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ABSTRACT: We find solutions of a gravity- Yang-Mills-Higgs theory in four dimensions that
represent asymptotic anti-de Sitter charged black holes with partial/full gauge symme-
try breaking. We then apply the AdS/CFT correspondence to study the strong coupling
regime of a 2 + 1 quantum field theory at temperature T and finite chemical potential,
which undergoes transitions to phases exhibiting the condensation of a composite charged
vector operator below a critical temperature 7., presumably describing p + ip/p-wave su-
perconductors. In the case of p + ip-wave superconductors the transitions are always of
second order. But for p-wave superconductors we determine the existence of a critical
value a. of the gravitational coupling (for fixed Higgs v.e.v. parameter myy ) beyond which
the transitions become of first order. As a by-product, we show that the p-wave phase is
energetically favored over the p + ip one, for any values of the parameters. We also find
the ground state solutions corresponding to zero temperature. Such states are described
by domain wall geometries that interpolate between AdSy spaces with different light veloc-
ities, and for a given myy, they exist below a critical value of the coupling. The behavior
of the order parameter as function of the gravitational coupling near the critical coupling
suggests the presence of second order quantum phase transitions. We finally study the
dependence of the solution on the Higgs coupling, and find the existence of a critical value
beyond which no condensed solution is present.
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1 Introduction

In recent years the application of AdS/CFT or more generally gauge/gravity correspon-
dence [1-3] to the study of condensed matter physics has attracted a lot of attention, provid-
ing in particular gravitational descriptions of systems exhibiting superconductor/superfluid
phases [4, 5]. Since in condensed matter physics we are typically dealing with systems at
finite charge density and temperature, in the context of the AdS/CFT correspondence the
dual gravity descriptions should be given in terms of gravitational models with a negative
cosmological constant which admit charged black holes as vacuum solutions. In fact, a
charged black hole naturally introduces a charge density/chemical potential and tempera-
ture in the quantum field theory (QFT) defined on the boundary using the gauge/gravity
correspondence. This set-up allows in particular to study phase transitions and construct
phase diagrams in parameter space.

The simplest model is provided by an Einstein-Maxwell theory coupled to a charged
scalar field that, in the framework of the AdS/CFT correspondence, is dual to a scalar
operator which carries the charge of a global U(1) symmetry. It has been shown that a
charged black hole solution, interpreted as the uncondensed phase, becomes unstable and
develops scalar hair at low temperature breaking the U(1) symmetry near the black hole



horizon [6, 7]. This phenomenon in general may be interpreted as a second order phase
transition between conductor and superconductor phases, interpretation that is supported
by analyzing the behavior of the conductivity in these phases [5]. There were also studied
vortex like solutions that describe type II holographic superconductors [8-10] and more
recently, spatially anisotropic, abelian models of superconductors [11].

Soon after these “s-wave” holographic superconductor models were introduced, holo-
graphic superconductors models with vector hair, known as p-wave holographic supercon-
ductors, were explored numerically first in [12] and [13] (for a recent analytical treatment,
see [14]). The simplest example of p-wave holographic superconductors may be provided
by an Einstein-Yang-Mills theory with SU(2) gauge group and no scalar fields, where the
electromagnetic gauge symmetry is identified with an U(1) subgroup of SU(2). The other
components of the SU(2) gauge field play the role of charged fields dual to some vector
operators whose non-zero expectation values break the U(1) symmetry leading to a phase
transition in the dual field theory.

More recently, solutions to gravity-matter field equations where both scalar and vec-
tor order parameters are present were considered; they describe systems where competi-
tion/coexistence of different phases takes place [15]-[18].

Regular, self-gravitating dyonic solutions of the Einstein-Yang-Mills-Higgs (EYMH)
equations in the BPS limit and asymptotic to global AdS space, were constructed time
ago in [19] and [20]. They were extended to dyonic black hole solutions in [21] and [22],
where they were interpreted as describing a so-called p+ip-wave superconductor (isotropic)
system at finite temperature in the condensed phase. The purpose of the present work is
to generalize previous results by finding more general black hole solutions of EYMH in
asymptotically AdS, space with finite mass and electric charge density, to interpret them
via the gauge/gravity duality as describing phases of a strongly coupled field theory, and to
construct the corresponding phase diagrams.! More specifically, in first term we start by
revisiting the analysis of [21, 22], verifying the existence of second order phase transitions
all along the parameter space. It was found (see for example [23]) that some holographic
systems pass from a second order phase transition as a function of the temperature in
the non back-reaction limit to a first order when the gravitational coupling exceeds a cer-
tain value. Such a phenomenon occurs in holographic superfluids when the velocity is
high enough [24, 25], and it was measured in certain types of superconductors [26-28].
We have found this kind of behavior in our system in the anisotropic case, finding con-
densed solutions and constructing the phase diagram. Second, we compute free energies
and find that for any set of values of the free parameters that determines the solutions, the
anisotropic phase is energetically favored over the isotropic phase, as conjectured in other
contexts [29-31]. Third, we analyze the zero temperature limit, case that had not been
addressed before; for low enough gravitational coupling we find solutions which sponta-
neously break the U(1) symmetry and have zero entropy, and so describe the true ground
state of the system. For gravitational couplings higher than a critical value the solution

"We will be considering the usual plane horizon ansatz, relevant to study condensed matter systems
with translational invariance. Under these circumstances, the magnetic charge density of the dyon solutions
in [21, 22] disappears.



disappears, which is interpreted as a second order quantum phase transition. Lastly, we
study the effect of a non zero Higgs potential on the system.

The paper is organized as follows. In section 2 we present the model and write the
translational invariant ansatz for the fields and the equations of motion that reduces to
a a nonlinear system of coupled ordinary differential equations. In section 3 we present
generalities of the systems to be studied at non-zero temperature, in particular the analysis
of the holographic map to be used. In section 4 we present the numerical results concerning
the “BPS limit”, i.e. null Higgs potential, including computations of free energies. Section 5
is devoted to the study of the zero temperature case and the description of the ground state
of the superconductor, including the presence of quantum phase transitions as function of
the gravitational coupling and variable Higgs vacuum expectation value (vev) my. In
section 6 the effect of a non-zero Higgs potential is considered. A summary and discussion
of the results is given in section 7. Finally two appendices are added, one containing the
boundary expansions of the fields and other containing the equations of motion and free
energy in other parameterization commonly used in the literature.

2 The gravity-Yang-Mills-Higgs system

2.1 The model

We consider a gravity-Yang-Mills-Higgs system in a 1 + 3 dimensional space-time with
Minkowski signature (— + +4). We take SU(2) as the gauge group, with generators
satisfying the algebra,

[Xa,Xb] = €gbe XC; a, b, c=0,1,2, €012 = +1 (21)

and the scalar field in the adjoint representation, H = H® X,. The full action to be
considered is,
S = §bulk) 4 G(GH) 4 glet) (2.2)

where
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bulk 4 MN
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where k, e and A\ are the gravitational, gauge and scalar couplings respectively, L is the
AdS scale related to the negative cosmological constant through A = —3/L?, and Hy > 0
defines the vacuum expectation value of the Higgs field (and so the boundary condition
at infinity, see below in (2.14)). As it is well-known, the Gibbons-Hawking term S() is
necessary to have a well defined variational principle [32], where K = V,n® is the trace of
the extrinsic curvature, and h and n the induced metric and normal vector on M. The

counter-term action St will be discussed in section 4.



