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1 Introduction

Traditional condensed matter paradigms with weakly interacting quasiparticles are chal-
lenged by strongly correlated electron systems. One of the profound examples is the high
temperature superconductivity. The basic idea of the BCS theory, like the weak-coupling
mean field approximation and phonon-mediated electron pairing mechanism is no longer
applied without modifications. Therefore, to develop new theoretical framework and con-
cepts is desirable to understand those strongly coupled many-body systems. On the other
hand, holography [1-3], as a framework to access the strongly coupled regime of quan-
tum field theory by its gravity dual living in a spacetime with higher dimensionality, has
been useful in addressing the physical properties of strongly interacted condensed matter
systems, such as high T, cuprates and heavy feimions. Within this context, models for
unconventional superconductors have been widely studied holographically. The first holo-
graphic superconductor, known as Abelian-Higgs model, has been introduced in ref. [4]
in terms of a charged scalar field in the bulk whose condensate corresponds to a s-wave
superconducting order. This gravity setup was soon generalised to holographic p-wave
models [5-7] and d-wave models [8, 9], see refs. [10-12] for good reviews."

Josephson junctions possess very important features in both theoretical and practical
fields of superconductivity. A typical Josephson junction consists of two superconductors
separated by a week contact. Depending on the specimen of the constituent supercon-
ductors and the nature of the contact, there are various kinds of junctions. The contact
can be a normal conductor, an insulator, or a narrow superconductor. The correspond-
ing junctions are referred to as SNS, SIS and SS’S junctions, respectively. Moreover, the

'Holographic superconductors have been studied usually in the absence of dynamical electromagnetic
fields, thus in the limit in which they coincide with holographic superfluids. The dynamics of the electro-
magnetic field is very relevant for, such as, the Meissner effect and the exponential damping of the magnetic
field in vortices. The authors of ref. [13] explained for the first time how to introduce a dynamical gauge
field in holographic superconductors.



coupled superconductors can be of different types. The authors of ref. [14] constructed a
holographic SNS junction by using the simplest holographic superconductor [4]. This junc-
tion exhibits the standard relation between the current J across the junction and the phase
difference 7 of the condensate, i.e. J = Jpax sin(7y). The dependence of the maximum cur-
rent (or critical current) Jpax on the temperature and size of the junction also reproduces
familiar results. Soon after, this setup has been generalised to other types of Josephson
junctions [15-19] as well as superconducting quantum interference device (SQUID) [20, 21].
A distinctly different way to construct a holographic model of Josephson junctions based
on designer multi-gravity has been proposed in ref. [22] in which Josephson junction arrays
were discussed.?

The above studies focused on gravity duals with asymptotic AdS boundary, which
indicates that the dual theory is a relativistic conformal field theory. However, there exist
many scale-invariant systems without the Lorentz invariance especially near the critical
points [24, 25]. In particular, the electrons in real materials are in general non-relativistic,
thus it is natural to ask whether one can develop a similar model with non-relativistic
kinematics. The Lifshitz geometry as a dual gravity is a very natural candidate to describe
those non-relativistic theories. Lifshitz geometry is characterised by the so-called dynamical
critical exponent z which governs the anisotropy between spatial and temporal scaling
t — Nt,Z — AZ. The case z = 1 is nothing but the usual relativistic scaling. The Lifshitz
holography has been used to address various aspects of non-relativistic systems, such as
strange metal transport [26-28], thermalization [29], (non-)Fermi liquid [30-32] and so on.

The purpose of the present work is to investigate the Josephson junction of the non-
relativistic theory with the Lifshitz geometry as a dual gravity. We aim at the effects due
to the Lifshitz scaling in comparison with the relativistic case z = 1. More specifically, we
construct holographic junctions in the Lifshitz black branes with z = 1,2 and 3. Follow-
ing ref. [14], we consider the Abelian-Higgs model for holographic superconductors with
inhomogeneous boundary conditions breaking translational invariance. This model typi-
cally require us to solve complicated coupled partial differential equations (PDEs). Taking
advantage of the Chebyshev spectral methods to solve those PDEs numerically, we find
that the famous sinusoidal relation between the current and the phase difference across the
weak link do exist no matter what z is. The condensate of the operator at zero current
in the middle of the link has an exponential decreasing relation with respect to the width
of the link ¢; meanwhile, the critical current Jy.x also has an exponential decreasing rela-
tion to £. From the above exponential decreasing relations, one can extract the coherence
length ¢ independently. In relativistic cases [14-18], the value of the coherence length &
fitted from critical current and condensate is consistent to each other within acceptable
errors. However, for general z £ 1, this result is violated. A typical example exhibiting
this violation is the case with z = 3.

