularities in IR [16]. A good singularity means that, even though



the curvature becomes infinite at z — oo, it can be trapped by a horizon. A systematic
discussion of allowed parameter values (for purely exponential potentials) can be found
in the cited reference [25]. The exponent v is also a free parameter with the limitation
v > 1. In numerical calculations, unless specified differently, we take v = 2 and D = 4 for
calculations, though any D > 2 again leads to similar results. An account of numerical
calculations can be found in the appendix; the procedure is essentially iterative, repeatedly
computing the profile of the scalar y(z) and then updating the metric and the dilaton in
the presence of x(z).

3 Solutions in the infrared: soft-wall and AdS-like

3.1 Neutral solutions
3.1.1 No symmetry breaking

At zero temperature (which is central for studying the ground state) the space extends
to z — oo. The authors of [23] have performed a classification of asymptotically AdS
Einstein-dilaton systems (without other fields), motivated by AdS/QCD studies. Their
results can be summed up as follows. The scale factor A(z) either has a singularity at
finite z, or at z = oo. In the former case, the metric can be conformally equivalent to
AdS with A(z) ~ alog z (type Ib geometry), which is never confining whereas the soft-wall
solutions with A(z) ~ z¥ (type la geometry) are confining for v > 1. If the singularity is
to be found at finite z = zyy, then the logarithmic approach A(z) ~ log(zw — z) (type IIb
geometry) does not give confinement whereas a power-law A(z) ~ 1/(zw — 2)¥ (type Ila
solution) does, for any v.2 We have nothing to add here: our system is a special case of
the systems considered in [23], with slightly different V' (®).

To solve our equations of motion (2.9)—(2.12), notice first that the equation (2.10) is
decoupled from all matter fields and yields the solution

f(z) =Co+C4 /dze(D_l)A(z). (3.1)

A growing scale A(z) in the interior would lead to a bad singularity according to the
criterion of Gubser [16].> Therefore, we need to suppose that A(z) is a monotonically
growing function of z, as also discussed in [23]. This in turn means that the non-constant
term in (3.1) is likewise growing, so C; < 0 (in order to have a solution for the position
of the horizon, defined by f(zho) = 0) and for correct AdS asymptotics Cy = 1. Now C
is determined by the boundary condition in the interior: at zero temperature, the space is

2Let us quickly remind the reader where this comes from. The defining criterion for confinement is
that the Wilson loop operator follows the area law. The Wilson loop, defined as the potential energy of a
quark-antiquark pair separated by distance L, is holographically expressed as the action of a classical string
embedded in spacetime, with a rectangular loop at the AdS boundary with sides equal to L and the time
T. If the metric is of the form (2.8), one can plug it in into the expression for the string action and find

~24(=s)  where z, is a stationary point: A’(zs) = 0. From this the above conclusions

the action scales as e
follow, bearing in mind that one may have z; — oo.
3To remind the reader, the paper [16] shows that a curvature singularity is physically meaningful if it

can be obtained as the limit of a geometry with horizon, so that the horizon hides the singularity.



infinite so C; = 0, f(z) = 1 as expected for a neutral system. At nonzero temperature 7T
the position of the horizon is determined by the condition f(z3) = 0.

We are left with one Einstein equation for A(z) and two Klein-Gordon-like equations
for the two scalars. It is easiest to start from an ansatz A(z) ~ z” to get a soft wall
(type Ia) solution

A(z):z”(l—kﬂﬁ-%—i—...)

D—11/VM
DU Mo ) =0

,/ \/u22y+ v—1)z (+¢”+¢12+ )+

y\/EIOg<VZQ+ y2z1’+y2y)<1+¢21+¢22+ > (3.2)

These forms are exact as z — oo and the coeflicients a;, ¢;; can be found analytically
at arbitrary order in principle. We are not interested in the details of the small z (UV)
geometry, as long as enough free parameters remain that the solution can be continued
to the AdSpy1 boundary conditions. The red shift function includes the rescaled black
hole mass M, which is related to the position of the horizon as M = z,’fl, the horizon
being determined through the transcendental equation f(47D/T) = 0 which we will not
explore here in detail. Importantly, the thermal solution smoothly crosses into the zero
temperature solution and all temperatures down to 7" = 0 are defined, which is not always
the case with Einstein-(Maxwell)-dilaton systems, see e.g. [25]. There is another solution,
however: starting from the ansatz A(z) ~ alogz we get a type Ib solution

_ a1 | a _ &
A(z)-alogz(l—l—z—i—zQ—l—...), a—D_1+€
M
—1-_—*" (D-Da —
flz)=1 a(D—l)z , x(2) =0

$1 P2 P3 P4 L > o= D-1 (3.3)

®(2) = ol o i -
(2) ¢oogz<+ +zlogz 22 22logz D—-1+¢

Which of these is the ground state is to be determined by comparing the free energies, our
task in the next section (it turns out the confining solution Ia is the correct choice). These
solutions have a curvature singularity at z — oo: the Ricci scalar for (3.2) is

R=—-D(D—1)p2e®*" 222 4 . (3.4)

which diverges for z large but can be trapped by a thermal horizon for any finite z; so that
R is finite as z, — 0. This follows from the form of f(z) in (3.2) and makes the solution
physically meaningful.

3.1.2 Symmetry-breaking order parameter

Now consider the symmetry-broken solution with x(z) # 0. If we require the physically
logical (and simplest) choice of purely exponential Z(®) as in (2.6), then the only way



v

to satisfy (2.9) while keeping the scaling function A(z) ~ z¥ is to “reduce” the dilaton,
i.e. make its growth slower than z”: otherwise, an additional source on the r.h.s. of equa-
tion (2.9) can only make A(z) grow even faster, never slower (remember the r.h.s. is the
kinetic energy of the scalar field which cannot be negative; adding a new nonzero field
cannot reduce the sum). Thus we seek for a scalar x(z) which, when coupled to ®(z), gives
it a logarithmic behavior ®(z) ~ ¢glogz. Such a solution indeed exists. We deliberately
postpone the discussion of the mechanism of the scalar instability to condensation, i.e. of
the scalar fluctuations in background (3.2) which lead to the new solution discussed in this
subsection. This mechanism (and the value of mi at which it happens) will be discussed
in the next section, before constructing the phase diagram. For now we are content to
show that the solution exists. To the best of our knowledge, this kind of solution was not
analytically constructed in earlier work.

The solution is now of type IbC (Ib with condensate):

ay  az v 42
A(z) = al 1+—+=+4... = =
(2) aogz(+z+22+ ),a 3 —2(D 1)
M
:1_7(D—1)£¥
f(Z) OZ(D—l)Z
by by bs by D+1
P(z) = ¢l 1+ — =4+ =+ ... = ——
(2) gboOgZ(+z+zlogz 22 22logz >’ %o y+1-D
(2) ~ %0 p D+1a D+1
= z s = =
e "Ta )" Ty -(D-1)
_ V202 £ 27 +2D%(y+2 -2 — 46— D((7 +2)° + &) (35)
Xo (D+1)y ' '

Interestingly, the value of v does not appear in the solution at leading order (of course,
it does appear in the subleading corrections a;, b;). The solutions for ¢g, x¢ show that we
need the condition v > D — 1 to avoid the growing metric scale in the interior. The crucial
observation in the above discussion was that adding bosonic fields (for which Tpo/f? + T
is always positive) cannot destroy the soft wall solution. We find there is no solution with
two scalars, ® and x, and with the couplings (2.5)—(2.6), which has a soft-wall metric
scale behavior A(z) ~ z¥. This can be seen more rigorously from the superpotential
approach. There is thus an interesting bifurcation-like behavior as the amplitude of the
order parameter field is varied: there are two competing solutions for (O,) = x(z = 0) but
only one of them survives as (O) grows away from zero. Is this solution acceptable? The
curvature behaves as

~Y—2D

R=—4a(3a+2)2%*"2 .. o 27D, (3.6)

the exponent being positive precisely in the allowed interval of v values, D — 1 < v < 2D.
Thus we again have a singularity, and it is again a “good” singularity according to [16].
This is in line with the results of [25] for “near-extremal” solutions: acceptable solutions
are only those with a singularity; those without a curvature singularity are cosmological
solutions with an unacceptable singularity at small z.
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3.2 Charged solutions
3.2.1 No symmetry breaking

Instead of a neutral scalar we now take a charged scalar, i.e. the typical holographic su-
perconductor setting, coupled to a dilaton. The results should not depend crucially on the
spin of the charged field as long as it is integer; half-integers fields, i.e. fermions may well
behave differently as they have different pressure (spatial components of the stress tensor).
We will not analyze the fermionic case here.

For further convenience we adopt the terminology of [28, 29], used also in [27], to
roughly classify the charged solutions in terms of the charge distribution in the bulk and
how it influences the geometry. On one hand, we have (1) IR-neutral solutions where the
Mazwell contribution to T}, is subleading so that the IR geometry is not influenced by Ag(z)
in the first approximation, as opposed to (2) IR-charged solutions where Ag(z) contributes
at leading order. The second criterion is whether the solution is fractionalized or coherent:
(a) fractionalized solutions are those where the charged fields do not contribute to 7}, and
thus to geometry in the IR at leading order whereas in (b) cohesive solutions they con-
tribute. In the fractionalized case the electric flux in the IR [+ [T (®)F] is non-zero while it
is zero for cohesive solutions. The physical interpretation of the fractionalized /coherent dy-
chotomy is still unclear. The logical explanation would be that in the fractionalized case the
charge-carrying degrees of freedom are not those which are seen in the spectrum as they are
charged under the gauge group and are not seen by the gauge-neutral probe (”gauginos”),
as opposed to the gauge-neutral composite excitations of the coherent case ("mesinos”).
This interpretation suggests a close relation between the confinement/deconfinement and
coherence/fractionalization. The trouble is that many examples exist both of fractional-
ized but confined systems (the dilatonic black holes of [18-20]) and coherent but deconfined
systems (the electron star and the dilatonic electron star of [29]). While confinement is
about the behavior of the Wilson operator and the gauge field excitations, coherence is
about the emergence of stable composite gauge-neutral excitations. Examples where the
quarks emerge only after the gauge field compactifies are known in AdS/CFT [41] but the
understanding of the phenomenon is lacking. We plan to address this issue in more detail
in future work; here we will just state the fractionalization/coherence nature of our geome-
tries and comment briefly on the interpretation in the conclusions. For more information
on the general problems of fractionalization in this context see [19, 20, 27].