The field strength F};y and the covariant derivative Dj; acting on the Higgs triplet
H*? are defined as,

Fln = 0nA% — ONAS + eave ASy AS s Dy H® =0y H® + eqpe ASy HE. (2.4)

Let us consider coordinates (z*,y) and an ansatz preserving translational invariance
in the coordinates {z*, = 0,1, 2},

2 2 2 dy?
—f(y) A(y)? da®” + <C(y)2 da'” + da? ) +LP

9= fy)
A =L (da° J(y) Xo + da' Ki(y) X1 + da® Ka(y) X2)
H = Hy H(y) Xo . (2.5)
In what follows it will be convenient to introduce the dimensionless coupling constants,
aEeiL; mw =eHyL; N =e’Hyt L*A. (2.6)

The gravity equations of motion (e.0.m.) derived from (2.3) result,
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where we have defined,
1 (Ki(y)? | iy Y 1 Ki(y)®? Ka(y)?
vimg (U mp) + M g -y OB g

We will start by considering the “BPS limit” Ay = 0, but conserving the crucial Higgs
vacuum value Hy > 0. The effect of a finite Higgs coupling will be considered in section 6.



2.2 Boundary conditions

We will search for charged black hole solutions which present a horizon at y = y;, where
f(yn) = 0. The associated Bekenstein-Hawking temperature of the black hole is given by,

Tom = o Alun) (). (210)
The ansatz (and e.o.m.) are invariant under the scale transformations,
0
(@5, I6) — (%36 405 76)))
1
(e Ka) — (58 w8 5w) (2.11)

They allow to fix some normalization imposing the b.c., A(y),c(y) Y 1, in such a
way that the z*’s are identified with the minkowskian coordinates of the boundary QFT,
and (2.10) with its temperature. Furthermore there exists another scaling symmetry,

(fv“,y)—><xj,7y>, ) =P fly), Ky =vKy), Jy) —vJy) (212

that if v, # 0, allows to fix 3, = 1.2 Since now on we will fix the position of the horizon
in this way, having in mind that we have to consider only scale invariants quantities.

In [21] and [22] solutions to (2.7)—(2.8) with a horizon and asymptotically AdSy were
studied. More specifically, there were found solutions with K; = K9 = K and the following
boundary conditions; near the horizon y — 1T,

fly) = fily—1)+O[(y - 1)
=ap+a1(y—1)+O[y — 1)?

ko+ ki (y—1)+ Ol(y — 1)

=ji(y—1)+0[y—-1)? (2.13)

fo) =y + 2+
Aly) =1+
c(y) =1+
H(y) =1+ 5+
K
Kly) =
J(y) = Jo+‘;1+--~ (2.14)

2This is the case except when we consider the zero temperature limit. When back-reaction is not taking
into account y, = 0 corresponds to AdS space; when it is considered, y, = 0 is imposed in order to get a
true ground state description and (2.12) can be used to fix the chemical potential, see section 5.



where consistency with the e.o.m. and finiteness of K(y) fixes k1 to be,

1 1
ki (k1 — 1) =my? — F1=3+ 1+mw2. (2.15)

For more about the b.c. at the boundary, we refer the reader to the appendix A. We will
adopt the b.c. (2.13)—(2.14) in this paper except in section 5 where the b.c. on the horizon
will have to be modified.

The bulk theory is invariant under the gauge group SU(2); however the b.c. on the
Higgs field, H(y) 3 , breaks this invariance to the U(1) generated by X,. With respect
to this gauge subgroup the electric charge density of a solution is defined as usual by,

_ 1 _ 1 C(y) 2 7/ - Jl

As we show in section 4, at fixed couplings (o, myy) a general solution to (2.7)—(2.8) with
the b.c. (2.13)—(2.14) is determined by Jy, which is related to the U(1) chemical potential by,

Jo
1= Ad(o0) = T (2.17)
From (2.16) and (2.17) the standard asymptotic expansion follows,
L
A0(y) :M_jh,__ (2.18)

Along this paper we will adopt p as our scale. From (2.12) the dimensionless, scale invariant

temperature is,
Tpu  aofi
7 47 Jy

(2.19)

where ag and f; are defined in (2.13). A solution is determined by the three free parameters
(o, My, Jo), and so the temperature (through the coefficients ag, f1) results a function
of them.?

In the analytic solution to the equations (2.7)—(2.8) that preserves the U(1)x, symme-
try matter fields take the form,

T) = o+ 2 =y (1 - ;) LK) =05 H{y) =1 (2.20)

where we imposed smooth behavior of the gauge field at the horizon which yields the
condition J(1) = 0, see the last line in (2.13), and then fixed J; = —Jy.* In what the metric
functions concern, they correspond to the AdS Reissner-Nordstrém (AdS-RN) black hole,

Aly) = cly) =1
2 2 2 2
_ 2 « Jo 1 OJJ() i
s == (1405 ) S
-1 2J2
:yy2 (3—0‘20 +(y2+2y+3)(y—1)> (2.21)

3In EYM systems where the Higgs field is not present the temperature is function of the only free
parameter of the theory, a, see [23].

“When y, = 0, J(y) = Jo is just the chemical potential and the metric solution is AdS space; it describes
the uncondensed phase when the temperature is zero, see section 5.



with temperature,

1 042J02
T = 3 - . 2.22
4w Jy < 2 ) (2:22)

The extremal, zero temperature AdS-RN black hole is defined by the relation o?.Jy? = 6.

3 Solutions at T' > 0: superconducting state

When the “magnetic part” of the gauge field is non-trivial, i.e. K;(y) # 0 for some i = 1,2,
the solution breaks not only the U(1) x, invariance, but also the invariance under rotations
in the (z!,2?)-plane. According to the AdS/CFT dictionary this hair is interpreted as
a spontaneous breaking of a global U(1) symmetry present in the boundary QFT, whose
currents take an expectation value,

(Ji(z)) ~ Ki 6} ; iya=1,2. (3.1)

Giving that the order parameter is dual to (a component of) the gauge field we are pre-
sumably modeling a p-wave superconductor [13]. The normal state of the superconductor
is described by the AdS-RN solution (2.20)—(2.21); such solution is energetically favored
until a critical temperature T is reached; when T' < T, the non symmetric, hairy solution
gives rise to a superconductor phase.

We remark that with the b.c. on the Higgs field we are breaking explicitly the gauge
group from SU(2) to U(1)x,; this yields a mass for the “W” gauge bosons,

mw = e Hy. (3.2)

The problem is thus the following: can we find under this condition a solution with K;(y) #
0 that breaks spontaneously the U(1)x,? In the boundary QFT this is then interpreted as
the breaking of a global U(1) symmetry as it happens in superfluids and superconductors
with weakly coupled photons. From here we identify T, with the critical temperature of
the phase transition in the QFT.

We will consider two cases.

e The isotropic case: K(y) = Ki(y) = Ka(y).
Although both gauge and rotational symmetries are broken by a hairy solu-
tion, a configuration (2.5) with K;(y) = Ka(y) preserves the diagonal subgroup,
(U(1)xo X SO(2)rot) giag» fact that is manifest in (3.1) [12]. This configuration give
rise to an energy-momentum tensor isotropic in the x'-22 plane; therefore the metric
function c(y) must be a constant, even when back-reaction is taken into account.

This kind of configurations were first studied in [21]-[22], using relaxation methods.
We will re-obtain these solutions here for later use by using shooting methods.
e The anisotropic case: K(y) = Ki(y) ; Ka(y) = 0.