The paper is organised in the following: in section (2) we derive the equations of mo-
tions in the Lifshitz black brane background; we show our numerical technique for dealing

*Holographic Josephson junctions from D-branes have been considered in ref. [23] aiming at providing a
geometrical picture for the holographic dual. Through this way non-Abelian Josephson junctions and AC
Josephson effect have been naturally realized.



with non-trivial boundary conditions and numerical results in section (3); in section (4),
we draw our conclusion and give some comments to the Lifshitz Josephson junction.

2 The gravity setup

We adopt the black brane background in d+2 dimensional spacetime as [33]

z4+d

2 d
26?(7«) +r22dag§) . flr)=1- :g+d, (2.1)
1=1

where z is the dynamical critical exponent, ro is the radius of horizon, and d is the spacial

ds® = L* (—7“2Zf(7“)dt2 +

dimension of the boundary. The asymptotical Lifshitz boundary is located at r — oo. This
geometry for z = 1 is nothing but the AdS-Schwarzschild black brane, while it is a gravity

dual with the Lifshitz scaling as z > 1. The Hawking temperature of this black brane is
z+d

In the probe limit of the above background, we consider the model of a U(1) gauge
field A,, coupled a charged scalar field ¢ . The corresponding action reads

S = /dd”x\ﬁ [—\w—mw? 2\¢|2—7F FHv (2.3)

in which F),, is a U(1) gauge field strength with F,, = 0,4, — 0,A,. The equations of
motions (EoMs) can be obtained from the above action and the background as
0= (Vyu —id)(VF — A" —m?y,
V,FF =" (VF — i AF)) — (VH 4+ AR
We choose the ansatz of the fields as
Y =|le?, A= Audt+ Andr+ Ay day, (2.6)

where ||, ¢, A, A, Az, are all real functions of r and x;. We would like to work with the
gauge-invariant combination M, = A, — J,¢.

Substituting the Lifshitz black brane background (2.1) and the ansatz (2.6) into the
EoMs (2.4) and (2.5), we can obtain the following coupled PDEs:?

Rt -l (L Dol Mf gz M =0, 270
0,0, + 0 My + (Ol + S 0ulul) + (L4 Dy, —o, 2

%M, + f62Mt dTaTMt — 2L2‘}M2Mt =0, (2.7¢)

O2M,. — 0,0, M, — 2L*r?[¢|> M, = 0, (2.7d)

82 M, — 0,0, M, +(‘§; M#)(@,Mx—axM) zﬂgf =0, (2.7¢)

3For convenience, we will define = z; in the following context.



where a prime ' denotes the derivative with respect to r. It is clear that the phase function
¢ has been absorbed into the gauge invariant quantity M,. The second equation (2.7b)
is a constraint equation which can be obtained from the algebraic combinations of (2.7d)
and (2.7e) as 2r2|¢|? x Eq.(2.7b) + 0,[Eq.(2.7d)] + 0,[Eq.(2.7¢)] + [f'/f + (d+ 2z — 1) /7] x
Eq.(2.7d) = 0. Therefore, in fact there are four independent EoMs with four fields, i.e.,
||, My, M, and M,

In order to solve the above coupled PDEs, we need to impose suitable boundary con-
ditions. First, we demand the regularity of the fields at the horizon. Since the metric
component gy is zero at the horizon, the field M; should be vanishing at the horizon, while
other fields are finite at the horizon.

Near the infinite boundary r — oo, the fields |[¢|, M, and M, have the following
asymptotic expansions,

U 1 W . NN 1 |
a plztd—y/ (z+d)2+4m?2) /2 r(ztd+y/ (z+d)2+4m2)/2 p(ztd+y/ (z+d)2+4m2) /241"’
(1)
M, () 1 (2.8
MT = pd+z—1 + O(rdJrz)’ )

J(x) 1
M, :V(x) + prd+z—2 + (Td-i-z—l )

However, the asymptotic behaviour of M, is more sophisticated depending on the values
of z and d,

My =p(a) ~ p(w)log(r) + O(1), for (d—==0)

M, =p(z) — fﬁx) + O(Td}zﬂ), for (d—z<0or0<d—z<2),

M, =p(x) — p?(j) + a%’ff)mg(r) + O(r%), for (d—z=2), 29
My =) - A0 : da_g’:(fg)rz FO( ), for (d—2>2)

The conformal dimension of the scalar field || is Ay = (z +d £ /(2 +d)? + 4m?)/2.
In the following, we focus on the case ) = 0, which means there is no source term of
the dual scalar operator. We will always regard p as the chemical potential, although for
z > d it is not the largest mode near the boundary [26]. According to the holographic
dictionary, the coefficients 1, p, v and J correspond to the condensate of the dual scalar
operator (O), charge density, superfluid velocity and current in the boundary field theory,
respectively.* Furthermore, the gauge invariant phase difference v = Ap — [ Ay across the
weak contact can be recast as [14]

+oo
v = —/ dx[v(z) — v(£o0)]. (2.10)

— 00

“We also notice that there is a relation Gng(l)(m) + (d+ 2z —2)0:J(z) = 0, which can be used to set
J=const by imposing 8IMT(1) = 0, in the numerical calculations in the next section.



