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Abstract We study models of translational symmetry
breaking in which inhomogeneous matter field profiles can
be engineered in such a way that black-brane metrics remain
isotropic and homogeneous. We explore novel Lagrangians
involving square root terms and show how these are related
to massive gravity models and to tensionless limits of branes.
Analytic expressions for the DC conductivity and for the low
frequency scaling of the optical conductivity are derived in
phenomenological models, and the optical conductivity is
studied in detail numerically. The square root Lagrangians
are associated with linear growth in the DC resistivity with
temperature and also lead to minima in the optical conduc-
tivity at finite frequency, suggesting that our models may
capture many features of heavy fermion systems.

Contents

1 Introduction . ... ... .. ... ......... 1

2 The simplest models of explicit translational symme-
trybreaking . . . .. . ... 4
2.1 Polynomial Lagrangians . . . ... ... ... 5
2.2 Relation to massive gravity . . . . ... .. .. 6
2.3 Relationtobranes . . . ... ... ....... 7

3 Squarerootmodels . . . . . ... 9

3.1 Holographic renormalisation for square root models . 10

3.2 Thermodynamics of brane solutions . . . . . . 13
3.3 Two point functions . . . . . . ... ... ... 14
4 Phenomenological models . . . . . ... ... ... 17
4.1 Linearised perturbations . . .. ... ... .. 17
42 DCconductivity . . . . . ... ... ... ... 20
4.3 Parameter space restrictions . . . . . . ... .. 21
4.4 DC conductivity temperature dependence . . . 22

4.5 Finite frequency behaviour at low temperature . 23
4.6 Relation to Drude behaviour

2 e-mail: m.m.taylor @soton.ac.uk

b e-mail: w.woodhead @soton.ac.uk

4.7 AC conductivity numerics . . . .. ... ... 25
5 Generalised phenomenological models . . . . . . . 27
5.1 Scalar fields identified . . . . . ... ... ... 27
5.2 Other square root models . . . . ... ... .. 30
6 Conclusions . . . ... ... ... . ........ 30
Appendix A: Blackening functionroots . . . . . . .. 31
Appendix B: DC conductivity and massive gravity . . . 31
References . . . . . . .. ... ... ... 31

1 Introduction

Holographic modelling of strongly coupled condensed mat-
ter systems has generated a great deal of interest over recent
years; for reviews see [1,2]. It is remarkable that many
features of strongly coupled matter can be captured by
static, isotropic solutions of Einstein-Maxwell-dilaton mod-
els. Nonetheless as one tries to develop more realistic models
itis clear that such holographic geometries cannot adequately
capture many important features of strongly interacting sys-
tems.

The focus of this paper will be on modelling systems with
broken spatial translational symmetry. Realistic condensed
matter systems never have perfect translational symmetry:
the symmetry is explicitly broken both by lattice effects
and by the presence of inhomogeneities. This breaking of
translational invariance is necessary for particles to dissipate
momentum, without which there would be a delta function
in the conductivity at zero frequency.

Diffeomorphism invariance of a field theory implies con-
servation of the stress energy tensor T;; via the diffeomor-
phism Ward identity. If one considers a field theory which has
a conserved current J; and a scalar operator O then diffeo-
morphism invariance is violated whenever there is a position
dependent source A; for the current J; or a similar source
¢ for the scalar operator, and the corresponding operators
acquire expectation values. The diffeomorphism Ward iden-
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tity takes the form
VI(T;) — (J)) Fij 4+ (0)d;¢ = 0,

with Fj; = 0;A; — 3 A;.

From this Ward identity it is evident that one can gener-
ically violate momentum conservation, while preserving
energy density conservation, by introducing background
sources in the field theory which depend on the spatial coor-
dinates. (Note that spontaneous breaking of the translational
symmetry on its own is not enough to dissipate momentum.)
The introduction of such sources is rather natural: a source
for A; with periodicity in the spatial directions represents an
ionic lattice while other lattice effects can be captured by a
periodic scalar field.

Holographically, spatially dependent sources for the con-
served current can be modelled by a dual gauge field which
is spatially modulated. The backreaction of this field onto the
metric and other fields gives rise to fields which are stationary
but inhomogeneous. In (d+ 1) bulk dimensions one therefore
has to solve partial differential equations in the radial coor-
dinate and the spatial coordinates which are only tractable
numerically. Numerical analysis has shown that such explicit
breaking of translational invariance indeed removes the delta
function in the conductivity at zero frequency [3,4].

There is considerable interest in the behaviour of the opti-
cal conductivity o (w) in holographic models at higher fre-
quencies, in the range 7 < w < w, where p is the chemical
potential. Over such a range of frequencies certain high tem-
perature superconductors in the normal phase exhibit scaling
law behaviour of the form

(1.1

o(w) = Ko’ 272 (1.2)

with y &~ 1.35 = 4/3 and K a constant. These systems
are considered to be strongly coupled with the scaling law
potentially a signal of underlying quantum criticality. Rather
surprisingly, the introduction of a lattice into holographic
models not only results in finite DC conductivity but also
apparently induces scaling behaviour in the optical conduc-
tivity for a range of frequencies [3,4] (see also [5,6]):

o] =c+ Ko’ 2 (1.3)

with (c, K) constants, y &~ 1.35 and the phase of the con-
ductivity approximately constant. Note that o here refers to
the homogeneous part of the conductivity.