As stated above, a configuration with K; = 0 preserves the U(1)x, and spatial
rotations. When K (y) develops a non zero value the gauge symmetry U(1) x, breaks,



I as a special one. Then if

and the condensate Ki(y) Xidz!' choose a direction z
we take into account back-reaction effects the system cannot support the condition
g11 = g22 [13]. Due to this fact T,1,1 # T,2,2 and the function ¢(y) can not be a

constant; in conclusion the system will be in an anisotropic phase.

In both cases the vacuum expectation value in the d = 3 field theory of the current
operator O, dual to the function K associated with the magnetic field in the bulk, follows
from the identification, (Ok) ~ K; with K; defined in (2.14); K1 = K;(T) can be taken
as the order parameter that describes the phase transition of the system. As discussed
for different models [7]-[22] one can interpret this result by stating that a condensate is
formed above a black hole horizon because of a balance of gravitational and electrostatic
forces. From the asymptotic behavior in (2.14) we get the dimension A[Og]| of the operator
Ok [33]

3 1
A[OK]=1+H1:§+*\/1+4T?LW2. (3.3)

2

From numerical solutions we conclude that a finite temperature continuous symmetry
breaking transition takes place so that the system condenses at a critical temperature T,
as can be seen from the behavior of K;(T') for T' ~ T, in figures 3, 4 and 5. Furthermore,
we compare the free energies corresponding to both phases in figures 8 and 9, finding that
the anisotropic phase is favored, see [29-31] for related results.

4 Numerical solutions

We analyzed numerically equations (2.7)—(2.8) and found solutions that satisfy the required
b.c. (2.13)—(2.14) in a wide region of the parameter space, that lead to the phase diagram
in figure 1. Such solutions in the anisotropic case are shown in figure 2.

Before presenting the results, we think is worth to spend a few words on the method
used. As discussed in appendix A, after fixing some normalization and asking for finiteness
the solution near the boundary admits the expansions in equation (A.1), and is determined
by six constants, (Fi,C4,Jo,J1, K1, Hy). However the b.c. on the horizon impose five
conditions. The first two come from the definition of the horizon and the regularity of the
gauge field,

f)=0;  J1)=0. (4.1)

They essentially fix the mass (~ F;) and the charge density (~ Ji) of the black hole.
The remaining three conditions fix (C, K1, H1) and are obtained from an analysis of the
(singular) behavior of the e.o.m. near the horizon,

¢(1) = a?riny? < <—Kl(1)2 +K2(1)2> H(1)®

f1(1) c(1)?
rqy . Kai(1) A
Ki(1) = f/l(l) (Ka(1)? + mw® H(1)?)
sy HQ) (Ki(1)? 2
H() = ( S ) ) . (4.2)
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Figure 1. Phase diagrams in the isotropic case (left) for 7y = 0.1 (blue), 7y = 0.4 (green), and
in the anisotropic case, for 7y = 0.1 (center) and 7hy = 0.4 (right).

Therefore the only additional free parameter that determines the solution is Jy, i.e. the
chemical potential (2.17). In practice we integrate the system from the horizon, where
according to (4.1)—(4.2) the free parameters are,

J()=5; K1)=ko; H(l)=ho; Al)=ao; c(1)=cp (4.3)

as defined in (2.13). These parameters are selected in such a way that the solution matches
the conditions on the boundary (2.14),

A(o0) = ¢(00) = H(oo) = 1; K(00) =0; J(oc0) = Jo. (4.4)

Figure 1 displays the phase diagrams in the a—T plane, for two different values of myy .
In the white regions only the normal or uncondensed phase is present. In the isotropic case
the system experiments second order phase transitions along the blue (my = 0.1) and green
(mp = 0.4) curves. In the anisotropic case, in the blue and red regions the condensed phase
is the thermodynamically preferred phase. The blue line until the black point indicates a
critical line of second order transitions. The black point signals the coupling ;. beyond
which the transitions become of first order along the red line, while that the blue and
green lines that continue after this tri-critical point represent spinodal lines. The critical
red curve of first order phase transitions ends in the red point at 17" = 0, which represents a
quantum phase transition, signaling a critical coupling & above which the condensed phase
ceases to exist, see section 5. By comparing both graphs we can see that both oy, and &
decrease with increasing myy. Similar phase diagrams were obtained in reference [34] in
absence of Higgs fields.

In figure 2 the fields are shown as functions of the coordinate y, at fixed Jo and My
and for different o’s. For a. =~ 0.8825 a second horizon appears, as displayed from the
curves corresponding to f(y)/y?. The uncondensed and condensed phases are separated
by a curve on which the formation of the second horizon takes place for a given critical
temperature determined by the gauge boson mass my and Jy. In the isotropic case the
curve is displayed in figure 1 for two different values of iy (blues and green lines) and
it coincides with the critical curve on which the phase transitions take place. On the



other hand, in the anisotropic case the curve coincides with the critical curve (blue line
in figure 1) until the tri-critical point ay., and it continues through the spinodal curve in
green.

In figure 3 the order parameter K7 in the isotropic case is plotted as a function of the
temperature for different values of myy, at fixed gravitational coupling a = 0.7. In this
case the transition is of second order independently of «, in agreement with [12].

Figures 4 and 5 shows the order parameter K; as function of T' in the anisotropic case
from two perspectives: at fixed my = 0.4 and varying « in figure 4 and at fixed o = 0.7
and varying myy in figure 5. From figure 4 it is seen that for oy, =~ 0.53 K; becomes
multi-valued, fact that signals the passage from second to first order phase transitions as
corroborated from the free energy computations of the next subsection. This phenomenon
has been found recently in p-wave superfluids by studying the role of the back-reaction in
the phase transitions [23] (for experimental results on first order phase transitions in super-
conductors, see [26—-28]). By comparing figures 3 and 5 it is observed that the temperature
at which the order parameter becomes zero is the same in both cases, and that the critical
temperature decreases when myy increases, what can be interpreted as the presence of the
Higgs field hinders the condensation. Furthermore, we have checked that near T, and for
weak gravitational couplings o < oy, K7 behaves like (T, — T)%, indicating a second order
phase transition with mean field exponent % as usually happens in holographic descriptions
of critical systems in the limit of large number degrees of freedom.

4.1 The free energy
According to the AdS/CFT correspondence, the free energy of the QFT is given by,

F=TSeuq = / dy / d7? Lol - (4.5)
Yh

From (2.3) and using the e.o.m. the bulk contribution to the free energy density can be
written as,

1 Yoo 6 A 2
(bulk) _ 2 _ 20 2 _
f I /1 dy A(y) c(y) y <a2 5 (H(y)” —1)

/ 2 2 2
f;z;) (ﬁgg +K§(y)2) N Ki(y)® Ka(y)
'y JW)? <K1(y)2

Ay)?  y? fy) Ay)?