In order to mimic a SNS Josephson junction, we choose the profile of the chemical potential
p(x) similar to that in ref. [14], which is given by

2 tanh(%)

x4 £ -t
() = too {1 - [tanh( 2) — tanh( 2 )] } , (2.11)

g g

where 10 = p1(+00) = pu(—00) is the chemical potential at x = oo, while ¢, o and €
control the width, steepness and depth of the junction, respectively.
Note that the coupled PDEs (2.7) exhibit the following scaling symmetry:

1

1
t— Nt, =z — Ar;, T — —T, Mt—>)\z

1
5 My, My = 3 My, My =AM, (212)

with A an arbitrary constant. Following ref. [14], we define the critical temperature of
the junction T, identical to the critical temperature of a homogenous superconductor with
vanishing current.® Therefore, T}, is proportional to fis, = p(+00) = p(—00) corresponding
to the scaling symmetry (2.12):

(z + d)rg

T, —
¢ 4 e

(o), (2.13)

where p. is the critical chemical potential for a homogenous superconductor without cur-

z+d
4

r5. Inside the junction, z ~ ( £ L), the effective critical

rent at temperature T = —359

temperature reads
(z+d)r§
Ty = ———u(0). 2.14
0 Arpa, 1(0) ( )
Therefore, for Ty < T' < T, the in-between junction is in the normal metallic phase, while
the region outside the junction is in the superconducting phase. It is in this way one models

the SNS Josephson junction by holography.

3 Numerical results

We take advantage of the Chebyshev spectral methods [38] to numerically solve the
EoMs (2.7a)-(2.7e). We first set 79 = 1 by using of the scaling symmetry (2.12). For
the convenience, we also make the coordinate transformation in the following way v = 1/r
and y = tanh(Z), as well as

¥

S e T (3.1)
M,
My = T (3.2)

In the following, we will consider the case with d = 2, but it can be straightforwardly
generalised to other dimensions. Specifically, we choose the dynamical critical exponent
z as z = 1,2 and 3. It is well-known that z = 1 is no other than the relativistic dual
while z = 2 and z = 3 are for the non-relativistic theories. Physically, we would like to

SLifshitz holographic superconductors in homogenous case have studied, for example, in refs. [34-37].



investigate the properties of the Josephson junctions with the same conformal dimension
of each dual scalar operator, hence we set A, = 3 as we vary z. Therefore, in this sense
the mass square are m? = 0, —3 and —6 with respect to z = 1,2 and 3.

The values of critical chemical potential . (or in the sense of the critical temperature T
explained above) for the homogeneous superconductors are p. ~ 7.5877,9.0445 and 9.7667
with respect to (z,m?) = (1,0), (2, —3) and (3, —6). Therefore, we choose a unified chemical
potential p(x) for the junction with the parameters po, = 10.5,0 = 0.7 and € = 0.7. The
profile of the chemical potential would satisfy the requirement of the Josephson junctions
for the three cases.

Near the spacial boundary x = +00, we demand that all the fields are independent of
x because of the flat p(z) near |x| — oo. There is also a symmetry of the fields when we
flip the sign of x — —=,

W}| — |¢’v Mt — Mtu Mr — _M’I“7 Mx — Mx (33)

Therefore, M, is an odd function of z while others are even. Thus we can set M, (x = 0) = 0,
and other fields have vanishing first order derivative with respect to = at x = 0. From the
scaling symmetry (2.12) and the UV asymptotic expansions (2.8) and (2.9), it is easy to
see that the quantities J/T, 19/ and (0)/T. /% are dimensionless.

3.1 Thecaseof z=1

For z = 1, the asymptotic expansion of M; near the boundary is M; ~ p(x)— @. It can be
easily calculated as before [14]. The relation between the current and the phase difference
is shown in figure. (1). The blue dots are for the data from numerical calculations while

the red curve is fitted by the sinusoidal relation. We can read from the plots that
J/T? ~ 1.18436sin(y), for z=1. (3.4)

For our choosing parameters in figure. (1) the critical current is Jiyax/72 ~ 1.18436.