Let us now study the charged solutions. Notice first that a charged solution without
condensate can only exist in the presence of a charged horizon. Such a solution must be
fractionalized as none of the charge carriers have a dual VEV at the boundary. It reads

A(z)zz"(l+%+%—l—...>

2
f(Z) -1_ M(T)e(Dfl)z” + £6(7+472D)2”Z372V (1 + é + % 4. )
z z

2v—3
O(z) =2" (1—1—%1;)gz+q22+...>, x(z) =0
Ap(z) = ag — Qe~ T~ (D=3)=" 1—v (1 + % + % +.. ) . (3.7)
Now the horizon carries the charge @ and at zero temperature M(T = 0) = 0, so
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the extremal horizon is degenerate and located at z = oo. Again, we are not inter-
ested in the (complicated) analytical form of M(T'). The electric flux at the horizon is
V=99009.2T (®) Ay = T(D)A) ~ e~ P=3)2" 5 7" q1e(P=3-7)2"  q; which is a generically
nonzero constant for z — oo, meaning that the solution is fractionalized. On the other
hand, it is confining, as it is of type Ia (we call it IaQ, as it has charge) and the metric
scale diminishes exponentially in the IR (we call it IaQ to emphasize it is charged). In
fact, this solution is quite similar to the top-down dilatonic black hole with two-exponent
potential discussed in [18-20]. Although fractionalized, it still confining so it fits into our
main story: deconfinement from independent symmetry breaking.

3.2.2 Symmetry-breaking order parameter

Postulating a nonzero profile for the scalar field and requiring that the scalar contributes
at leading order in the equation (2.9), we find the solution IbQC, the non-confining
charged solution:

A(z):alogz<1+%+%+...>

(D—1)a+1 20?2
f(z)zl—M(T)(;_l)a+1+ g <1+"2+f§+...>

¢prlogz | do
.

®(z) = ¢polog = (1 +

$
x(2) :XOZ_WTO (1_,_&_,_%2_’_'“)
z oz
104114497 1
Ao(z) = ap — Q= WERIF <1 oulogz az > , (3.8)
z z

and the exponents read

A +4y+ 37 27+ 3y +2 1

_ Cp= Al — 3.9
T 5y 5yt ar 15 T T s (3.9)

The charged horizon is still degenerate at zero temperature. Comparing the stress tensors
by plugging in the solution (3.8) into (2.14)-(2.16), we easily find that Tgy < To,T) for
z — 00, so according to the criterion of [25] the solution is IR neutral. Being of type
Ib (we denote it IbQC, as it is charged and has the condensate), it is not confining, and
the IR flux is 2727% which goes to zero for z — oo since v and 7 are positive
and all the coefficients in both numerator and denominator of the exponent are positive.
The solution IbQC is thus coherent and deconfined. On one hand, the fact that the non-
condensed solution IaQ is fractionalized while the condensed solution IbQC is coherent is
perfectly logical, since in the non-condensed case all the charge is on the horizon, whereas
in the presence of the condensate it carries all the charge. The fact that the fractionalized
solution is confined and the coherent one is deconfined may sound strange; e.g. in [27] the
intuition is expressed that confined solutions should be coherent. But as we have already
commented the zoo of field theories in gauge/gravity duality offers many counterexamples.
At least, one expects that the coherent nature of the systems shows up as poles, i.e. bound
states in the bottom half-plane of complex-frequency response functions of matter fields
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(the scalar y), independently of the presence or absence of confinement. We will check this
in section 5.

Can we get a soft wall with charged condensate? We were unable to find such a
solution either analytically or numerically. The conclusion is again that the competition
of two scalars (dilaton and order parameter) destroys the confining solution. Of course,
by adjusting the potentials V, Z, T we could get many different phase diagrams but in
the present model there is a strict competition between the soft wall and the condensate.
Finally, the singularity properties of both charged solutions are analogous to the charge-
neutral case: the singularities exist but are physically allowed.

3.3 Resume of the geometries

We have found five solutions: Ia, Ib, IaQ, IbC, IbQC. Only two of them compete in the
same regime, la and Ib, and the preferred solution has to be found by computing the energy.
Geometries Ia, [aQ are confined whereas Ib, IbC, IbQC are deconfined. Among the charged
geometries, [aQ) is fractionalized whereas IbQC is coherent, and both are IR neutral. In
figure 1 we plot the metric functions A(z), f(z) and the bulk profile of the dilaton and the
scalar field ®(z), x(z) at zero temperature, at zero chemical potential in the panel (A) and
at finite chemical potential in the panel (B). The most obvious feature of the solutions is
the sharp exponential fall-off of the scale factor e 24 for soft-wall geometries versus much
slower fall-off for deconfined solutions where the blue curve e 2422 is almost flat, i.e. the
solution behaves almost as AdS in the IR. This is logical, as the volume in the IR counts the
degrees of freedom of the low-energy excitations; at low enough energies, such excitations
are completely absent in the confined phase. In fact, as can be seen from the analytical
form of the solutions (3.5), (3.8), the factor e=24 in the deconfined phase behaves as a
power law just like in AdS, only with a different power. In [25, 27, 30, 31] such geometries
are classified in terms of hyperscaling exponents, where the time, space and energy (i.e.,
radial distance in AdS) are each scale-covariant but with different exponents. It turns out
these three exponents can be described by combinations of two parameters, the Lifshitz
exponent ¢ and the hyperscaling violation exponent 6; if 8 = 0 the geometry obeys the
hyperscaling whereas for 6 # 0 it is hyperscaling-violating. For a Lorentz-invariant system
we have ¢ = 1; values different from unity mean that the dispersion relation is nonlinear
and the Lorentz invariance broken. The neutral deconfined geometries (3.3) and (3.5) have
¢ = 1 but the hyperscaling exponent is nontrivial and reads § = D(1 4+ «). The charged
version (3.8) has both exponents nontrivial (( > 0 # 1 and 6 # 0). Note that the ( < 0
case is hard to interpret physically and thus we have checked that all of our geometries
have ¢ > 0.

4 Phase diagram and thermodynamics

We will consider the ground state of our system as a function of the parameters and
external sources of the theory. Parameters of the theory are the exponents v,7,v and
the conformal dimension (bulk mass) A,. The ranges of the allowed values of v, T,v are
chosen in such a way that the dependence on their values is smooth and unlikely to lead to
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Figure 1. (A) The metric functions e 24(*)22 f(2) (blue, red) and the bulk fields ®(z), x(z)
(magenta, orange) in the confined regime (geometry Ia, full lines) and in the deconfined regime
(geometry IbC, dashed lines). The blue line corresponds to the ratio of the scale factor in our
system and the AdS scale factor 1/2z2. The confining regime has a soft wall in the IR and its IR
scale falls practically to zero already at z ~ 3. (B) Same as the previous figure but for the charged
field at the chemical potential © = 1; now we plot also the gauge field Ag(z) (green). The basic
phenomenology is the same as in (A): the soft wall broadens and the scale factor e~24 has no
characteristic scale zy at which it falls off rapidly. The plots are in D = 4 and the parameter
values are v = 2, v = 4 (both A and B), and 7 = 5 for the charged case (B). For the neutral case
we pick m2 = 1/4 and m2 = —1/4 whereas for the charged case we have m2 = 8 and m} = 4.

phase transitions; furthermore, these exponents characterize the running couplings in field
theory, which include also the information at different energy scales and probably cannot be
realistically tuned. Therefore, the dependence of the thermodynamic quantities on v, 7,y
will not be explored. The typical procedure in holographic superconductor literature would
be to tune Ay = D/2+,/D?/4 +m2 as a proxy for coupling strength in field theory, and
this is what we shall do. The requirement for condensation fully fixes the solution x(z),
as we remind below, and we have no sources for O,.. However, there is one free parameter
in the theory at fixed parameter values: the operator Og dual to the dilaton in the UV.
Therefore, the phase transitions are driven by dialing the scaling dimension A, and the
expectation value of the operator Og dual to the dilaton. When not explicitly stated, we
will assume a fixed Og and study the phase transitions as a function of A, .

4.1 The condensation of the boson at T =0

We expect that at some A, = A, the neutral bosonic operator O, acquires a nonzero
expectation value. As we know [5], the expectation value in field theory is given by the
subleading term in the UV expansion (2.18) at zero source term

<Ox> = X+’x7=0' (4.1)

One can also consider an alternative quantization where the VEV is given by x_, provided
both terms are normalizable, but we will stick with the standard quantization. At this place
one should differentiate between the neutral and the charged case. In the neutral case, no
continuous symmetry is broken and the phase transition is more akin to nucleation, where
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the oscillating modes of the scalar add up to a significant perturbation which eventually
changes the metric. Whether the oscillations are strong enough or not to lead to a new
ground state in principle depends on the parameters of the system. The charged case
is expected to be simpler: here, the instability is supposed to be rooted in the Higgs
mechanism which breaks the U(1) symmetry, and one expects this to happen for any
charged scalar (independently of the mi value). The charged scalar is thus expected to
always condense at T' = 0, at least in absence of the dilaton. In the presence of the dilaton,
things can become more complicated, as we shall see.