The Gibbons-Hawking contribution is,

T 2213\ o2

1o — i (- 2) 10 (P10 A0 w) o (4.7

Here we have introduced y., to regularize the expressions since they present divergent
terms. To this end we introduce a counter-term action [35, 36],

o1 —2

~10 -
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K(y)
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25F

20F

Figure 2. Solutions for the fields (f(y), A(y), c(y), K(y), J(y), H(y)) with the b.c. (2.13)—(2.14) in
the anisotropic case. The curves correspond to Jy = 6, my = 0.4 with different fixed values of
a = 0.0 (black), 0.1 (green), 0.2 (light red), 0.3 (light blue), 0.4 (fuchsia), 0.5 (brown), 0.6 (gray),
0.7 (orange), 0.8 (red), 0.88 (blue). One can appreciate from the curves corresponding to f(y)/y>
the formation of a second horizon at a. ~ 0.8825. The analogous solutions for the isotropic case

can be found in [22].
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Figure 3. The order parameter K, /Jo"t" = (O, )/Jo " is plotted in the isotropic case at fixed
a = 0.7, for different values of my = 0.01 (black), 0.1 (green), 0.2 (orange), 0.3 (brown), 0.4 (blue)
that correspond to the critical temperatures 7. = 0.017056,0.016371,0.014174,0.011215, 0.00791

respectively. Near the critical temperature the order parameter behaves like (T, — T')

K]/J0K|+l

0.20 -
L KI/JOK|+]

[0.20 -

0ISE Tl o 0w u .

L0.15F

0.10 [0.10 F

r0.05

0.05 L0-00 : : : ; LT
L 0.0220 0.0225 0.0230 0.0235 0.0240 0.0245

0.015 0.020 0.025

Figure 4. The order parameter Ki/Jo' ™" = (Ok,)/Jo' T is plotted in the anisotropic case at
fixed mw = 0.4, for different values of @ = 0.50 (black), 0.53 (blue), 0.55 (red). In the inset is

displayed the multi-valuation of the order parameter for ay. ~ 0.53.

which give rise to the following contribution to the free energy density,
1 4
70 = = (F0) P AWe)s?) |y

T 2e2[3 o2

The total free energy density of the system f is then given by,
f= lim <f(bulk) 4 e 4 f(ct)> ‘
Y

0 —+00

(4.9)

(4.10)

We remark that in order to analyze the results the right thing to do is to work with the

scale invariant free energy density,

I€2

f L2537

- 12 —

(4.11)
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Figure 5. The order parameter K;/Jo' ™" = (Ok,)/Jo' T is plotted in the anisotropic case at
fixed o = 0.7, showing the phase transition at different values of /my = 0.01 (black), 0.1 (green),
0.2 (orange), 0.3 (brown), 0.4 (blue), 0.32 (blue).

figures 6 and 7 show the evolution of the free energy density (4.11) with the mass of the
gauge boson for two different values of «, in the isotropic and anisotropic cases respectively.
Figure 6 displays the continuity of f at the critical temperature (where the free energy
density of the uncondensed phase intersects the curve of the condensed phase) for both
values of «, for any 7y, fact that indicates the second order character of the phase
transition as the behavior of K7 in figure 3 suggested. In figure 7 instead it is observed the
discontinuity in the first derivative of the free energy density at the critical temperature
for « = 0.7 > ay. for any myy, signaling a first order phase transition. In both cases the
critical temperature decreases with growing myy, in agreement with the analysis of the
behavior of the order parameter made above.

In figures 8 and 9 the free energy densities of the isotropic and anisotropic phases are
compared for two values of the gravitational coupling, o < . (figure 8) and a > ay.
(figure 9). From them one can see that the free energy density of the anisotropic phase, no
matter the region where the value of « is, i.e. if first or second order phase transitions take
place, is lower than the free energy density of the isotropic phase. That is, the anisotropic
phase is always energetically favored over the isotropic one.

5 Zero temperature solutions

In this section we will address the problem of quantum phase transitions in three dimen-
sional p-wave superconductors (anisotropic case), i.e. transitions at 7" = 0, that to our
knowledge was not considered before in the literature (see however [37-40] for related
studies in other settings).

It is known that when a charged AdS black hole is driven to a state of zero temperature
it becomes extremal, but its entropy is different from zero and then it can not describe
the ground state of the superconductor that we are presumably modeling holographically.
To reach our goal the radius of the black hole needs to become null, to agree with the
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Figure 6. The free energy density f is plotted as function of the temperature in the isotropic case
for two values of the gravitational coupling constant, o = 0.4 (left) and o = 0.7 (right), at different
values of my, = 0.01 (black), 0.1 (green), 0.2 (orange), 0.3 (brown), 0.4 (blue). The red curve
represents the free energy density of the uncondensed phase.
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Figure 7. The free energy density f is plotted as function of the temperature in the anisotropic
case for two values of the gravitational coupling constant, & = 0.4 (left) and « = 0.7 (right), at
different values of 7y = 0.01 (black), 0.1 (green), 0.2 (orange), 0.3 (brown), 0.4 (blue). The red
curve represents the free energy density of the uncondensed phase.

third law of thermodynamics and really describe the quantum ground state [29, 41]. So
we must impose that y, = 0, i.e. the coordinate y € [0,00). A very important thing from
a technical point of view is that while the asymptotic behavior of the fields is as in (2.14),
the expansions near the horizon drastically change with respect to the T > 0 case. At
leading order the (non analytical) behavior of the fields for y — 0T is,

~ o~ 2kq

ko jo® e v
fly) =y* —o® —= T
) 2¢pa0® vy

— 14 —
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Figure 8. The free energy densities for the isotropic (black) and anisotropic (blue) cases are plotted
as function of the temperature for different values of myy, at fixed o = 0.4. The red curve represents
the free energy density of the uncondensed phase.

Sy - 2kg
_ ko jo~ e ‘ov
Aly) = ag | 14 a2 0J0

coao? 3

N ~ 272 721}
K(y) = o (1 oo, +)

 4ag? ko2
.k
J) =o€ T+ ...
- i
H(y) = ho e v + ... (5.1)

The independent constants are lzzo,jo,ﬁo,do,éo. Such constants are chosen in the same
way as in the T > 0 case, see (4.4). From (5.1) it follows that near the horizon the
solution is another AdSy space. The solutions that describe the quantum ground state of
the superconductor in the condensed phase are therefore domain walls interpolating AdSy
spaces with the same radius L but different light velocities in both directions, in virtue of
the fact that ag # 1 and &y # 1. More explicitly,
vyV _ Yn f(Yoo) A(yoo)

- -1 62

oV oy clyn) [ f) Alye) _ G0 o)V
V1B oo c(yoo) \| flyn) Alyn) a0’ iR oo \| flyn) Alyn)  ao
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Figure 9. The free energy densities for the isotropic (black) and anisotropic (blue) cases are plotted
as function of the temperature for different values of myy, at fixed « = 0.7. The red curve represents
the free energy density of the uncondensed phase.

On the other hand, the uncondensed phase is described strictly by AdSy space and J(y) =
Jo, which replace the AdS-RN solution (2.20)—(2.21). Interestingly, we found that above a
certain & the solution representing the condensed phase disappears and the only solution
that exists is AdS space. This result can be guessed from the following analysis borrowed
from [38] (see also [29]). At very low temperatures the normal phase is nearly represented by
the extremal, zero temperature Reissner-Nordstrom solution (2.20)—(2.22) with Jy? = %,
whose near horizon geometry is AdSs x R2. If we perturb this solution with a non-zero gauge

field K;(y) = K(y), from the first equation in (2.8) its linear equation in this background
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Figure 10. We display for T = 0 the solutions f(y)/y?, A(y), c(y), H(y), K(y) and J(y) as
functions of the coordinate y from the horizon, now located at y = 0, towards the boundary, for
mw = 0.4 and different values of av = 0.0 (blue), 0.3 (orange), 0.6 (green), 0.8 (fuchsia). One can
appreciate from the curves corresponding to f(y)/y? the formation of a second horizon when «
approaches & & ag|rso & 0.8825; for larger values of o the asymmetric solution ceases to exist.

results,
0= (p*05+2p0, — mer®) K(y) (5.3)
where p =y — 1, which is just the wave equation for AdSs with an effective mass,
1 1
L2 ~o2
Meff™ = 6 <mW - ()é2> (54)

So, the instability to form SU(2) vector hair at low temperature is just that of scalar fields
below the BF bound for AdSs, mZBF = —%. That is, when Mmeg? < mQBF one could wait
that AdS vacuum gets unstable and the system prefers to be in the phase described by
the superconducting black hole solution with non abelian hair. Thus we get a plausible
condition for instability, .