It has been uncovered in refs. [14-18] that for the asymptotic AdS geometry the relation
between the condensate within the barrier at zero current (O),—o and the width of the
junction /¢, as well as the relation between the maximal current (or critical current) Jyax
and the width of the junction ¢ behave as

(OVoo /T3 ~ Aje %, (3.5)
T/ TOF/% a2 Age (3.6)

Those behaviour is in good agreement with condensed matter physics [39], according to
which ¢ is identified as the normal metal coherence length.

We indeed reproduce similar results. On the left panel of figure. (2), we plot the
relation of (O),—o/T. 2 /# and £ for z = 1 and find that they satisfy a decreasing exponential
relation as

(O)o/T? ~ 253.896 x ez¥1a77, for 2= 1. (3.7)
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Figure 1. Relation between J/ T4)/% and ~ for z = 1. The dots are from the numerics while
the the red line is the fitted sin curves of these dots. We use pioo = 10.5,f = 3,0 = 0.7 and € = 0.7.
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Figure 2. (O)IZO/TS/Z (left) and JmaX/TC(Hz)/Z (right) as functions of ¢ for z = 1. The
parameters are pio = 10.5,0 = 0.7, = 0.7 and 2 < ¢ < 4.4. The dots are from the numerics while
the red lines are the fitted curves.

The relation between Jpax /TC(HZ)/ “ and ¢ can be found on the right panel of figure. (2).
The fitting curve satisfy the following relation,

9 —¢
Jmax/ T, ~ 11.2449 x et30385, for z=1. (3.8)

We can find that for z = 1 the fitted value of £ from the two relations (3.7) and (3.8) are
very close to each other, with the error of 12.77%.6

% Due to the limitation of numerics, one can not choose a too steep profile for y(x). Thus the normal and

superconducting phases in the junction are not cleanly separated. This is argued to justify the disagreement
between the two estimates of £ [14].
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Figure 3. The behaviour of J/TC(HZ)/Z as a function of v for z = 2 (green dots) and z = 3 (black
dots). The parameters we use are po, = 10.5,¢ = 3,0 = 0.7 and € = 0.7. The dots are from the
numerics while the the red lines are the best fit sin curves of these dots.

3.2 The case of 2 =2

For z = 2, the asymptotic expansion of M; near the boundary is My ~ p(z) — u(z) log(r).
For convenience of the numerical calculation, we make a transformation

log(r)
M, M, .
t— 1 1/7" ty (3 9)

The reason for dividing (1 — 1/r) in the denominator is that at the horizon rg = 1, we
need to impose the coefficients log(r)/(1 — 1/r) be non-vanishing, thus the new fields M,
at horizon can have a specific vanishing boundary condition. This step of scaling M; is
crucial for the numerics, and we find it is much feasible for the codes.

The relation between the current and the phase difference can be found in figure. (3)
in which the green dots are from the numerics while the red line is the best fitted curve. In
this case, the asymptotic behaviour is much more different from the previous one. However,
we find that the famous sinusoidal relation between current and phase difference is still
satisfied very well. The numerical calculation shows that

J/T3/? =~ 0.02372sin(y), for z=2. (3.10)
Let us consider the behaviour of the condensate at the centre of the contact at zero

current. As one can see in figure (4) that the condensate as a function of the length of the
link can be fitted very well by the exponential decreasing function, which reads

(O)geo/T3/? ~ 11.6122 x e % £ ~0.72835 for z=2. (3.11)
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Figure 4. Relations between (O),—o/ T2/* at zero current and £ for Lifshitz scaling. The upper
curve and the lower curve correspond to z = 2 and z = 3, respectively. In both cases, the points
are from numerics and red lines are fitted curves. We choose o = 10.5,0 = 0.7 and € = 0.7.

Compared to the relation (3.5), maybe with a little abuse of terminology, this result en-
courages us to identify &, as the coherence length.”

The dependence of Jyax on £ is shown in figure (5). Once again, this cure can be fitted
by an the exponential decreasing relation

_£
Jimnax /T2 = 110613 x e &, & ~0.782017 for z=2. (3.12)

Comparing to (3.6), one may also consider &; as the coherence length. We can see that
the discrepancy between the value of coherence length ¢ obtained from (3.11) and (3.12)
is consistent with each other within the error 6.9%.

3.3 The case of 2 =3

For z = 3, the asymptotic expansion of M; near the boundary is M; ~ p(z) — p(x)r. In
this case, we introduce a transformation

My — r M, (3.13)

in our numerical calculation. Note that although now pu(x) is the subleading term in the
expansion, we can still regard it as the chemical potential according to the explanation in
ref. [26].