4.1.1 The neutral case

The critical value of the conformal dimension* A, can be related to the violation of the
Breitenlohner-Freedman (BF) stability bound in the interior. To remind, the idea is to
rewrite the Klein-Gordon equation for the scalar with energy w as an effective Schrédinger
equation for the rescaled scalar ¥(z) = x(z)/B(z) with energy w?:

= Ver(2)¥ = — 25 %(2) (4.2)

and the effective potential

—2A / / "
B 0o Z B
Véﬁ-“:ef mi—B(J;Jr@Z ¢/—(D—1)A/>—B7 (4.3)
where the rescaling factor is
_D=1 4 . M(I)
B(z)= <" 22 (4.4)

VF

If the energy of y becomes imaginary, i.e. the Schrédinger energy w? becomes negative,
it means there is an exponentially growing mode which likely signifies an instability, and
the scaling dimension becomes complex [17]. In the Schrédinger formalism, it means that
x forms a bound state. We are not allowed to violate the bound in the UV, to prevent
violating the AdS asymptotics assumed in the gauge/gravity duality, but an instability in
the interior is perfectly allowed and signifies the change of IR physics, i.e. of the field theory
ground state. In AdS-RN background, the instability of the neutral scalar is given simply
by the BF bound of the near-horizon AdSy, which equals —1/4 [5, 8]. We do not have a

near-horizon AdS region and there is no simple formula for the critical mass (dimension)

2
c

in the Schrédinger formalism.

mZ (Ac) but the logic is the same: we are looking for complex energies, i.e. bound states

In geometry Ia the effective potential reads

v (D—vy-1 -1 D — v —1)%2
‘/eff:mieizz _( g 2)7/(7/ )sz72+( ’74 )V 2,21172 (45)

which is positive and growing to infinity at large z. For any bound states to exist, we need

to have a sufficiently deep and broad potential well below zero energy, i.e. the potential

4We will use the conformal dimension Ay and the bulk mass squared mi interchangeably as they are
uniquely related to each other through Ay = D/2+ /D?/4 4+ m2.
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needs to grow to infinity also on the “left-hand side”, for small z, and fall sufficiently low
in-between. Now we remember that for z — 0 the potential certainly goes to positive
infinity because mi > —D?/4 (i.e., we do not want bound states in the far UV region,
sitting at z — 0). Now the question is what the potential looks like for some intermediate
z1 which is still large enough that the IR solution (geometry Ia) is valid. Assuming that
z1 ~ 1, this depends on the combination m} — (D —~y—1)v(v —1)/2+ (D -~y —1)*2/4 —
the second and third term are both positive, and the question is whether there is a value
of mi > —D?/4 which is nevertheless sufficiently negative to make V.g negative. This is
obviously a question of numerical calculation but we can see that for v = D — 1 4 ¢ for
e small the second and the third term in (4.5) have practically zero coefficients and not
too large \mi[ suffices to push Vg below zero in some interval. We conclude that we can
expect a BF-type instability at some critical m2. We have seen this means the geometry Ia
is modified, presumably into IbC, and at finite m?, analogously to the neutral holographic
superconductor in AdS-RN [5, 8].

Having shown that there is indeed a mechanism for the condensation of the order
parameter in the soft-wall regime, we should also check if the geometry IbC is stable in the
presence of the condensate. In geometry IbC the effective potential is:

2

m k(k+1
Varr = Voo o gt + 22D

> (4.6)

(D=1)a+v¢o
2

always positive and the power of the mass term varies between —oo for v — D — 1 and

where k = and V is a z-independent constant. The inverse square term is
—2 for v = 2D (we see this from the expressions for «, ¢g in (3.5)). Thus the 1/2% term
dominates at large z for the allowed values of v (from (2.6)) and approaches zero from
above as z — o0; this means the potential approaches the constant V., from above. This
in turn means there is no room for bound states — the potential in the UV is positive and
decaying and never falls below zero.® Therefore, the geometry IbC is stable in the presence
of the scalar. Numerical plot of the potential in figure 2 confirms the above discussion. In
the panel (A) there is a potential well with bound states for all masses below some m?2 ~ 6
which is thus the critical value for the condensation. In panel (B) the well turns out too
shallow to allow the formation of bound states: the geometry is stable. All curves are for
mi > —D? /4 as for this value there is a potential well near z = 0 and the outer AdS region
becomes unstable.

In the numerical calculation, we shoot for the solution of a two-point boundary value
problem which satisfies the boundary condition (2.18) for x at the AdS boundary and the
expected asymptotics for x(z) from (3.5) in the interior. We do this as a part of the complete
calculation (with backreaction on geometry, see the appendix). In this way we can find
the dependence of the VEV (O, ) on the conformal dimension A,. In figure 3(A), the blue
curve jumps at the transition, signifying that the transition is of first order. This is different
from the infinite-order BKT-type (stretched-exponential) scaling laws found in [5, 8] for

5This picture changes for 4 > 2D — then the mass term dominates for z — oo and for negative mass
squared it forms a potential well. But in our model one always has v < 2D so we do not explore this case
in detail.
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Figure 2. The effective Schrodinger potential Vg (2) defined by (4.3) for a range bulk masses
(conformal dimensions) mi = 6,2,0,—2,—4 (blue, magenta, red, pink, orange) and D = 4,v =
2,7 = 4. The instability corresponds to bound states, i.e. existence of a sufficiently deep and
broad potential well. In (A), we can fit a bound state for all masses shown, for the last one just a
single bound state, thus m?2 ~ 6 corresponds to the BF bound. For such masses, the geometry will

remorph and we will enter the condensed phase. This phase is stable, as in (B) the potential well

is too shallow to accommodate a bound state. Notice that for m2 = —4 the potential develops a

X
well in the outer region, i.e. this is the BF bound for AdSs.

a neutral scalar in AdS-RN background because the BKT scaling originates in so-called
Efimov states in the IR which depend on the details of the potential for the scalar [8]
and would require a fine tuning of the dilaton potentials too. First-order transition is not
unknown even for a charged scalar if it is non-minimally coupled to the metric [37, 38].
We also expect the condensate to vanish at higher temperatures, a case which we find
too difficult for analytical work so we limit ourselves to numerics. The result is shown in
figure 3: there is again a jump at the critical temperature.

4.1.2 The charged case

The charged problem can usually be understood as the textbook Abelian-Higgs instabil-
ity where the gauge field develops an effective mass term |y|?4¢ and the mass of the
scalar is effectively negative as it acquires a correction —gooAg, leading to instability and
condensation. Without dilaton, in AdS-Reissner-Nordstrom background, this correction
to the scalar mass grows fast enough near the horizon to produce an instability even at
positive m2 [9]. For our system the equation for the charged scalar in IR geometry IaQ

(eq. (3.7)) );eads

e(7'—2D—l—2)z”
§

Now the negative correction to the effective mass of the scalar may grow or diminish as

X' —v(r+3—y—D)z"" 1y — <mi — §a%q2z2”_26(7_7)zy> x=0 (4.7)

z — 00, depending essentially on the sign of v — 7. If v > 7 the correction dominates
the bare mass term and we always have a mode growing at z — oo but if v < 7 it is
subleading and does not influence the behavior of x(z — o0) at leading order. Looking
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Figure 3. (A) Expectation value of the scalar (Oy) as a function of temperature for m?} = —2, for

the neutral scalar (blue) and the charged scalar with ¢ = 1 (red), in D = 4 and for v = 2,y = 4; for
the charged scalar 7 = 5. The neutral scalar has a first-order quantum phase transition and its value
jumps from zero, whereas in the charged case the quantum phase transition shows a continuous

BKT-like exponential form exp (— (T, — T)_l/ 2). The unit of temperature is T, — the critical

temperature for the charged case. In (B) we zoom-in near the critical temperature for the neutral
case to make it obvious that there is a jump.

at our conditions (2.5)—(2.6), we see this is always the case. Naively, one may guess that
the critical value is m? = 0 but since our analysis ignores all subleading terms one should
check numerically (numerics confirms that this is indeed the critical value, see the phase
diagram in figure 7). Amusingly, the scaling with temperature and conformal dimension is
now consistent with the BKT-like form:

1

(Oy) = const. x e V7", (4.8)

B

Although the numerical fit to the e~/ =m)" Jaw with n = 1 /2 is good, we cannot exclude
the possibility that the exponent n weakly depends on v and that it is not exactly 1/2; we
have no analytical estimate for n. The condensate formation is now, strictly speaking, not
a consequence of the coupling with the gauge field at all (remember the term ¢%g%° A3 is
now exponentially suppressed) but merely the consequence of growing modes for negative
scalar mass. Thus the mechanism is essentially the same as for the neutral scalar and
the fact that the neutral scalar undergoes a discontinuous transition reminds us that the
details of this process depend sensitively on the IR geometry. The temperature scaling is
of the same form as the scaling with mi (4.8) and is shown as red points in figure 3.

4.2 Free energies and phases at zero temperature

Now that we have explained the instability that seeds the condensation, we will compute
the free energy (on-shell action) of the system as a function of A, and 7', to study the
order of the transition and the full phase diagram. We thus need to evaluate (2.1) on-shell
for solutions Ia and IbC: F = f dPzL| Ia,1bC + Fna- The boundary terms are given by

1
ernd = f; i vV gind(_zK — A= §A0A6 - X2 - Q(I)(I)/)a (49)

~ 18 —



Here, ginq is the induced metric at the boundary, K is the trace of the extrinsic curvature,
A is the boundary cosmological constant, and the remaining terms come from the gauge
field, the scalar and the dilaton. The counterterm for the scalar is in accordance with
our choice that x4 is the VEV; had we chosen x_ for the VEV the counterterm would
be —2x’x, analogous to the situation for the dilaton. The comparison of free energies is
best done numerically but even analytically we can draw some conclusions. Let us first
consider the quantum phase transitions as a function of A, at fixed ®_ and discuss the
free energies at zero temperature. Our analytical solutions are only valid in the large z
region, whereas for smaller z they cross over into the AdSp4; forms, so the radial integral
in (4.9) goes from some z; ~ 1. The difference between the energy of the solution Ia (we
will show numerically it is indeed preferred to Ib) and IbC is

oo
Fra — Froo ~ X222 4 / dz [(D2 — D)z~ P B2 ) (4.10)
21
The difference in free energies at leading order has terms proportional to the squared
amplitude of the order parameter (in the UV — x_, i.e. (Oy) and in the IR — xq) but also
a x-independent term (coming from the Ricci scalar and cosmological constant terms in
geometry IbC) so we expect that the transition, determined by Fr, — Frpo = 0 generically
happens at nonzero amplitudes (O, ), xo and we can exclude a continuous transition. This
is again in line with the discreteness of the symmetry broken and the discontinuous nature
of the transition. On the other hand, for the charged geometries IaQ and IbQC there is
also the boundary contribution Ay(z — 0)Ay(z — 0) so

_ 1(prag — proqc) 2, 2A = o (D-Da, 2 2
FraQ — FroQe = 2 tXGT - [ dez Xod+7)"+.. (410)
21

Now there is no y-independent term and the dominant terms in the energy difference are
proportional to the squared amplitude of the condensate, or to the difference in charge
densities prqa@ — prsgce which, according to the Gauss-Ostrogradsky theorem, also has to be
proportional to the bulk density of the charged field, ¢?x(z)2. Therefore, one can expect
that the energy difference grows from zero at (O,) = 0, as in a continuous phase transition.
We have assumed that the chemical potential is kept constant across the transition (grand
canonical ensemble). Now we will check our conclusions numerically.