0 <A ess = T (5.5)
figure 10 shows the fields for different values of the gravitational coupling.® In the example
showed (7w = 0.4) we obtain & = 0.8825 ~ ac|r=0, see figures 2 and 10.

We worked out the solutions for different values of the parameter 7y, in table 1 the
corresponding critical couplings are shown. It is observed that & decreases with growing
my and that dguess < &, what is consistent with the instability analysis made before.

On the other hand, in figure 11 it is shown the order parameter as a function of the

coupling a. We have verified that the behavior near the critical coupling is of the type,
Ki(a) ~ (6 — a)? (5.6)

consistent with the existence of a second order phase transition in the mean field, large
number of degrees of freedom limit.

®We use the scaling symmetry (2.12) to fix Jo = 1.
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Figure 11. The order parameter K; is plotted as function of o at T' = 0, for different values of
mw = 0.5 (blue), 0.6 (lightblue), 0.7 (green), 0.8 (orange), 0.9 (brown), 1.0 (red). The values for
which K7 = 0 define the critical couplings &.

mwy | &

0.1 | 1.03
0.2 |0.97
0.3 | 0.94
0.4 | 0.88
0.5 | 0.86
0.6 | 0.84
0.7 1 0.80
0.8 | 0.76
0.9 |0.74
1.0 | 0.70

Table 1. Critical gravitational couplings & for different values of my, at T = 0.

6 Analysis for A\ # 0

In this section we will study the effect of a non-zero Higgs potential as introduced in (2.3),
specified by the Higgs vev scale Hy and the strength A. For simplicity we will work in the
no back-reaction limit a = 0, although the new insights does not depend on this fact.

In the conventions of appendix B, the e.o.m. (2.8) in the anisotropic case reduce to,

u 2 u 2
(1t ) = (et 5 ) K
U ! u)? —
o (B ) = (e 20 2= )
u 2
T (u) = iiu)) () (6.1)

where f(u) =1 —u?.
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Figure 12. The condensate K; as a function of the temperature T, for my2 = 1 and A\g = 0
(black), 0.25 (orange), 0.5 (brown),0.75 (blue), in the anisotropic (left) and isotropic (right) cases.

The existence of a non-zero A does not modify the behavior of K(y) and J(y) on the
boundary that remain as in (2.14), but it does in the Higgs case where we now have,

Huw)=1+H_ u® 4+ H ub + ... (6.2)

where, for general Ay and myy,

9
AL =—244/-4+2 ) .
+ 2 4+ mW2 (6 3)

A first well-known fact is that reality of A4 necessarily implies the BF bound Ay > —% 2.

A
Tw?
consistent quantization and we can impose H_ = 0 or Hy = 0. If A\g > —

< —% both modes are normalizable and lead to
3
1
condition H_ = 0 must be imposed [42]. We will consider for definiteness the case Ag > 0.

When we are in the window —% <
mw2, the

A very interesting fact is that, besides the existence of a bound from below for the
Higgs coupling as stated above, a straight analysis of the solution near the boundary u = 0
yields the result that a bound from above is also present. We find that there exists a critical
value )\ defined by,

D

My 2

— 21 (k1 —1) (21 + 3) (6.4)

such that for A\g > A§ the condensed solution ceases to exist. In the example considered
below 2 =1, AG ~ 5.854. This is so for both the isotropic and anisotropic cases.

Figures 12 and 13 show the condensate and the free energy respectively as functions of
the temperature, for a fixed my, and different Higgs couplings.® One can appreciate that
both the order parameter and the free energy decreases with increasing strength of the
potential A\g; however the critical temperature does not change and the phase transitions
remain of second order.

In figure 14 the free energies of both isotropic and anisotropic cases as functions of
the temperature are plotted together for comparison, for fixed Higgs scale and different

SFor higher Higgs strengths towards the critical value the curves does not experiment significative
changes.
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Figure 13. The free energy f as a function of the temperature T for my? = 1 and \g = 0 (black),
0.25 (orange), 0.5 (brown), 0.75 (blue) in the anisotropic (left) and isotropic (right) cases.
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Figure 14. Comparison between the free energies of the anisotropic (blue) and isotropic (black)
cases for my? = 1 and, from left to right, Ao = 0,0.25,0.5,0.75.
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Figure 15. The free energy as a function of the temperature in the anisotropic (left) and isotropic
(right) cases, for fixed A\g = 0.25 and different values of iy = 0.5 (blue), 0.7 (brown) and 1.0
(black). The red curve represents the free energy of the normal phase.

Higgs couplings. The anisotropic phase always remains energetically favored over the
isotropic one.

As stated before, a critical value (6.4) above which the condensed phase does not exist
is present, and it was verified by our numerical calculations; such result occurs in both
isotropic and anisotropic cases.

Figures 15 show the free energies in function of the temperature for a fixed Ag, for
different gauge boson masses. It is observed that they increase with increasing myy. The
curves are similar to the left curves in figures 6 and 7.

7 Conclusions and outlook

In this paper we have investigated four dimensional solutions of black holes with non-
abelian, SU(2) hair introduced by Yang-Mills gauge bosons and a non trivial Higgs field in
the adjoint representation, whose v.e.v. triggers the breaking of the gauge symmetry to a
U(1) subgroup under which the black hole is charged.

In the spirit of the AdS/CFT correspondence, the symmetric solution given by the
AdS-RN black hole when the temperature is positive and AdS when T' = 0, describes the
uncondensed phase of the dual three dimensional QFT. A solution with non-abelian hair
generically breaks the U(1) gauge symmetry together with the rotational symmetry, and
is interpreted as describing a condensed phase of the QFT. The order parameter is the co-
efficient of the leading order term of the magnetic component of the gauge field, and thus
the systems described are generically termed p-wave superfluids/superconductors. We have
considered two cases. The isotropic case that describes p + ip-wave superconductors where
the diagonal subgroup of U(1)gauge X SO(2),0t is preserved, and the anisotropic case where
no symmetry is preserved. In both cases we get phase transitions at critical temperatures
that decrease when the gravitational coupling grows and in the case of anisotropic super-
conductors the phase transitions become of first order for large gravitational couplings [23].
These results are summarized in the phase diagrams presented in figure 1.
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We also find solutions that describe the zero entropy ground state of the p-wave super-
conductor, showing the existence of phase transitions from the normal phase (described by
AdS space) to this condensed phase, that is present below a certain value of the gravita-
tional coupling &. These transitions are of second order, according to the behavior (5.6) of
the order parameter near the transition obtained from figure 11. Such states are described
by domain wall geometries that interpolate two AdS spaces. The occurrence of AdS space
near the horizon, with the the same scale as the AdS in the boundary but different light
velocities, presumably indicates that there is an emergent scale invariance in the T' = 0
limit [23, 24].