The relation between the current and the phase difference is again shown in figure. (3),
where the black dots are from the numerics while the red line is the best fitted curve using
sinusoidal function. It satisfies the relation as

J/T3 ~0.01906sin(v), for z=3. (3.14)

"A priori, Lifshitz case would be different form its AdS counterpart. To stress this issue, we use &, and
&; to denote different coherence lengths extracted form the condensate and critical current, respectively.
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lower curve correspond to z = 2 and z = 3, respectively. In both cases, the points come from
numerics and red lines are best fit curves. We use o = 10.5,0 = 0.7 and € = 0.7 in the plot.

From above relation one can read off the maximum current Jy.x = 0.01906 for the choosing
parameters.

Meanwhile, the dependence of (O),—o at zero current on ¢ as well as Jyax on £ can be
found in figure. (4) and figure. (5), respectively. Both can be fitted very well by exponential
decreasing functions and the final results read

(O)ao/T. ~ 1.9632 x ¢ %o, £, ~ 0.740657 for = =3, (3.15)
_£
Jmax/ T 2 0.110907 x e &, & ~1.73365 for z=3. (3.16)

Surprisingly, we see that the values of {, and ¢; exhibit enormous discrepancy. This
large discrepancy can neither be explained by numerical error, nor by the disagreement
corresponding to the profile of p(x) as commented in footnote (6). We shall discuss this
issue in the next section.

4 Conclusion and discussion

In this work, we holographically studied the properties of SNS Josephson junction in non-
relativistic case with Lifshitz scaling. It can be carried out in terms of the Abelian-Higgs
model [4] coupled with an asymptotic Lifshitz black brane solution in gravity side. Due
to the presence of the dynamical critical exponent z, the asymptotic expansions of the
fields behave distinctly from each other for different z. Therefore, it was expected that the
properties of the Josephson junctions would depend on z as well.

By virtue of the Chebyshev spectral methods, we could solve the coupled PDEs (2.7)
successfully. We found that the famous sinusoidal relations between the current J and

~10 -



phase difference = across the weak link still exists for various z. Furthermore, our results
showed that there is indeed an exponential decreasing relation between the condensate (O)
at the middle of the barrier with vanishing current and the width of the link ¢. Similar
relation also holds between the critical current Jy.x and £. As a consistent check for our
numerics, let us consider the behaviour of the coefficient A; form the relation (3.5) with
respect to z. Note that we set the same profile of the chemical potential p(x) for various z
and the critical chemical potentials p. for a homogeneous superconductor would increase
with z increased. Therefore, the chemical potential at z = 0 in the link would be much
smaller compared to p. if z is much larger. Hence the condensate (O) at x = 0 would be
much smaller as z increases. This would in turn made A; smaller when z becomes bigger.
This is nothing but we found in our numerical calculation.

In order to compare with the relativistic case z = 1, we also reproduced the holo-
graphic junction in AdS-Schwarzschild black brane. Similar to z = 1 case, we found that
for z = 2 the coherence length £ obtained from the condensate within the link (see equa-
tion (3.11)) and the one from the critical current (see equation (3.12)) were close to each
other within acceptable error. However, for z = 3 the £’s got from the two relations were
no longer consistent. Although we calculated the case of z = 3 by using much higher pre-
cision, we still could not render the two &’s consistent. One should keep in mind that the
relations (3.11) and (3.12) are deduced form conventional superconductivity under some
additional approximations. In contrast, our holographic construction is, in principle, only
applicable for the superconductors at strong coupling, thus, a priori, would far deviate form
the conventional one which is weakly interacted. An instructive example is to consider the
well-known Abelian-Higgs model in AdS case. As the temperature decreases, there ex-
ists a gap frequency w, from the optical conductivity in the superconducting phase, and
one can also read off the energy gap A, from the low temperature behaviour of normal
contribution to the DC conductivity. In a standard weak coupling picture of supercon-
ductivity, the gap w, is understood as the energy required to break a Cooper pair into
its constitutive electrons and the energy of the constituent quasiparticles is given by A,.
In BCS theory wy = 2A,, while it does not hold in holographic setup [40, 41], indicating
that we are clearly not in a weak coupling regime and that such a quasiparticle picture is
not applicable. Therefore, we expect that our results for Josephson junctions with Lifshitz
scaling may suggest new mechanism compared to AdS case. It is desirable to understand
our results form condensed matter theory point view. It will be interesting to see whether
one can construct, for example, a Landau-Ginzberg like theory with Lifshitz scaling that
exhibits similar deviation in this paper.