First of all let us show that the confined solution is indeed the ground state in absence
of the condensate. In figure 4(A) we plot the on-shell action of the solutions Ia (3.2) and

Ib (3.3) and we see that Ia indeed always has lower energy — the system is confining.

2
X

compare the free energies as functions of the conformal dimension for the neutral system

Now consider the free energies as functions of m? and the temperature. In figure 4(B) we
and confirm the discontinuous nature of the transition: the curves have different derivatives
at the transition point. Here we also scan for different values of the source ®_, which
change the value of the transition point A, but, importantly, do not introduce new phases.
This is easily understood from the discussion in section IV.A.1 and also from eq. (4.10).
Dialing ®_ influences the matching between the solutions in the UV and the solutions in
IR without introducing new IR, solutions, so we are still left with the choice between Ia

SAt T = 0 the free energy is just the total energy & of the system, since F = £ — T'S. For simplicity of
notation, we will still call it F just like the finite temperature case.
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Figure 4. (A) Free energy at zero temperature as a function of the scaling exponent v in the absence
of condensate, for geometry Ia (confining, blue)and Ib (nonconfining, magenta). Obviously the soft-
wall geometry always has lower free energy, thus it is always preferred: in absence of condensate
we have a confining soft wall. The units on the vertical axis are arbitrary. (B) Free energy at zero
temperature as a function of the bulk mass mi for geometry Ia (confining, no condensate, blue)
and for geometry IbC (nonconfining, with condensate, red). Both solutions exist before and after
the critical point, where their energies F (mi) intersect at finite angle, thus the phase transition
is of first order. The solid, dashed and dotted lines are from three different values of the source
®_ =0.1,0.2,0.5 — the source shifts the location of the transition but does not change the behavior
qualitatively. The free energy is in computational units and the parameters are v = 3/2,y = D = 4.

and IbC. Concerniing the scalar condensation, different values of ®_ reshape the effective
potential, influencing the point z; where the geometry crosses over to the IR asymptotics
and thus the width of the potential well, so it starts supporting bound states for different
values of mi Finally, the free energy difference depends on the IR quantities ¢g, xo which
are determined by the matching to the UV solution. Their values influence the location of
the transition point but not the nature of the transition.

For the charged case the free energy is given in figure 5. The transition is now con-
tinuous and the zoom-in near the origin clarifies that the critical point lies at mi = 0.
Interestingly, the three values of the Og source now all give the same critical point, at zero
mass squared. The curves for different values of Og only differ in the deconfined phase,
with nonzero (O, ), and coincide as long as no condensate forms. At first, this may sound
strange. However, a look at the effective potential (4.7) shows that the negative term is
now exponentially growing at large z and thus the potential well is always in the deep IR
region, rather than in the middle as in the neutral case (figure 2). It is thus understandable
that it is not affected by the matching to the UV solution with given ®_.

We have already established that our confinement/deconfinement transition may be
of continuous or discontinuous nature. Both cases are in principle known even in field
theory, and all the more so among the many condensed matter systems where some kind

of fractionalization picture is appropriate.

4.3 Finite temperature thermodynamics

At finite temperature, the free energy is still the value of the on-shell action but the radial
integration now terminates at finite z;. In the leading term of the action in geometry Ia,
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Figure 5. Same as in figure 4(B) but for the charged order parameter with ¢ = 1 (A), with
a zoom-in near m2 = 0 (B). The new solution with condensate branches off smoothly and with
continuous first derivative, thus the phase transition is continuous. It is consistent with BKT-like
scaling e~V VA=A The three values of source (solid, dashed, dotted lines, same as in the previous
figure) leave the critical point m? = 0 invariant and only influence the deconfined, condensed phase.
The free energy is in arbitrary units and 7 = 6.

which stems from the dilaton potential:

Zh e*(D*3)ZU
Fia~ —vo/ de"———+ ... (4.12)
21

z

we need to perform the radial integration from the crossover-to-AdS-scale z; to the horizon
zp, and expand the result about z,. Therefore, we integrate from “deep IR” at zj to “the
UV of the IR”, i.e. the location where the geometry crosses over to the asymptotic AdSp, 1.
Clearly, the integral is dominated by the exponential term and our free energy scales as

1 _
F(T' = 0) < —5T9_1/,((D — 3)zp) ~ const. x e~ T3 (4.13)
h
where the power-law correction 7%~ is in fact unimportant (we don’t consider D < 3 so
the exponent —(D — 2)/T" is always negative) and the free energy has an extremely slow
growth at low T. Clearly, the entropy S = 0F /0T is zero at zero temperature, and is
extremely low at low 7' (much smaller than for any system with the scaling F ~ T% for any
power x). Thus the effective number of the degrees of freedom is much reduced because of
the confinement. The same scaling is obtained for the charged case.” At high temperatures
(compared to the confinement gap) we can expand the action in 1/7" and get
ra-1
F(1/T — 0) (72/V) ~ const. x T2, (4.14)
h
the quadratic behavior of the free energy and the linear behavior of entropy characteristic
of Fermi liquids.® This result was found for a dilatonic black hole in [18] and our system

"One may wonder whether this slow growth of entropy can actually be observed. It is possible that
any amount of disorder in the system would make the entropy significantly larger. At least theoretically,
however, an exponentially slow growth is not unusual in dilatonic setups, see e.g. [21].

8For high temperature we get T ~ 47D /zn but this is not en exact relation and is not even close at low
T (unlike the textbook Schwarzschild or RN black hole without the dilaton).
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Figure 6. Temperature dependence of the free energy F(T') for the charged system in the confined
phase (mi = 4), for p = 1,v = 2,7 = 4,7 = 6. The dashed and the dotted black lines are the
analytical estimates (4.13), (4.14) for the confined phase. In (A) we cover a broad range of temper-
atures, showing both the low-temperature regime with the scaling (4.13) and the high-temperature
regime (4.14). In (B), we zoom in at low temperatures, showing the very slow growth of free energy
and entropy. The analytical estimates for the low-temperature scalings are determined only up to
the UV contribution, which was assumed approximately constant and was fit to the numerics.

behaves similarly at high temperatures (in fact, our confined charged system only differs
from it by the choice of the dilaton potential, which likely influences the low-temperature
behavior but not the high-7" asymptotics). Even though we have no fermions in the system,
the quadratic scaling is perhaps not so surprising: one may expect it in any confined system,
where only the gauge-neutral bound states are observable. Notice, however, that at high
temperatures we expect a dimensional scaling to take place

In the deconfined phase, the exponential scaling is gone and we have a simple scaling
law for both low and high temperatures:

F(T) z,:(D_l)a ~ const. x T%. (4.15)

For high temperatures the exponent is x = (D — 1)a; for low T the relation T'(z) is
complicated but behaves as a power-law, so F still scales as a power law of the temperature.
This anomalous power law for all temperatures is precisely in line with the hyperscaling-
violating nature of the system: the metric has power-law scaling and has no sharp scale
where low-T" regime cross over to high-T" regime. These findings are illustrated in figure 6,
where we plot the numerical calculation of F(7T') together with analytical scaling laws for
the confined system. We have chosen a large and positive scalar mass mi = 4 to avoid the
phase transition to the condensed deconfined system, since the purpose of the figure is to
study the different scaling regimes in the same phase, not the phase transition (which is
discontinuous in 7" for the neutral system and of infinite order in 7" in the charged system,
same as the scaling with mi) Notice that the analytical estimates (4.13)—(4.15) are only
the IR contribution, and the true free energy is obtained by adding the UV contribution,
which is fit as a constant in figure 6 (assuming that the T-dependence in the UV is weak,
though in reality it is certainly not strictly constant).
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4.4 Structure of the phase diagram

We are now in position to construct the whole phase diagram. The phases are the same
both for the neutral and for the charged case, except that the critical line is of different
nature (first-order and smooth, respectively). The phase diagram is sketched in figure 7.
For small enough conformal dimension A, and temperature 7', the scalar condenses and the
system deconfines, restoring the scale invariance at low energies. As the temperature rises,
the long-range order of the scalar is lost and we are back to the confined regime. This shows
our main point — the confinement/deconfinement transition is triggered by the long-range
order of O. What does this mean symmetry-wise? On one hand, the condensation of O
certainly breaks a symmetry — Zy (neutral) or U(1) (charged). But on the other hand the
deconfinement restores a symmetry: as we have explained, the deconfined geometries are
anisotropically scale-covariant (hyperscaling), of the form ds? = 2725 (— foz "dt? 4 dx? +
fo 121d2?). In absence of charge (fo = 1,7 = 0), all coordinates in field theory can be
rescaled as z# — Az* though the energy (dual to z) scales differently (this is sometimes
called generalized conformal symmetry, [25]). With nontrivial f the scaling exponent is
different along different axes but there is still some invariance to dilatatons (rescaling of

— v .
22" there is no scale

coordinates). At the same time, in the soft-wall case with ds? e
invariance at all. Overall, neither phase is more symmetric than the other: denoting the
symmetry group of the scaling system in field theory by Gi, we expect it to be broken in
the confined phase down to some subgroup Gy < (1, while the symmetry of the scalar
(Z2 or U(1)) is fully broken in the deconfined phase. Since we have a bottom-up model
we don’t have the explicit form of the field theory Lagrangian and so we cannot fully
determine G12. Both certainly include the spacetime translations and rotations and Gy,
as discussed, contains also dilatations. In special cases, e.g. when the field theory is N' = 4
super-Yang-Mills, it will be the full conformal group and the deconfinement will be the
restoration of the full conformal symmetry. In any case, the symmetry at the critical point
changes like

Go®Zor—>G1®I Gy® U(l) — G eI (4.16)