Finally we study the effect of considering a non zero Higgs potential. It was found
that for Higgs coupling constants greater than a critical value A., the solution collapses to
the normal one. This fact relies on the ultraviolet behavior of the system; in particular
is independent if the back-reaction is considered or not. For A below A. the system and
its thermodynamic variables behave qualitatively as in the case A = 0, but with lower
free energy.

A very relevant fact conjectured in the literature [12, 13, 29] for systems without Higgs
fields that we have explicitly addressed in this paper including them together with the
corresponding Higgs potential, is that below the critical temperature in all the parameter
space we found that the free energy density of the anisotropic solution is lower than that
of the isotropic one, indicating that the p-wave superconductor phase is more stable that
the one corresponding to the p + ip-wave superconductor. This result is illustrated in
figures 8, 9 and 14.

We believe it is worth to make the following remarks. It is straight to see that if we
switch off the Higgs field the e.o.m. of the p-wave superconductor are recovered. However
if we switch off the magnetic part of the gauge field, K1 = K5 = 0, it is seen that we do not
recover the e.o.m. of a s-wave superconductor. This is due to the fact that we are switching
the Higgs field in the Xjp-direction, not in the Xj-direction. This lead us to conclude that
in our set-up the Higgs field can not condense spontaneously since the temporal component
of the gauge field (which plays a fundamental role in the condensation) is null. Therefore
we will never have competition between s-wave and p-wave phases, as it takes place in the
cases analyzed in references [15]-[18] where the matter field ansatz is slightly different and
the vev Higgs field is put to zero. Furthermore it is not difficult to see from the e.o.m.
that a configuration where a vev (3.1) is present necessary implies a non-trivial Higgs field;
however the vev of its dual scalar operator O(x),

(O(x)) ~ Hy (7.1)

does not indicate any spontaneous breaking in view of the presence of the source Hy.

We stress that, although they share some similar characteristics, the presence of the
Higgs fields with the non trivial b.c. |H (00)| = Hp > 0, introduces a scale that makes our
systems different from those considered in precedence since [13, 37], in which the scalars
were not present. On one hand from the obvious fact that the system is larger and more
complex; in particular we have three free parameters (o, my, Jo) and, among other things,
the dimension (3.3) of the order parameter remains arbitrary. Instead, in EYM systems
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where the Higgs field is not present, the temperature for example is a function of just
one parameter o = 7 [23]. On the other hand and more important, from the QFT
point of view to which the systems we have considered are presumed to be holographically
dual. This fact can be elucidate by studying the transport properties of the system, i.e.
the conductivities. Even ignoring back-reaction effects, we finish with a system of fifteen
coupled second order equations that results much more cumbersome to disentangle than
in the Abelian case or in the absence of Higgs fields. We hope to report results in this

direction in a near future [43].
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A Boundary expansions

Along this paper we used shooting methods to get the solutions to the e.o.m. We present
here the (next to) leading order behavior of the fields near the boundary that is necessary
to carry out the numerics.

For large y — oo the fields admit the expansions,

A - Ay -
Aly) = 1+y—allAl(y)=1+71 <1+ya22A2(y)>

~ 2 2 ~
fly) =v* + 1;1 Fi(y)=1+ ul (1 A Fz(y)>

y 2mw? Fly
Cy - C Cy ~
mmﬂ+£mwﬂ+£Q+£@@)

K, - K Jo? - 1 1
K = — K =— ([1-———— K. : = _ - 2
(y) Y 1(y) i ( 201+ 21) 32 2(y)> ; K1 5 1 + mw

I A A I -
J@—%+yﬁ@—%+y@+wb@)

Hy - Hy Hy -
HO) =1+ 53 i) =14 (1432 ) (A1)
Yy Yy Yy
where 4;(0) = 1, a; > 0, etc., for i = 1,2,.... The constants (Fy,Cy,Jo, J1, K1, Hy)

are free, all the other ones as well the powers (including those make explicit in (A.1))
are determined by the e.o.m.” In the isotropic case, K(y) = Ki(y) = Ka(y), C(y) = 1

"The boundary conditions at the horizon leave just one free parameter (that we take Jo) that determines
completely the solution, see section 4.
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(C1 = 0), they are given by,

6<2K1+2, —3 0% Hy? 12 < 1w’ < 00

(a1, A1) = ¢ 2k +2<6,  —52 80 <y ? <2
6=2r1+2, -’ (3H?+3K1?); nmp?=2
6 <2k 41, 4 ;B <mp? < o0

(ja, J2) = 2K1+1<6,m;0<mw2<%
6=2r1+1, Ll d o gpy?=10
3<2k1 —1, —% 12 < y? < oo

(ha, Hy) = { 261 =1 <3, g 12)Kll+m ;0 <rhp? <2 (A.2)
3=2Kk1—1, 9H1—7 C ot =2

while that in the anisotropic case, K(y) = Ki(y), K2(y) = 0, they result,

(alyAl) = (3a _Cl) (A3)
3<2k1—1, ~B2G 2 < p? < 00
1+ 2 K A
(c2,Co) = { 2m1 -1 <3, — 2((%17”{)(;;1))01 ;0 <1ip? <2
3=2m —1, -G _ofa® o 2o

(J2; J2) = (3 —021>

3<2k1 —1 -4 D2 < y? < oo
K,? . A2
(h2,H2) = 2k — 1 <3, 2(2&171)1(14#{12)}11 ; 0<my” <2 (A4)
3=2m—1, —S+&- 5 mp?=2

B AH conventions

In this appendix we write the e.o.m. in the conventions of references [23, 44]. Besides being
often present in literature, they proved to be convenient in some numerical computations.
The ansatz is written as,

—L—Q —Nu s(u)? dt? d” dL
0= (<Fon s e+ s gt + £ )
A=dt j(u) Xo +dx f(l(u) X1 +dy Kg(u) X
H = Hy H(u) X, . (B.1)

The relation with the conventions used in the bulk of the paper are,

xoth, :1:1:Lm, xQ:ng7 y:M
_ 1 _@ W) — wd (u)2 _ s(u)
W)= T =" (6 —ugd @), AW = g
T(y) = J(u), Ki(y) = Ki(u), Ka(y)=Ko(w), H(y)=H(u). (B.2)
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The gravity e.o.m. result (out the tildes),

()2 U
Pl = 5 () = 1)+ uf) Do + 2 ()
s'(u "(u)? ut
) = T g VO
wigu) (sw)fw) , \ 1
> s (s ) = ~frga © (B.3)

where (1), (2), (3) are the r.h.s.’s of (2.7) written in the variables (B.2), while that the

matter e.o.m. are,

| s e (20 o st H@)? () )
sy (7(0) () g0 K () —(g(u)z Ra(u iy LS )
| v (e o s H? T N
e (0 50 9000 Ky (00) = (s0) 9(00? Ky w? rn> “LEE T eya
N (s Kay)
ssto) (2 = (ot K+ 200
’LL2 u)siu ! 2 u 2—
(P ) = (s 2 2o BT )
Finally, the contributions to the free energy density are,
. o? U1 6 A
foulk) — 2707 /uo du s(u) <042u4 - 2—54 (H(u)2 — 1)2
n gf((u“)) (g(u)* I (0)? + Ky(u)?) + K (w)? Ka(u)?
/ U 2 U 2
0 T 00 K0 7))
A a® 2 1 U %su '
FIOM = o = pa (W) u
. a? 4 U %S U
1= 5w (W) - (8.5)

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] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Int. J.
Theor. Phys. 38 (1999) 1113 [hep-th/9711200] [INSPIRE].