Similar discussion can be straightforwardly generalized to include hyperscaling viola-
tion characterised by 6, another important exponent in low energy physics of condensed
matter system. In cases with general # and z, the dual non-relativistic theory is not even
scale invariant, qualitatively different from its Lifshitz counterpart. Nevertheless, we ex-
pect that the main results would be similar to the Lifshitz geometry. There are various
kinds of junctions, and the properties of these junctions can be considerably different.
It is, however, known that a sinusoidal current-phase relation is only a special case in
Josephson tunneling, which is attainable only for such as temperatures sufficiently close to

- 11 -



critical temperature or sufficiently high and wide potential barriers between two supercon-
ductors [42, 43]. So far, similar studies initiated from ref. [14] all produced the sinusoidal
relation between current and phase difference, including the case with Lifshitz scaling in
current paper. To obtain the non-sinusoidal relation, one is suggested to consider the case
with much lower temperatures. Therefore, it is natural to include the back reaction of
matter fields to the geometry [44]. It will be also interesting to extend similar study to
other types of junctions and to cases with competing orders. We hope to report related
issues in the future.

Acknowledgments

The authors are grateful to Rong-Gen Cai for his valuable discussions, and the hospitality
and partial support from the Kavli Institute for Theoretical Physics China (KITPC) dur-
ing the completion of this work. HFL was supported in part by the Young Scientists Fund
of the National Natural Science Foundation of China (No.11205097), the Program for the
Innovative Talents of Higher Learning Institutions of Shanxi, the Natural Science Foun-
dation for Young Scientists of Shanxi Province, China (No.2012021003-4) and the Shanxi
Datong University doctoral Sustentation Fund(No.2011-B-04), China; LL was supported in
part by European Union’s Seventh Framework Programme under grant agreements (FP7-
REGPOT-2012-2013-1) no 316165, the EU-Greece program “Thales” MIS 375734 and was
also co-financed by the European Union (European Social Fund, ESF) and Greek na-
tional funds through the Operational Program “Education and Lifelong Learning” of the
National Strategic Reference Framework (NSRF) under “Funding of proposals that have
received a positive evaluation in the 3rd and 4th Call of ERC Grant Schemes”; HQZ was
partially supported by a Marie Curie International Reintegration Grant PTIRG07-GA-2010-
268172 and the Young Scientists Fund of the National Natural Science Foundation of China
(No.11205097).

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].

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

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

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

~12 -


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
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/10.1088/1126-6708/2008/11/033
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

[6] F. Aprile, D. Rodriguez-Gomez and J.G. Russo, p-wave Holographic Superconductors and
five-dimensional gauged Supergravity, JHEP 01 (2011) 056 [arXiv:1011.2172] [INSPIRE].

[7] R.-G. Cai, L. Li and L.-F. Li, A Holographic P-wave Superconductor Model, JHEP 01 (2014)
032 [arXiv:1309.4877] [INSPIRE].

[8] J.-W. Chen, Y.-J. Kao, D. Maity, W.-Y. Wen and C.-P. Yeh, Towards A Holographic Model
of D-Wave Superconductors, Phys. Rev. D 81 (2010) 106008 [arXiv:1003.2991] INSPIRE].

[9] F. Benini, C.P. Herzog, R. Rahman and A. Yarom, Gauge gravity duality for d-wave
superconductors: prospects and challenges, JHEP 11 (2010) 137 [arXiv:1007.1981]
[INSPIRE].

[10] C.P. Herzog, Lectures on Holographic Superfluidity and Superconductivity, J. Phys. A 42
(2009) 343001 [arXiv:0904.1975] INSPIRE].

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

[12] D. Musso, Introductory notes on holographic superconductors, arXiv:1401.1504 [INSPIRE].

[13] 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].

[14] G.T. Horowitz, J.E. Santos and B. Way, A Holographic Josephson Junction, Phys. Rev. Lett.
106 (2011) 221601 [arXiv:1101.3326] [INSPIRE].

[15] Y.-Q. Wang, Y.-X. Liu and Z.-H. Zhao, Holographic Josephson Junction in 3+1 dimensions,
arXiv:1104.4303 [NSPIRE].

[16] M. Siani, On inhomogeneous holographic superconductors, arXiv:1104.4463 INSPIRE].

[17] Y.-Q. Wang, Y.-X. Liu and Z.-H. Zhao, Holographic p-wave Josephson junction,
arXiv:1109.4426 [NSPIRE].

[18] Y.-Q. Wang, Y.-X. Liu, R.-G. Cai, S. Takeuchi and H.-Q. Zhang, Holographic SIS Josephson
Junction, JHEP 09 (2012) 058 [arXiv:1205.4406] [INSPIRE].