The neutral case where the phase transition is discontinuous could be related to the Landau-
Ginzburg theory which generically predicts that in such situations, when no overall sym-
metry reduction occurs, the two phases can be separated by a first-order transition or by
a finite area of phase coexistence. But the charged case where the transition is contin-
uous is of non-Landau-Ginzburg type. This case in particular resembles the concept of
deconfined criticality proposed as an explanation for the physics of some strongly coupled
quantum critical points in D = 3 [10, 11]. We would like to understand how one could
probe such phase diagrams in nature, having in mind the handicap that in a bottom-up
gauge/gravity model we do not know the explicit form of the action to directly inspect
the symmetries of different phases. We would also like to gain a better knowledge of the
confinement /deconfinement transition itself: we cannot directly identify the gauge-charged
and gauge-neutral degrees of freedom but we can detect the existence of bound states in
the confined phase and explore their dispersion relation, a technique particularly used in
AdS/QCD, where the quark confinement is recognized from the linear scaling of bound
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Figure 7. Phase diagram in the A, T plane for the charged scalar. Blue dots denote the numerical
results for the onset of the condensation of the scalar; the line is just to guide the eye. The
condensed/deconfined phase (geometry IaQ) is located to the left and below the boundary line;
the rest is the non-condensed/deconfined phase (geometry IbQC). For the neutral case the phase
diagram is similar. The key finding is that the deconfinement transition coincides with the onset of
the long-range order. The vertical black line denotes the BF bound for AdSs.

state masses, m, x n [22, 32-34]. We can also look for the signs of symmetry breaking in
the response functions. Bound states can be detected in this way too, since they manifest
as poles of correlation functions in the imaginary half-plane, separated from the possible
quasiparticle peak by a gap (the binding energy).

Finally, one should have in mind that at very high temperatures it is possible that both
confined and deconfined solutions (i.e., all the solutions we have considered) give way to the
solution with zero dilaton profile, i.e. the system becomes just a (neutral, Schwarzschild or
charged, Reissner-Nordstrom) black hole, as pointed out in [39, 40]. This depends on the
parameters of the dilaton potentials; for some values such solutions exist and for some not.
We have not checked the existence of this regime explicitly and will not consider it; it is not
relevant for the low-temperature and zero-temperature phase transitions we consider here.

5 Response functions and bound states

5.1 Definition and equations of motion

In this section we will try to understand better the nature of different phases by computing
the electric AC conductivity o(w,k = 0) and charge susceptibility &(w, k) of our system
as well as the retarded propagator Gr(w, k) of the order parameter O,, in particular by
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looking at the bottom half of the complex frequency plane where one can find the poles
corresponding to the bound states typical of confined systems. In this section we consider
the T' = 0 case as we are interesting in the properties of the ground state (and its excitations
encoded in the pole structure), not the finite-temperature fluctuations. According to the
basic dictionary (e.g. [4]) the conductivity, as the response of the current to the imposed
(transverse) electric field, is proportional to the ratio of the source and VEV terms of the
fluctuation of the spatial component of the bulk electromagnetic field:

1640 1
§Ap(z;w, k) = 0A0 +6AW 2 4+ o(w, k) = —— ER(w, k), (5.1)
SAL

where R(w, k) is the regulator connected to the boundary counterterms in the action.
Without entering into detailed discussion, we can quote that in D = 3 no regulator is
needed (R = 1) whereas in D = 4 we have R = k% — w? [9]. Charge susceptibility is the
response of the charge density to the applied electric field, and therefore can be computed
analogously from the fluctuation of Ag:

§Ao(zw, k) =04 + 5402 + (w, k) = 54 _ dp (5.2)
olz; W, - 0 0 ? ] w, *514(()0) *5/1/7 .

so the susceptibility can be interpreted as the ratio of the charge density fluctuation and the
fluctuation in chemical potential. The conductivity mainly makes sense at zero momentum
(in the absence of a lattice) whereas susceptibility can also be considered as a function
of momentum, to study the spatial modulation of the charge density, as in [42]. The
equations of motion are really the variational equations from the action (2.1)—(2.4) about
the equilibrium solutions Ag(z;w, k) and Ay (z;w, k) = 0:
2 2 2,34
sA" — ((D gy aq’f@') sAL — <?2 - ’} - 2‘1;7;(2) SA, =0 (5.3)
2 2 2 ,—34
Al — <(D —3)A — ‘%;;rqﬂ) SAL — <°}’2 - ’} - ‘LquFAOXQ) §Ag=0.  (5.4)
Even though the fluctuations d Ag,dA, are coupled to the fluctuations of the metric, we
do not consider the full system of fluctuation equations here. For a charged system, this
amounts to working in the limit of large charge, where the probe barely has any influence
on the system.

Finally, to study the symmetry breaking we explore also the fluctuation of the scalar
field 6y which determines the retarded propagator Gr(w,k) of the field O in field the-
ory. According to the dictionary, the retarded propagator is again the ratio of the lead-
ing boundary components, x_ /x4, of the fluctuation Ax(z;w, k) which satisfies exactly
the same Klein-Gordon equation (2.12) as the equilibrium solution, only at finite energy
and momentum:

/ 2 2 —24 2
X"+ <J; —(D-1)A — 6¢ch1>’> 5x — <°Jf2 - ]} + & ; m? — %J%ﬁ) 5x = 0. (5.5)

Unlike the BF bound calculation, we are not exclusively interested in the case when the

energy w is pure imaginary but will consider general values of energy (with non-positive
imaginary part, since the poles in the upper half-plane are forbidden).
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5.2 Effective Schrodinger equation for the response functions

It is well-known (e.g. [43, 44]) that the IR behavior of the effective Schrédinger problem for
various quantities like (5.3), (5.4)(5.5) is related to the energy scaling of the corresponding
response functions in field theory, defined as the ratio of the leading and subleading com-
ponent of the bulk field in the boundary. The aforementioned references study the case
when the equation can be written in the form A” — V(2)A, = —w?A, (and similarly for
any other field instead of A,) with V(2) ~ 1/22 in the IR. The inverse-square potential is
famous for allowing a conformal-invariant solution, and simple scaling arguments together
with flux conservation lead to the conclusion that the z-scaling of the solutions to the
Schrodinger equation in IR determines the w-scaling of the response function (essentially,
the solution is a function of wz only, and since the flux must be conserved (z-independent)
it is also w-independent, which relates the scaling with z to the scaling with w). In our
problem, even in the deconfined case with no soft wall, the behavior of the potential is
in general different from 1/22, and no quantitative results on the frequency scaling can
be drawn. We can, however, decide if the spectrum is gapped or continuous, and if the
gaps are “hard” (zero spectral weight of the response function) or “soft” (exponentially
suppressed nonzero weight).

As the charge susceptibility in dilaton systems was never studied so far, we give a
more detailed analysis of the effective potential. The equation (5.4) can be recast as a
Schrodinger problem with an effective potential

2 2 —2A " 1
°Jf2+k}+ef m§+XY+B§ (5.6)
with B = (D — 3)A" — 7@’ and X = e~ /B2 = e(P=1)/24=9® / /T = Starting from the
confined phase (in the charge-neutral case), we see that the potential for the confining

‘/;)ff(z;wv k) - -

geometry behaves in the IR as

viv—1(tr— D+ 3))21,72_'_%”2
2
thus it grows to infinity in the IR (the subleading terms were left out). For finite z (still

Ve (2 — 00w, k) = —w?+k*— (1—D+3)%22 24 .., (5.7)

far enough from the AdS boundary), it is positive if w? < w? + k? for some constant wp,
i.e. the spectrum is discrete and gapped for small energies. In the bulk, a gap in the
spectrum simply means that there is no tunneling of the infalling solution toward the far
IR at z — oo (in the terminology of [43], the reflection coefficient is zero). This means that
the integral [ dz\/2Veg(2)/2? has to diverge at large z. For (5.7) the integral behaves as
i dzz*~3 and thus diverges for v > 2. Therefore, the gaps might be hard or soft depending
on the parameters.

For w > \/wg + k2 we expect a continuum, as the effective potential does not have a
well anymore. In the deconfined neutral background, the potential looks like

(D —3)ar— ot

_ o _
which grows to infinity in the IR but logarithmically slowly, whereas on the other side it
again depends on w — /w3 + k2. The spectrum is thus still gapped and discrete but (since

Vet (2 = oojw, k) = w2+k2+%((D—3)04—¢07)2(10gz)2+. .., (5.8)

— 96 —



the well is now shallow, because of the logarithmic growth) the bound states are expected
to come closer to each other. Also, the tunneling probability behaves as [ dzlog z/2?
which is finite for z — oo, and the gaps is always soft. In the charged case, the effective
potential is augmented by a positive term proportional to ¢?Agx? which is independent
of w, k. Therefore, the threshold wq is increased but the qualitative behavior remains the
same. Similar conclusions hold for the other response functions: the gaps are always soft
for the deconfined phase, and may be hard or soft for the confined phase.

5.3 Numerics
5.3.1 AC conductivity

The AC conductivity best encapsulates the breaking of a continuous symmetry (4.16)
through the existence of the zero mode. The AC conductivity on the real frequency axis,
as well as in the bottom half-plane of complex w, is given in figure 8. In this plot we show
the conductivity Ro(w,k = 0) as a function of the real frequency Rw for a range of Sw
values (at zero momentum). We first show the set of curves Ro(Rw) computed at different
Sw values, where the curves at different Sw values are vertically shifted in the figure to be
visible together (panels A, B); the z-axis is the real frequency axis and the y-axis is the
magnitude of the conductivity minus the vertical shift. In parallel we show the same data
as two-dimensional color maps o (Rw, Sw) (panels C, D); now the y-axis is the imaginary
part of the frequency, and the lighter areas denote higher values. We use the same recipe
to show the curves SGr(w, k) and &(w, k) in later figures.

In the charged confined non-condensed system (panels A, C), there is no gap at small
frequencies as the continuous U(1) symmetry is preserved. On the other hand, confinement
means the existence of stable bound states (”glueballs”), i.e. poles on the real axis. These
are seen as sharp peaks in o (w) for real w. For nonzero Sw the poles apparently turn
into branch cuts (the vertical lines); the resolution of our numerics is limited so we are not
sure if these are branch cuts or strings of poles along the vertical (Sw) axis. Such poles on
the real axis have been seen also in [9] in the simple holographic superconductor (without
dilaton) when the scalar mass is exactly at the BF bound for AdSp1; the relation to our
result is not clear but this fact is certainly interesting and we plan to look more carefully
into it. Naively, it looks like a bad metal: the AC conductivity is continuous and gapless
but small except on a discrete set of real frequencies where the bound states lie.