[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].

— 95—


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
http://inspirehep.net/search?p=find+EPRINT+hep-th/9711200
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802109

3]

[16]

[17]

[18]

[19]

[20]

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

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

S.S. Gubser, Breaking an Abelian gauge symmetry near a black hole horizon, Phys. Rev. D
78 (2008) 065034 [arXiv:0801.2977] [INSPIRE].

S.S. Gubser, Phase transitions near black hole horizons, Class. Quant. Grav. 22 (2005) 5121
[hep-th/0505189] [INSPIRE].

T. Albash and C.V. Johnson, Phases of Holographic Superconductors in an Ezxternal
Magnetic Field, arXiv:0906.0519 [INSPIRE].

M. Montull, A. Pomarol and P.J. Silva, The Holographic Superconductor Vortex, Phys. Rev.
Lett. 103 (2009) 091601 [arXiv:0906.2396] [INSPIRE].

O. Domenech, M. Montull, A. Pomarol, A. Salvio and P.J. Silva, Emergent Gauge Fields in
Holographic Superconductors, JHEP 08 (2010) 033 [arXiv:1005.1776] [INSPIRE].

J.-i. Koga, K. Maeda and K. Tomoda, Holographic superconductor model in a spatially
anisotropic background, Phys. Rev. D 89 (2014) 104024 [arXiv:1401.6501] INSPIRE].

S.S. Gubser, Colorful horizons with charge in anti-de Sitter space, Phys. Rev. Lett. 101
(2008) 191601 [arXiv:0803.3483] [INSPIRE].

S.S. Gubser and S.S. Pufu, The gravity dual of a p-wave superconductor, JHEP 11 (2008)
033 [arXiv:0805.2960] [INSPIRE].

S. Gangopadhyay and D. Roychowdhury, Analytic study of properties of holographic p-wave
superconductors, JHEP 08 (2012) 104 [arXiv:1207.5605] [INSPIRE].

Z.-Y. Nie, R.-G. Cai, X. Gao and H. Zeng, Competition between the s-wave and p-wave
superconductivity phases in a holographic model, JHEP 11 (2013) 087 [arXiv:1309.2204]
[INSPIRE].

I. Amado, D. Arean, A. Jimenez-Alba, L. Melgar and I. Salazar Landea, Holographic s+p
Superconductors, Phys. Rev. D 89 (2014) 026009 [arXiv:1309.5086] [INSPIRE].

D. Momeni, M. Raza and R. Myrzakulov, Analytical coexistence of s-, p-, (s + p)-phases of a
holographic superconductor, Int. J. Geom. Meth. Mod. Phys. 12 (2015) 1550048
[arXiv:1310.1735] [INSPIRE].

Z.-Y. Nie, R.-G. Cai, X. Gao, L. Li and H. Zeng, Phase transitions in a holographic s+p
model with backreaction, arXiv:1501.00004 [INSPIRE].

A.R. Lugo and F.A. Schaposnik, Monopole and dyon solutions in AdS space, Phys. Lett. B
467 (1999) 43 [hep-th/9909226| [INSPIRE].

A.R. Lugo, E.F. Moreno and F.A. Schaposnik, Monopole solutions in AdS space, Phys. Lett.
B 473 (2000) 35 [hep-th/9911209] [INSPIRE].

A.R. Lugo, E.F. Moreno and F.A. Schaposnik, Holographic Phase Transition from Dyons in
an AdS Black Hole Background, JHEP 03 (2010) 013 [arXiv:1001.3378] [INSPIRE].

~ 96 —


http://arxiv.org/abs/hep-th/9802150
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802150
http://dx.doi.org/10.1103/PhysRevLett.101.031601
http://dx.doi.org/10.1103/PhysRevLett.101.031601
http://arxiv.org/abs/0803.3295
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.3295
http://dx.doi.org/10.1088/1126-6708/2008/12/015
http://dx.doi.org/10.1088/1126-6708/2008/12/015
http://arxiv.org/abs/0810.1563
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1563
http://dx.doi.org/10.1103/PhysRevD.78.065034
http://dx.doi.org/10.1103/PhysRevD.78.065034
http://arxiv.org/abs/0801.2977
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.2977
http://dx.doi.org/10.1088/0264-9381/22/23/013
http://arxiv.org/abs/hep-th/0505189
http://inspirehep.net/search?p=find+EPRINT+hep-th/0505189
http://arxiv.org/abs/0906.0519
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.0519
http://dx.doi.org/10.1103/PhysRevLett.103.091601
http://dx.doi.org/10.1103/PhysRevLett.103.091601
http://arxiv.org/abs/0906.2396
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.2396
http://dx.doi.org/10.1007/JHEP08(2010)033
http://arxiv.org/abs/1005.1776
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.1776
http://dx.doi.org/10.1103/PhysRevD.89.104024
http://arxiv.org/abs/1401.6501
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.6501
http://dx.doi.org/10.1103/PhysRevLett.101.191601
http://dx.doi.org/10.1103/PhysRevLett.101.191601
http://arxiv.org/abs/0803.3483
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.3483
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://arxiv.org/abs/0805.2960
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.2960
http://dx.doi.org/10.1007/JHEP08(2012)104
http://arxiv.org/abs/1207.5605
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5605
http://dx.doi.org/10.1007/JHEP11(2013)087
http://arxiv.org/abs/1309.2204
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.2204
http://dx.doi.org/10.1103/PhysRevD.89.026009
http://arxiv.org/abs/1309.5086
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.5086
http://dx.doi.org/10.1142/S0219887815500486
http://arxiv.org/abs/1310.1735
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1735
http://arxiv.org/abs/1501.00004
http://inspirehep.net/search?p=find+EPRINT+arXiv:1501.00004
http://dx.doi.org/10.1016/S0370-2693(99)01178-8
http://dx.doi.org/10.1016/S0370-2693(99)01178-8
http://arxiv.org/abs/hep-th/9909226
http://inspirehep.net/search?p=find+J+Phys.Lett.,B467,43
http://dx.doi.org/10.1016/S0370-2693(99)01481-1
http://dx.doi.org/10.1016/S0370-2693(99)01481-1
http://arxiv.org/abs/hep-th/9911209
http://inspirehep.net/search?p=find+J+Phys.Lett.,B473,35
http://dx.doi.org/10.1007/JHEP03(2010)013
http://arxiv.org/abs/1001.3378
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3378

[22]

[23]

[24]

[25]

[26]

[27]

28]

[35]

[36]

[37]

[38]

[39]

[40]

A.R. Lugo, E.F. Moreno and F.A. Schaposnik, Holography and AdS, self-gravitating dyons,
JHEP 11 (2010) 081 [arXiv:1007.1482] [INSPIRE].

M. Ammon, J. Erdmenger, V. Grass, P. Kerner and A. O’Bannon, On Holographic p-wave
Superfluids with Back-reaction, Phys. Lett. B 686 (2010) 192 [arXiv:0912.3515] INSPIRE].

P. Basu, A. Mukherjee and H.-H. Shieh, Supercurrent: Vector Hair for an AdS Black Hole,
Phys. Rev. D 79 (2009) 045010 [arXiv:0809.4494] [INSPIRE].