[19] M. Rozali and A. Vincart-Emard, Chiral Edge Currents in a Holographic Josephson
Junction, JHEP 01 (2014) 003 [arXiv:1310.4510] [iNSPIRE].

[20] R.-G. Cai, Y.-Q. Wang and H.-Q. Zhang, A holographic model of SQUID, JHEP 01 (2014)
039 [arXiv:1308.5088] [INSPIRE].

[21] S. Takeuchi, Holographic Superconducting Quantum Interference Device, arXiv:1309.5641
[INSPIRE].

[22] E. Kiritsis and V. Niarchos, Josephson Junctions and AdS/CFT Networks, JHEP 07 (2011)
112 [Erratum ibid. 1110 (2011) 095] [arXiv:1105.6100] [INSPIRE].

[23] S.K. Domokos, C. Hoyos and J. Sonnenschein, Holographic Josephson Junctions and Berry
holonomy from D-branes, JHEP 10 (2012) 073 [arXiv:1207.2182] InSPIRE].

[24] S.A. Hartnoll, Lectures on holographic methods for condensed matter physics, Class. Quant.
Grav. 26 (2009) 224002 [arXiv:0903.3246] [INSPIRE].

[25] S. Sachdev, Condensed Matter and AdS/CFT, Lect. Notes Phys. 828 (2011) 273
[arXiv:1002.2947] [INSPIRE].

[26] S.A. Hartnoll, J. Polchinski, E. Silverstein and D. Tong, Towards strange metallic
holography, JHEP 04 (2010) 120 [arXiv:0912.1061] [INSPIRE].

~13 -


http://dx.doi.org/10.1007/JHEP01(2011)056
http://arxiv.org/abs/1011.2172
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.2172
http://dx.doi.org/10.1007/JHEP01(2014)032
http://dx.doi.org/10.1007/JHEP01(2014)032
http://arxiv.org/abs/1309.4877
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.4877
http://dx.doi.org/10.1103/PhysRevD.81.106008
http://arxiv.org/abs/1003.2991
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.2991
http://dx.doi.org/10.1007/JHEP11(2010)137
http://arxiv.org/abs/1007.1981
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.1981
http://dx.doi.org/10.1088/1751-8113/42/34/343001
http://dx.doi.org/10.1088/1751-8113/42/34/343001
http://arxiv.org/abs/0904.1975
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.1975
http://dx.doi.org/10.1007/978-3-642-04864-7_10
http://dx.doi.org/10.1007/978-3-642-04864-7_10
http://arxiv.org/abs/1002.1722
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.1722
http://arxiv.org/abs/1401.1504
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.1504
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/PhysRevLett.106.221601
http://dx.doi.org/10.1103/PhysRevLett.106.221601
http://arxiv.org/abs/1101.3326
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.3326
http://arxiv.org/abs/1104.4303
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.4303
http://arxiv.org/abs/1104.4463
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.4463
http://arxiv.org/abs/1109.4426
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.4426
http://dx.doi.org/10.1007/JHEP09(2012)058
http://arxiv.org/abs/1205.4406
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.4406
http://dx.doi.org/10.1007/JHEP01(2014)003
http://arxiv.org/abs/1310.4510
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.4510
http://dx.doi.org/10.1007/JHEP01(2014)039
http://dx.doi.org/10.1007/JHEP01(2014)039
http://arxiv.org/abs/1308.5088
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.5088
http://arxiv.org/abs/1309.5641
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.5641
http://dx.doi.org/10.1007/JHEP07(2011)112
http://dx.doi.org/10.1007/JHEP07(2011)112
http://arxiv.org/abs/1105.6100
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.6100
http://dx.doi.org/10.1007/JHEP10(2012)073
http://arxiv.org/abs/1207.2182
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.2182
http://dx.doi.org/10.1088/0264-9381/26/22/224002
http://dx.doi.org/10.1088/0264-9381/26/22/224002
http://arxiv.org/abs/0903.3246
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3246
http://dx.doi.org/10.1007/978-3-642-04864-7_9
http://arxiv.org/abs/1002.2947
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.2947
http://dx.doi.org/10.1007/JHEP04(2010)120
http://arxiv.org/abs/0912.1061
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.1061

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

w
&

)
)

=
=

B.-H. Lee and D.-W. Pang, Notes on Properties of Holographic Strange Metals, Phys. Rev. D
82 (2010) 104011 [arXiv:1006.4915] [INSPIRE].

B.S. Kim, E. Kiritsis and C. Panagopoulos, Holographic quantum criticality and strange
metal transport, New J. Phys. 14 (2012) 043045 [arXiv:1012.3464] [INSPIRE].