After deconfinement and the onset of superconductivity (figure 8B, D), the Dirac delta
peak at w = 0 is followed by a gap, which shows the breaking of the U(1) symmetry (this is
particularly obvious in the panel B). The bound states do not sit at the real axis anymore.
It is again not clear from the numerics if they turn into branch cuts or strings of poles in
the complex plane but in any case they do not reach the real axis anymore. In this and
further spectral plots, we use the critical temperature as a suitable unit of energy to express
the frequencies and momenta; a more usual choice would be the chemical potential, but it
is absent in the neutral case, so we have opted for 7, as a natural and physical scale.

Therefore, we witness both the breaking of the U(1) symmetry (Dirac delta peak
followed by the gap) and the deconfinement (absence of stable bound states), but not the
restoration of scale invariance since our probe is charged and sees the nonzero chemical
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Figure 8. Conductivity Ro(w) in the confined/non-condensed phase (m2 = 2, A,C) and in the
deconfined/condensed phase (m} = —2, B,D) in a U(1)-charged system at y = 1, for a range of Sw
values starting from zero (the real axis). In the deconfined/superconducting phase there is only the
w = 0 pole at the real axis (visible for the first curve in the panel B; in the color map panel D it is
hard to recognize since it is very narrow), followed by a gap. The gap is expectedly absent in the
confined /non-superconducting phase, as the continuous U(1) symmetry is preserved. On the other
hand, the confinement/deconfinement transition is visible through the stability of bound states: in
the confined regime these states have an infinite lifetime at T' = 0 and thus manifest as sharp peaks
(poles) on the real axis (the bright white spots on the real axis in the density plot). In the deconfined
regime these states are pushed to a finite distance below the real axis and look more like branch cuts.
For all calculations in a charged system in this section we use D =4,v =3/2,y =4, 71 =6,u =1
and m?} = 1/4 for the confined case and m? = —1/4 for the deconfined case.

potential which sets a scale. It is instructive to compare this situation to the charge-neutral
case in figure 9. The superconducting gap now has to vanish from the spectrum. Only the
presence or absence of confinement is now seen — bound states as poles on the real axis
(again apparently continuing as branch cuts below the real axis) in the confined regime and
their absence in the deconfined regime. Notice that our confined phase is fractionalized
and the deconfined phase is coherent — therefore, our poles are not “mesinos”, they are
closer to “glueballs”, i.e. complex bound states which contain charged gauge bosons.
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Figure 9. Conductivity Ro(w) in the confined/non-condensed phase (m2 = 8, A,C) and in the

deconfined/condensed phase (mi =4, B,D) in a neutral system, for a range of Sw values starting
from zero (the real axis). Neither phase is superconducting thus neither phase has a gap but rather a
continuous background behaving as 1/w™. But the confined case again has long-living bound states
corresponding to poles on the real axis, while upon deconfinement these poles vanish completely.
The parameters are D = 4,v = 3/2,7 =4 and mi = 4 for the deconfined case and mi = 8 for the
confined case (also in the remaining plots for the neutral system in this section).

5.3.2 Retarded propagator

A probe which specifically shows the restoration of scale invariance is the retarded propaga-
tor Gr(w, k), given in figure 10. In the confined regime we see well-defined quasiparticles,
due to nonzero chemical potential. But since quasiparticles exist at finite binding energies,
the spectrum is gapped and starts from nonzero energy (A, C). Once the system is decon-
fined, scale invariance is restored and Gr(w) ~ 1/w"™ (B, D). Unlike conductivity, which
is not sensitive confinement/deconfinement, the scalar probe differentiates between them:
in their absence, it shows no quasiparticles. Another way to understand it is that at low
energies (in deep interior) the local chemical potential behaves as e~ 4 Ag/\/f ~ z—2aF¢07/2

—2«

while the scale of the metric (the confinement scale) drops faster as z7°“, so the confine-

ment scale is above the chemical potential and the probe sees no chemical potential at all.
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When the system is neutral and the symmetry to be broken is discrete, we expect to see
the presence/absence of scale invariance in much the same way as before but we expect no
quasiparticle in either phase, since the chemical potential is zero. The plot for the neutral
case is shown in figure 11: now there is indeed no quasiparticle in either phase as the
chemical potential and density are zero. But we still detect a scaleful, though continuous
spectrum in the confined case, whereas the deconfined case looks pretty much the same
as with a charged boson — just a power-law decay. Again, this is not about fractional-
ization — the confined phase, with quasiparticles in figure 10(A,C), has “gauginos” which
the gauge-neutral probe cannot see, and the deconfined phase, with no quasiparticles in
figure 10(B,D), has “mesinos” which the gauge probe can see. The bottom line is that the
probe apparently couples mainly to the gauge field bound states, and in general that the
presence/absence of quasiparticles may not be directly related to fractionalization.

5.3.3 Charge susceptibility

Charge susceptibility is interesting as it shows the absence of metallic behavior in both the
confined and deconfined phase. Both phases show a gap followed by a series of dispersing
poles. This is in line with our analytical finding that both backgrounds give a potential
well for § Ag, inhabited with bound states. But since the well is rising towards infinity very
slowly in the deconfined phase, the spacing between the bound states is small in this case.
In [42] the authors have explored mainly the momentum dependence of the susceptibility at
zero frequency, finding the Friedel oscillations and the singularity at k = 2kp, as expected
for a system with zero modes at finite momentum, resembling a Fermi surface. In figure 12,
in particular in the w — k maps (panels B,D) we see that no oscillatory behavior exists for
X(w = 0,k) (the bottom edge of figure 12 C,D) and in particular no pole at w = 0 exists
for any finite k. This tells that our system is different from a normal metal even in the
confined phase, and this is not because it is fractionalized (since the RN black hole studied
in [42] is also fractionalized).

6 Conclusions and discussion

We have considered an Einstein-(Maxwell)-dilaton-scalar system where the scalar can con-
dense (acquire a VEV) and thus break a symmetry, discrete if neutral or continuous if
charged. This in turn remorphs the geometry from a soft-wall, confining form to a decon-
fined, power-law-scaling form. This goes against the common intuition that a condensate
always “narrows” the geometry, which indeed happens in absence of a dilaton with a suit-
ably chosen coupling, e.g. in the textbook holographic superconductor where an AdS-RN
background with a near-horizon AdSs throat with finite AdS radius typically turns into a
Lifshitz-type geometry whose scale shrinks to zero in the interior. From a general viewpoint,

“z00” of dilatonic theories contains counterexamples

it is not so surprising that the huge
to this behavior, as we have great freedom in choosing the dilaton potentials. But from the
viewpoint of field theory and applied gauge/gravity duality, this is interesting as it tells

us that we can consider situations in which breaking a symmetry with an order parameter
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Figure 10. The retarded propagator SGgr(w) for a range of momentum values (0 < k < 1.5) in
a charged system (x4 = 1), in the confined regime (mi = —2, A,C) and in the deconfined regime
(mi =2, B,D). In the confined case we see gapped quasiparticle excitations, starting at w~1 >0
since we see the bound states in the soft wall which have a discrete and gapped spectrum. In field
theory, it means we see gauge-neutral particles. In the deconfined regime, no quasiparticle is present
and we have a featureless power-law spectrum SGgr(w) o« 1/w™. From the gravity viewpoint, it
is because the potential has no bound states. From the field theory viewpoint, it means we have
gauge-colored excitations which are not visible through a gauge-neutral probe. We thus see the
deconfinement transition.

can actually restore another symmetry, since confined systems have a scale (the confine-
ment gap) which vanishes upon condensation. In the simplest case, we can thus expect
that conformal symmetry is restored. In practice, it is not the full conformal symmetry
but some subset of it, i.e. some scale invariance. We therefore see a non-Ginzburg-Landau
phase transition, where neither phase has a higher overall symmetry than the other and the
transition can be continuous (in the charged case). This may be related to the picture of
deconfined criticality proposed in [10, 11]. But one should be careful, since the transition
mechanism in [10, 11] is related to the existence of a new, topological conserved quantity
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Figure 11. The retarded propagator SGr(w) in the confined/non-condensed phase (A,C) and in
the deconfined/condensed phase (B,D) in a neutral system. While the deconfined case is again
an almost exact power law, the confined case has a scale but no quasiparticle. The discrete Zs
symmetry has no zero modes upon breaking. The retarded propagator is thus not so useful when
the system is neutral.

which only exists at the critical point. In our setup we cannot study geometry or lattice
effects and definitely cannot argue anything about topology. The connection is thus very
loose and we only see it as inspiration for further work. It would be interesting to consider
a setup where the topologically protected gauge flux analogous to that at a deconfined
critical point can be detected.

In would also be nice to understand our system better from the gravity side, by deriving
our solutions from a superpotential and inspecting how generic this behavior is, which we
address in a subsequent publication. It is also interesting to apply our findings to real-world
systems. While in QCD there is no obvious additional order parameter that may condense,
such situations are abundant in condensed matter systems, mainly in the context of the
fractionalization paradigm, where certain non-Fermi-liquid phases are argued to consist
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Figure 12. Charge susceptibility £(w) in the confined/non-condensed phase (A,C) and in the
deconfined/condensed phase (B,D) in a charged system. Both cases show bound states; this might
look surprising for the deconfined case but is in accordance with the effective potentials in eqs. (5.7)—
(5.8). This probe is thus not very useful for detecting the transition but shows the absence of peaks
at w = 0 and £ = 2krp > 0, indicating that even the confined phase is different from a normal
Fermi liquid.

of gauge-charged excitations which are therefore not observable as quasiparticles. This
is also relevant for the heavy fermion systems, where a long-range order is present (the
antiferromagnetic ordering, the SO(3) equivalent of our scalar neutral order parameter)
and is connected to the disappearance of a normal Fermi liquid, which can be related to
the deconfinement of the gauge-charged spinons and holons (in this case, of course, the
gauge field is emergent and not microscopic) [12-15]. However, great care must be taken
to interpret the fractionalization concept properly, as it is distinct from confinement — in
our case, the confined phase is fractionalized and the deconfined phase is coherent. This
will also be addressed in our future work.