C.P. Herzog, P.K. Kovtun and D.T. Son, Holographic model of superfluidity, Phys. Rev. D
79 (2009) 066002 [arXiv:0809.4870] [INSPIRE].

A. Bianchi, R. Movshovich, N. Oeschler, P. Gegenwart, F. Steglich, J.D. Thompson et al.,
First order superconducting phase transition in CeColn(5), Phys. Rev. Lett. 89 (2002)
137002 [cond-mat/0203310] [INSPIRE].

S. Yonezawa, T. Kajikawa and Y. Maeno, First-order superconducting transition of Sr2
RuO4, Phys. Rev. Lett. 110 (2013) 077003 [arXiv:1212.4954].

Y. Tanaka, A. Iyo, S. Itoh, K. Tokiwa, T. Nishio and T. Yanagisawa, Ezperimental
Observation of a Possible First-Order Phase Transition below the Superconducting Transition
Temperature in the Multilayer Cuprate Superconductor HgBay Cas Cus Oy, J. Phys. Soc. Jap.
83 (2014) 074705 [arXiv:1408.1445] INSPIRE].

P. Basu, J. He, A. Mukherjee and H.-H. Shieh, Hard-gapped Holographic Superconductors,
Phys. Lett. B 689 (2010) 45 [arXiv:0911.4999] [INSPIRE].

M.M. Roberts and S.A. Hartnoll, Pseudogap and time reversal breaking in a holographic
superconductor, JHEP 08 (2008) 035 [arXiv:0805.3898] [INSPIRE].

R.E. Arias and L.S. Landea, Backreacting p-wave Superconductors, JHEP 01 (2013) 157
[arXiv:1210.6823] [INSPIRE].

R.M. Wald, General Relativity, Chicago University Press, Chicago U.S.A. (1984).

O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Large-N field theories,
string theory and gravity, Phys. Rept. 323 (2000) 183 [hep-th/9905111] [INSPIRE].

J. Erdmenger, P. Kerner and S. Muller, Towards a Holographic Realization of Homes’ Law,
JHEP 10 (2012) 021 [arXiv:1206.5305] [INSPIRE].

M. Henningson and K. Skenderis, The Holographic Weyl anomaly, JHEP 07 (1998) 023
[hep-th/9806087] [INSPIRE].

V. Balasubramanian and P. Kraus, A stress tensor for Anti-de Sitter gravity, Commun.
Math. Phys. 208 (1999) 413 [hep-th/9902121] [INSPIRE].

S.S. Gubser and S.S. Pufu, The gravity dual of a p-wave superconductor, JHEP 11 (2008)
033 [arXiv:0805.2960] [INSPIRE].

G.T. Horowitz and M.M. Roberts, Zero Temperature Limit of Holographic Superconductors,
JHEP 11 (2009) 015 [arXiv:0908.3677] [INSPIRE].

S.S. Gubser and F.D. Rocha, The gravity dual to a quantum critical point with spontaneous
symmetry breaking, Phys. Rev. Lett. 102 (2009) 061601 [arXiv:0807.1737] [INSPIRE].

R.A. Konoplya and A. Zhidenko, Holographic conductivity of zero temperature
superconductors, Phys. Lett. B 686 (2010) 199 [arXiv:0909.2138] [INSPIRE].

— 97 -


http://dx.doi.org/10.1007/JHEP11(2010)081
http://arxiv.org/abs/1007.1482
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.1482
http://dx.doi.org/10.1016/j.physletb.2010.02.021
http://arxiv.org/abs/0912.3515
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.3515
http://dx.doi.org/10.1103/PhysRevD.79.045010
http://arxiv.org/abs/0809.4494
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.4494
http://dx.doi.org/10.1103/PhysRevD.79.066002
http://dx.doi.org/10.1103/PhysRevD.79.066002
http://arxiv.org/abs/0809.4870
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.4870
http://dx.doi.org/10.1103/PhysRevLett.89.137002
http://dx.doi.org/10.1103/PhysRevLett.89.137002
http://arxiv.org/abs/cond-mat/0203310
http://inspirehep.net/search?p=find+EPRINT+cond-mat/0203310
http://dx.doi.org/10.1103/PhysRevLett.110.077003
http://arxiv.org/abs/1212.4954
http://dx.doi.org/10.7566/JPSJ.83.074705
http://dx.doi.org/10.7566/JPSJ.83.074705
http://arxiv.org/abs/1408.1445
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.1445
http://dx.doi.org/10.1016/j.physletb.2010.04.042
http://arxiv.org/abs/0911.4999
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.4999
http://dx.doi.org/10.1088/1126-6708/2008/08/035
http://arxiv.org/abs/0805.3898
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.3898
http://dx.doi.org/10.1007/JHEP01(2013)157
http://arxiv.org/abs/1210.6823
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.6823
http://dx.doi.org/10.1016/S0370-1573(99)00083-6
http://arxiv.org/abs/hep-th/9905111
http://inspirehep.net/search?p=find+EPRINT+hep-th/9905111
http://dx.doi.org/10.1007/JHEP10(2012)021
http://arxiv.org/abs/1206.5305
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5305
http://dx.doi.org/10.1088/1126-6708/1998/07/023
http://arxiv.org/abs/hep-th/9806087
http://inspirehep.net/search?p=find+EPRINT+hep-th/9806087
http://dx.doi.org/10.1007/s002200050764
http://dx.doi.org/10.1007/s002200050764
http://arxiv.org/abs/hep-th/9902121
http://inspirehep.net/search?p=find+EPRINT+hep-th/9902121
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://arxiv.org/abs/0805.2960
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.2960
http://dx.doi.org/10.1088/1126-6708/2009/11/015
http://arxiv.org/abs/0908.3677
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.3677
http://dx.doi.org/10.1103/PhysRevLett.102.061601
http://arxiv.org/abs/0807.1737
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.1737
http://dx.doi.org/10.1016/j.physletb.2010.02.048
http://arxiv.org/abs/0909.2138
http://inspirehep.net/search?p=find+EPRINT+arXiv:0909.2138

[41] S.S. Gubser and A. Nellore, Ground states of holographic superconductors, Phys. Rev. D 80
(2009) 105007 [arXiv:0908.1972] INSPIRE].

[42] S. Bolognesi and D. Tong, Monopoles and Holography, JHEP 01 (2011) 153
[arXiv:1010.4178] [INSPIRE].

[43] G.L. Giordano and A.R. Lugo, Transport coefficients from holography in a Yang-Mill-Higgs
theory on AdS, with a gravity dual, work in progress.

[44] C.P. Herzog, K.-W. Huang and R. Vaz, Linear Resistivity from Non-Abelian Black Holes,
JHEP 11 (2014) 066 [arXiv:1405.3714] [INSPIRE].

~ 98 —


http://dx.doi.org/10.1103/PhysRevD.80.105007
http://dx.doi.org/10.1103/PhysRevD.80.105007
http://arxiv.org/abs/0908.1972
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.1972
http://dx.doi.org/10.1007/JHEP01(2011)153
http://arxiv.org/abs/1010.4178
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.4178
http://dx.doi.org/10.1007/JHEP11(2014)066
http://arxiv.org/abs/1405.3714
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.3714

	Introduction
	The gravity-Yang-Mills-Higgs system
	The model
	Boundary conditions

	Solutions at T>0: superconducting state
	Numerical solutions
	The free energy

	Zero temperature solutions
	Analysis for lambda != 0
	Conclusions and outlook
	Boundary expansions
	AH conventions