V. Keranen, E. Keski-Vakkuri and L. Thorlacius, Thermalization and entanglement following
a non-relativistic holographic quench, Phys. Rev. D 85 (2012) 026005 [arXiv:1110.5035]
[INSPIRE].

U. Girsoy, E. Plauschinn, H. Stoof and S. Vandoren, Holography and ARPES Sum-Rules,
JHEP 05 (2012) 018 [arXiv:1112.5074] [INSPIRE].

L.Q. Fang, X.-H. Ge and X.-M. Kuang, Holographic fermions in charged Lifshitz theory,
Phys. Rev. D 86 (2012) 105037 [arXiv:1201.3832] [INSPIRE].

J.-P. Wu, Holographic fermions on a charged Lifshitz background from
FEinstein-Dilaton-Mazwell model, JHEP 03 (2013) 083 [INSPIRE].

M. Taylor, Non-relativistic holography, arXiv:0812.0530 [INSPIRE].

E.J. Brynjolfsson, U.H. Danielsson, L. Thorlacius and T. Zingg, Holographic Superconductors
with Lifshitz Scaling, J. Phys. A 43 (2010) 065401 [arXiv:0908.2611] [INSPIRE].

S.-J. Sin, S.-S. Xu and Y. Zhou, Holographic Superconductor for a Lifshitz fized point, Int. J.
Mod. Phys. A 26 (2011) 4617 [arXiv:0909.4857] [INSPIRE].

Y. Bu, Holographic superconductors with z = 2 Lifshitz scaling, Phys. Rev. D 86 (2012)
046007 [arXiv:1211.0037] InSPIRE].

J.-W. Lu, Y.-B. Wu, P. Qian, Y.-Y. Zhao and X. Zhang, Lifshitz Scaling Effects on
Holographic Superconductors, Nucl. Phys. B 887 (2014) 112 [arXiv:1311.2699] [INSPIRE].

L.N. Trefethen, Spectral methods in MATLAB, Siam, Philadelphia, 2000.
M. Tinkham, Introduction to Superconductivity, McGraw Hill, 1975.

G.T. Horowitz and M.M. Roberts, Holographic Superconductors with Various Condensates,
Phys. Rev. D 78 (2008) 126008 [arXiv:0810.1077] INSPIRE].

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

K.K. Likharev, Superconducting weak links, Rev. Mod. Phys. 51 (1979) 101 [INSPIRE].

G.B. Arnold, Superconducting tunneling without the tunneling Hamiltonian, J. Low-Temp.
Phys. 59 (1985) 143.

R.G. Cai, L. Li, Y.X. Liu, Y.Q. Wang and H.Q. Zhang, Holographic S-wave Josephson
Junction with Back-Reaction, in progress.

— 14 —


http://dx.doi.org/10.1103/PhysRevD.82.104011
http://dx.doi.org/10.1103/PhysRevD.82.104011
http://arxiv.org/abs/1006.4915
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.4915
http://dx.doi.org/10.1088/1367-2630/14/4/043045
http://arxiv.org/abs/1012.3464
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.3464
http://dx.doi.org/10.1103/PhysRevD.85.026005
http://arxiv.org/abs/1110.5035
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.5035
http://dx.doi.org/10.1007/JHEP05(2012)018
http://arxiv.org/abs/1112.5074
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5074
http://dx.doi.org/10.1103/PhysRevD.86.105037
http://arxiv.org/abs/1201.3832
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.3832
http://dx.doi.org/10.1007/JHEP03(2013)083
http://inspirehep.net/search?p=find+J+JHEP,1303,083
http://arxiv.org/abs/0812.0530
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0530
http://dx.doi.org/10.1088/1751-8113/43/6/065401
http://arxiv.org/abs/0908.2611
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.2611
http://dx.doi.org/10.1142/S0217751X11054632
http://dx.doi.org/10.1142/S0217751X11054632
http://arxiv.org/abs/0909.4857
http://inspirehep.net/search?p=find+EPRINT+arXiv:0909.4857
http://dx.doi.org/10.1103/PhysRevD.86.046007
http://dx.doi.org/10.1103/PhysRevD.86.046007
http://arxiv.org/abs/1211.0037
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.0037
http://dx.doi.org/10.1016/j.nuclphysb.2014.08.001
http://arxiv.org/abs/1311.2699
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2699
http://dx.doi.org/10.1103/PhysRevD.78.126008
http://arxiv.org/abs/0810.1077
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1077
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/RevModPhys.51.101
http://inspirehep.net/search?p=find+Rev.Mod.Phys,51,101

	Introduction
	The gravity setup
	Numerical results
	The case of z=1
	The case of z=2
	The case of z=3

	Conclusion and discussion