— 33 —



Acknowledgments

We are grateful to A. Rosch for helpful discussions and careful reading of the manuscript
as well as to M. V. Medvedyeva, K. E. Schalm and J. Zaanen for helpful discussions
and support.

A A short summary of numerical calculations

For numerical work we find it more convenient to introduce a different coordinate choice
where the metric reads

f(2)h(z)dt?  dx> dz>
2 22 f(2)22

The boundary is again at z = 0 and the space extends to z — oo. It is easy to derive

ds® = — (A1)

z

the relations between this parametrization and the one used in the main text. Now the
boundary conditions for small z are f(z — 0), h(z — 0) — 1. The Einstein equations read

zf’—Df—i—D%—%TUO:O (A.2)
B 2 -

Therefore, both metric functions have first-order equations and we can omly impose two
boundary conditions for the metric. However, we have more than two physical require-
ments. The physical requirement for A (which is proportional to the scale factor e =24 in the
metric (2.8)) is h(z — 00) — 0 and for f the first derivative should vanish: f/'(z = c0) — 0.
In addition, in order to have an asymptotically AdS geometry we need f(z — 0) = 1 and
h(z — 0) = 1. We implement this by introducing some cutoff z5 and imposing the ana-
lytical solutions we have found for the metric in section III for all z < z (the analytical
solutions of course automatically satisfy the necessary requirements in the interior). Then
we start the integrator at zj, using the condition f(z = 0) = h(z = 0) = 1 as the sole
boundary condition for the numerics. At finite temperature, the space terminates at the
horizon z; whose value is determined by the temperature, and in this case f itself vanishes
at the horizon: f(z5,) = 0. In practice, it means we use the analytical ansatz for f,h in the
interval z; > z > z;, — € and start the integration at z = z;, — ¢, again with the boundary
condition h(z) = 1.
The equations of motion for the gauge and matter fields are

n g 4
' - = _ (D=1 o+ #2 = 00742 — A4
h Oa7T A
n__ o Yol i r 24 2 _
Ay <2h (D —3)z T <I>>A0 2q 7-~/9009zz|X| 0 (A.5)
h/ m2 qQZ
n _ I X 4 “ 42 —
X <2h (D 1)2) X E2F + 72 Agx = 0. (A.6)

Here we have three second-order equations and two boundary conditions per field. For Ay,
one condition is that the electric field should vanish in the interior: —Aj(z — o0) — 0
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and the other is to impose the chemical potential or the charge density at the boundary
(Ap(z — 0) = p or Ag(2)/2P~2|.0 = —p). For ® and x the only physically obvious
boundary condition is to set the leading branch in the small-z expansion (2.18) to zero
(remember we pick the dilaton potential V' in the UV in such a way that the subleading
branch of the dilaton also falls off quickly enough that no condensation occurs). The other
boundary condition for ®, x is again set by the analytical expansion for z large, similar as
for the metric.

It is well known that the integration is unstable if started from the boundary. We
therefore start from the interior and impose all boundary conditions in the interior. Physical
requirements for z — 0 are then obtained by shooting. We start from 23 = 25 at T =
0 or from z; = z, — € at finite T and iterate the procedure in two stages. The first
iteration assumes some essentially arbitrary metric in the whole space (AdSp4; works
well) and solves first the coupled system for f,h, Ag, ®. For f, the boundary condition is
the analytical estimate fanai(21). We similarly impose the analytical estimate for ® while
for ® we try an arbitrary value C;. For h we also start from an arbitrary value Cs. For
the gauge field we impose the physical boundary condition for the derivative (Ap(z1) = 0)
whereas the other condition is arbitrary (Ag(z1) = C3). We thus have three free parameters
C1,Cs,C3 so we can shoot for the correct UV behavior of Ay, ®,h. This procedure does
not guarantee the correct behavior for f(0) and h(z;) as we do not shoot for them but
when one lands at the correct solution, these turn out to be automatically satisfied (if not,
one should play around a bit with the starting values of the shooting parameter h(z1)). In
the next stage, we solve the equation for y with the conditions x(z1) = CiXanal(z1) and
X' (z1) = Caxlpa(z1), leaving the overall normalization Cy as a free parameter. Then we
shoot for the required behavior in the UV (this will yield the solution with nonzero VEV,
if it exists; if not, it will give the solution x(z) = 0). After that, we update the metric and
the stress tensor and repeat the whole procedure, again in two steps, first for f, h, ®, Ag
and then for x. After 5 — 10 steps (a few minutes of computation time) the procedure
converges. One should check that the solution is independent of the cutoff z;. At zero
temperature, for confining backgrounds the overall scale falls off very sharply and typically
z1 &~ 3 — 4 is enough while for nonconfining geometries one needs zjy ~ 6 — 10. At finite
temperature, the size of the “analytical” region in the interior € can be made quite small,
of the order 1073. A cutoff in the UV is also necessary and is roughly of the size 1075,

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253
[hep-th/9802150] [NSPIRE].

[2] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical
string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109] [INSPIRE].

— 35 —


http://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/hep-th/9802150
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802150
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
https://arxiv.org/abs/hep-th/9802109
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802109

3]

E. Witten, Anti-de Sitter space, thermal phase transition and confinement in gauge theories,
Adv. Theor. Math. Phys. 2 (1998) 505 [hep-th/9803131] [INSPIRE].

J. Zaanen, Y. Liu, Y.-W. Sun and K. Schalm, Holographic duality in condensed matter
systems, Cambridge University Press, (2015).

S.A. Hartnoll, C.P. Herzog and G.T. Horowitz, Holographic superconductors, JHEP 12
(2008) 015 [arXiv:0810.1563] [INSPIRE].

S.A. Hartnoll, C.P. Herzog and G.T. Horowitz, Building a holographic superconductor, Phys.
Rev. Lett. 101 (2008) 031601 [arXiv:0803.3295] [iNSPIRE].

G.T. Horowitz, Introduction to holographic superconductors, Lect. Notes Phys. 828 (2011)
313 [arXiv:1002.1722] [INSPIRE].

N. Igbal, H. Liu, M. Mezei and Q. Si, Quantum phase transitions in holographic models of
magnetism and superconductors, Phys. Rev. D 82 (2010) 045002 [arXiv:1003.0010]
[INSPIRE].

G.T. Horowitz and M.M. Roberts, Holographic superconductors with various condensates,
Phys. Rev. D 78 (2008) 126008 [arXiv:0810.1077] [NSPIRE].

T. Senthil, A. Vishwanath, L. Balents, S. Sachdev and M.P.A. Fisher, ‘Deconfined’ quantum
critical points, Science 303 (2004) 1490 [cond-mat/0311326].

T. Senthil, L. Balents, S. Sachdev, A. Vishwanath and M.P.A. Fisher, Quantum criticality
beyond the Ginzburg-Landau- Wilson paradigm, Phys. Rev. B 70 (2004) 144407
[cond-mat/0312617].

H.v. Lohneysen, A. Rosch, M. Vojta and P. Wolfle, Fermi-liquid instabilities at magnetic
quantum phase transitions, Rev. Mod. Phys. 79 (2007) 1015 [INSPIRE].

T. Senthil, S. Sachdev and M. Vojta, Fractionalized Fermi liquids, Phys. Rev. Lett. 90 (2003)
216403 [cond-mat/0209144] [INSPIRE].

T. Senthil, S. Sachdev and M. Vojta, Quanutm phase transitions out of a heavy Fermi liquid
Physica B 359 (2005) 9 [cond-mat/0409033].

T. Senthil, M. Vojta and S. Sachdev, Weak magnetism and non-Fermi liquids near
heavy-fermion critical points, Phys. Rev. B 69 (2004) 035111 [cond-mat/0305193] [INSPIRE].

S.S. Gubser, Curvature singularities: the good, the bad and the naked, Adv. Theor. Math.
Phys. 4 (2000) 679 [hep-th/0002160] [INSPIRE].

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

S.S. Gubser and F.D. Rocha, Peculiar properties of a charged dilatonic black hole in AdSs,
Phys. Rev. D 81 (2010) 046001 [arXiv:0911.2898] [INSPIRE].

0. DeWolfe, S.S. Gubser and C. Rosen, Fermi surfaces in N = 4 super-Yang-Mills theory,
Phys. Rev. D 86 (2012) 106002 [arXiv:1207.3352] [INSPIRE].

0. DeWolfe, S.S. Gubser and C. Rosen, Fermionic response in a zero entropy state of N' = 4
super-Yang-Mills, Phys. Rev. D 91 (2015) 046011 [arXiv:1312.7347] [INSPIRE].

U. Giirsoy, Continuous Hawking-Page transitions in Finstein-scalar gravity, JHEP 01 (2011)
086 [arXiv:1007.0500] [INSPIRE].

— 36 —


https://arxiv.org/abs/hep-th/9803131
http://inspirehep.net/search?p=find+EPRINT+hep-th/9803131
http://dx.doi.org/10.1088/1126-6708/2008/12/015
http://dx.doi.org/10.1088/1126-6708/2008/12/015
https://arxiv.org/abs/0810.1563
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1563
http://dx.doi.org/10.1103/PhysRevLett.101.031601
http://dx.doi.org/10.1103/PhysRevLett.101.031601
https://arxiv.org/abs/0803.3295
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.3295
http://dx.doi.org/10.1007/978-3-642-04864-7_10
http://dx.doi.org/10.1007/978-3-642-04864-7_10
https://arxiv.org/abs/1002.1722
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.1722
http://dx.doi.org/10.1103/PhysRevD.82.045002
https://arxiv.org/abs/1003.0010
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.0010
http://dx.doi.org/10.1103/PhysRevD.78.126008
https://arxiv.org/abs/0810.1077
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1077
http://dx.doi.org/10.1126/science.1091806
https://arxiv.org/abs/cond-mat/0311326
http://dx.doi.org/10.1103/PhysRevB.70.144407
https://arxiv.org/abs/cond-mat/0312617
http://dx.doi.org/10.1103/RevModPhys.79.1015
http://inspirehep.net/search?p=find+J+%22Rev.Mod.Phys.,79,1015%22
http://dx.doi.org/10.1103/PhysRevLett.90.216403
http://dx.doi.org/10.1103/PhysRevLett.90.216403
https://arxiv.org/abs/cond-mat/0209144
http://inspirehep.net/search?p=find+EPRINT+cond-mat/0209144
http://dx.doi.org/10.1016/j.physb.2004.12.041
https://arxiv.org/abs/cond-mat/0409033
http://dx.doi.org/10.1103/PhysRevB.69.035111
https://arxiv.org/abs/cond-mat/0305193
http://inspirehep.net/search?p=find+EPRINT+cond-mat/0305193
https://arxiv.org/abs/hep-th/0002160
http://inspirehep.net/search?p=find+EPRINT+hep-th/0002160
http://dx.doi.org/10.1016/S0550-3213(99)00387-9
http://dx.doi.org/10.1016/S0550-3213(99)00387-9
https://arxiv.org/abs/hep-th/9905104
http://inspirehep.net/search?p=find+EPRINT+hep-th/9905104
http://dx.doi.org/10.1103/PhysRevD.81.046001
https://arxiv.org/abs/0911.2898
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.2898
http://dx.doi.org/10.1103/PhysRevD.86.106002
https://arxiv.org/abs/1207.3352
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3352
http://dx.doi.org/10.1103/PhysRevD.91.046011
https://arxiv.org/abs/1312.7347
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.7347
http://dx.doi.org/10.1007/JHEP01(2011)086
http://dx.doi.org/10.1007/JHEP01(2011)086
https://arxiv.org/abs/1007.0500
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0500

[22]

23]

[24]

[25]

[26]

[31]

[32]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

U. Girsoy and E. Kiritsis, Fxploring improved holographic theories for QCD: Part I, JHEP
02 (2008) 032 [arXiv:0707.1324] [InSPIRE].

U. Girsoy, E. Kiritsis and F. Nitti, Fxploring improved holographic theories for QCD: Part
II, JHEP 02 (2008) 019 [arXiv:0707.1349] [INSPIRE].

C. Charmousis, Dilaton space-times with a Liouville potential, Class. Quant. Grav. 19 (2002)
83 [hep-th/0107126] [INSPIRE].

C. Charmousis, B. Gouteraux, B.S. Kim, E. Kiritsis and R. Meyer, Effective holographic
theories for low-temperature condensed matter systems, JHEP 11 (2010) 151
[arXiv:1005.4690] [INSPIRE].

B. Gouteraux and E. Kiritsis, Generalized holographic quantum criticality at finite density,
JHEP 12 (2011) 036 [arXiv:1107.2116] [INSPIRE].

B. Gouteraux and E. Kiritsis, Quantum critical lines in holographic phases with (un)broken
symmetry, JHEP 04 (2013) 053 [arXiv:1212.2625] [INSPIRE].

S.A. Hartnoll, Horizons, holography and condensed matter, arXiv:1106.4324 [INSPIRE].

S.A. Hartnoll and L. Huijse, Fractionalization of holographic Fermi surfaces, Class. Quant.
Grav. 29 (2012) 194001 [arXiv:1111.2606] [INSPIRE].

K. Goldstein, S. Kachru, S. Prakash and S.P. Trivedi, Holography of charged dilaton black
holes, JHEP 08 (2010) 078 [arXiv:0911.3586] [INSPIRE].

K. Goldstein, N. lizuka, S. Kachru, S. Prakash, S.P. Trivedi and A. Westphal, Holography of
dyonic dilaton black branes, JHEP 10 (2010) 027 [arXiv:1007.2490] [INSPIRE].

A. Karch, E. Katz, D.T. Son and M.A. Stephanov, Linear confinement and AdS/QCD, Phys.
Rev. D 74 (2006) 015005 [hep-ph/0602229] [INSPIRE].

B. Batell and T. Gherghetta, Dynamical Soft-Wall AdS/QCD, Phys. Rev. D 78 (2008)
026002 [arXiv:0801.4383] [INSPIRE].

J.I. Kapusta and T. Springer, Potentials for soft wall AdS/QCD, Phys. Rev. D 81 (2010)
086009 [arXiv:1001.4799] InSPIRE].

M. Cadoni, G. D’Appollonio and P. Pani, Phase transitions between Reissner-Nordstrom and
dilatonic black holes in 4D AdS spacetime, JHEP 03 (2010) 100 [arXiv:0912.3520]
[INSPIRE].

A. Salvio, Transitions in dilaton holography with global or local symmetries, JHEP 03 (2013)
136 [arXiv:1302.4898] [INSPIRE].

Y. Liu and Y.-W. Sun, Holographic superconductors from FEinstein-Mazwell-dilaton gravity,
JHEP 07 (2010) 099 [arXiv:1006.2726] [INSPIRE].

M. Cadoni, P. Pani and M. Serra, Infrared behavior of scalar condensates in effective
holographic theories, JHEP 06 (2013) 029 [arXiv:1304.3279] [INSPIRE].

A. Salvio, Holographic superfluids and superconductors in dilaton-gravity, JHEP 09 (2012)
134 [arXiv:1207.3800] [INSPIRE].

Z. Fan, Holographic superconductors with hidden Fermi surfaces, arXiv:1311.4110
[INSPIRE].

D. Mateos, R.C. Myers and R.M. Thomson, Holographic phase transitions with fundamental
matter, Phys. Rev. Lett. 97 (2006) 091601 [hep-th/0605046] [INSPIRE].

37—


http://dx.doi.org/10.1088/1126-6708/2008/02/032
http://dx.doi.org/10.1088/1126-6708/2008/02/032
https://arxiv.org/abs/0707.1324
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1324
http://dx.doi.org/10.1088/1126-6708/2008/02/019
https://arxiv.org/abs/0707.1349
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1349
http://dx.doi.org/10.1088/0264-9381/19/1/305
http://dx.doi.org/10.1088/0264-9381/19/1/305
https://arxiv.org/abs/hep-th/0107126
http://inspirehep.net/search?p=find+EPRINT+hep-th/0107126
http://dx.doi.org/10.1007/JHEP11(2010)151
https://arxiv.org/abs/1005.4690
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4690
http://dx.doi.org/10.1007/JHEP12(2011)036
https://arxiv.org/abs/1107.2116
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2116
http://dx.doi.org/10.1007/JHEP04(2013)053
https://arxiv.org/abs/1212.2625
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.2625
https://arxiv.org/abs/1106.4324
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.4324
http://dx.doi.org/10.1088/0264-9381/29/19/194001
http://dx.doi.org/10.1088/0264-9381/29/19/194001
https://arxiv.org/abs/1111.2606
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.2606
http://dx.doi.org/10.1007/JHEP08(2010)078
https://arxiv.org/abs/0911.3586
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.3586
http://dx.doi.org/10.1007/JHEP10(2010)027
https://arxiv.org/abs/1007.2490
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2490
http://dx.doi.org/10.1103/PhysRevD.74.015005
http://dx.doi.org/10.1103/PhysRevD.74.015005
https://arxiv.org/abs/hep-ph/0602229
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0602229
http://dx.doi.org/10.1103/PhysRevD.78.026002
http://dx.doi.org/10.1103/PhysRevD.78.026002
https://arxiv.org/abs/0801.4383
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.4383
http://dx.doi.org/10.1103/PhysRevD.81.086009
http://dx.doi.org/10.1103/PhysRevD.81.086009
https://arxiv.org/abs/1001.4799
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.4799
http://dx.doi.org/10.1007/JHEP03(2010)100
https://arxiv.org/abs/0912.3520
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.3520
http://dx.doi.org/10.1007/JHEP03(2013)136
http://dx.doi.org/10.1007/JHEP03(2013)136
https://arxiv.org/abs/1302.4898
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.4898
http://dx.doi.org/10.1007/JHEP07(2010)099
https://arxiv.org/abs/1006.2726
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.2726
http://dx.doi.org/10.1007/JHEP06(2013)029
https://arxiv.org/abs/1304.3279
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.3279
http://dx.doi.org/10.1007/JHEP09(2012)134
http://dx.doi.org/10.1007/JHEP09(2012)134
https://arxiv.org/abs/1207.3800
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3800
https://arxiv.org/abs/1311.4110
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.4110
http://dx.doi.org/10.1103/PhysRevLett.97.091601
https://arxiv.org/abs/hep-th/0605046
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605046

. Blake, A. Donos and D. Tong, Holographic charge oscillations,
42] M. Blake, A. D dD. T Hol hic ch illati JHEP 04 (2015) 019
[arXiv:1412.2003] [INSPIRE].

[43] G.T. Horowitz and M.M. Roberts, Zero temperature limit of holographic superconductors,
JHEP 11 (2009) 015 [arXiv:0908.3677] [NSPIRE].

[44] T. Faulkner, H. Liu, J. McGreevy and D. Vegh, Emergent quantum criticality, Fermi
surfaces and AdS2, Phys. Rev. D 83 (2011) 125002 [arXiv:0907.2694] [INSPIRE].

— 38 —


http://dx.doi.org/10.1007/JHEP04(2015)019
https://arxiv.org/abs/1412.2003
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.2003
http://dx.doi.org/10.1088/1126-6708/2009/11/015
https://arxiv.org/abs/0908.3677
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.3677
http://dx.doi.org/10.1103/PhysRevD.83.125002
https://arxiv.org/abs/0907.2694
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.2694

	Introduction
	Gravity setup
	Solutions in the infrared: soft-wall and AdS-like
	Neutral solutions
	No symmetry breaking
	Symmetry-breaking order parameter

	Charged solutions
	No symmetry breaking
	Symmetry-breaking order parameter

	Resume of the geometries

	Phase diagram and thermodynamics
	The condensation of the boson at T=0
	The neutral case
	The charged case

	Free energies and phases at zero temperature
	Finite temperature thermodynamics
	Structure of the phase diagram

	Response functions and bound states
	Definition and equations of motion
	Effective Schrödinger equation for the response functions
	Numerics
	AC conductivity
	Retarded propagator
	Charge susceptibility


	Conclusions and discussion
	A short summary of numerical calculations