Clearly it would be interesting to understand the origin of
this scaling behaviour better but the scaling emerges from
the numerical analysis and does not make evident which
ingredients are crucial to obtain a scaling regime. For exam-
ple, it is known that one can obtain scaling behaviour for
the AC conductivity without explicitly breaking transla-
tional invariance; scaling with the correct exponent arises in
Einstein-Maxwell-dilaton models, although solutions with
the required value of y appear to be thermodynamically
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unstable [7]. While one expects that the scaling is associ-
ated with an underlying quantum critical state, the scaling
itself emerges at finite temperature and, from the holographic
viewpoint, is therefore not associated not only with the space-
time region immediately adjacent to the horizon but also with
regions further from the horizon. From this perspective it is
not obvious to what extent the scaling should be sensitive to
the details of the far IR or the mechanism of translational
symmetry breaking.

As explored in [8-10], simplified models of translational
symmetry breaking can be obtained by imposing symmetries
on the bulk solutions: one can tune matter field profiles such
that the metrics for the equilibrium configurations are homo-
geneous but anisotropic. The resulting equations of motion
therefore simplify, reducing to ordinary differential equations
in the radial coordinates, although these equations nonethe-
less still need to be solved numerically. In such models one
does not find scaling behaviour of the AC conductivity, which
indicates that this behaviour is non-generic. An interesting
feature of these models is that one finds transitions between
metallic and insulator behaviour as parameters are adjusted;
see also [11-13] for related discussions on metal—insulator
transitions.

In this paper we will explore the simplest possible models
of translational symmetry breaking, namely those for which
the inhomogeneous matter field profiles are chosen such that
the metrics for the equilibrium configurations remain both
homogeneous and isotropic. The equations of motion for the
equilibrium black-brane solutions can therefore be solved
explicitly analytically. The presence of inhomogeneous mat-
ter field profiles nonetheless guarantees that momentum can
be dissipated by fluctuations propagating around these equi-
librium solutions, and therefore one obtains finite DC con-
ductivities.

Massive gravity models [14—17] have been proposed as
translational symmetry breaking models of this type. How-
ever, massive gravity is a bottom up phenomenological theory
and it is not clear that it is well defined at the quantum level.
The holographic dictionary between the background metric
used in massive gravity and the dual field theory is obscure. It
is therefore preferable to work with models whose top-down
origin can be made more manifest.

Asdiscussed above, switching on any operator source with
spatial dependence triggers momentum dissipation. More-
over, any scalar field action with shift symmetry admits solu-
tions for which the scalar field is linear in the spatial coor-
dinates and thus the scalar contributions to the stress energy
tensor are homogeneous. As shown in [18], by choosing an
action with a number of massless scalar fields equal to the
number of spatial directions one can engineer scalar field
profiles such that the bulk stress energy tensor and hence the
resulting black-brane geometry are both homogeneous and
isotropic. See also the earlier work in [19] in which homo-
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geneous and isotropic black branes supported by fluxes were
classified; it would be interesting to find AdS/CFT applica-
tions for these solutions.

In this paper we will explore general actions with shift
symmetry which admit homogeneous and isotropic black-
brane solutions and realise momentum relaxation. In partic-
ular, we will be led to consider square root terms:

L=—aip Z\/ (0¢1)?
1

(1.4)

where the summation is over spatial directions, labelled by 7,
and reality of the action requires that d¢; is not timelike. Such
Lagrangians clearly have shift symmetry and, as we explain
in Sect. 2, can be used to engineer the required homogeneous
and isotropic geometries.

Square root actions are unconventional but have arisen in
several related contexts. For example, time dependent pro-
files of scalar fields associated with the cuscuton square root
action have been proposed in the context of dark energy
[20,21]. The same action arose in the context of hologra-
phy for Ricci flat backgrounds: the holographic fluid on a
timelike hypersurface outside a Rindler horizon has prop-
erties consistent with a hydrodynamic expansion around a
¢ = t background solution of the cuscuton model [22,23].

We will show in Sect. 2 that the action (1.4) is directly
related to one of the mass terms in massive gravity. Four-
dimensional massive gravity consists of the usual Einstein—
Hilbert term together with mass terms for the graviton g
of the following form:

L =m? ((alx/ gV hyy “F(XZ(gMUhMu —h*hyy) + - )

(1.5)

where h,,, is a reference metric and h*¥ = g*°g"" h,,. The
terms in ellipses are higher order in the reference metric and
vanish in four dimensions when the reference metric only
has two non-vanishing eigenvalues. The coupling constants
o1 and «p are independent.

It was shown in [18] that the a» term of massive gravity is
related to massless scalar fields: the background brane solu-
tions are completely equivalent and certain transport proper-
ties (shear modes) agree. Note that not all transport properties
agree, since the linearised equations are only equivalent for
a subset of fluctuations, those with constrained momenta in
the spatial directions. In Sect. 2 we will show that the «;
term of massive gravity is related to the square root terms
(1.4). Again, the background brane solutions are completely
equivalent and DC conductivities also agree but as in [18] the
models are not completely equivalent; even at the linearised
level the equations of motion for fluctuations with generic
spatial momenta do not agree. The inequivalence between
the models is made manifest when one uses a Stiickelburg
formalism for massive gravity.

There has been considerable debate about stability and
ghosts in massive gravity, as well as the scale at which non-
linear effects occur and effective field theory breaks down;
see for example [24-31]. Clearly all such issues are absent
in models based on massless scalar fields but related issues
occur in the square root models (1.4): perturbation theory
around the trivial background ¢; = O is ill-defined. From
the holographic perspective, it is not a priori obvious that the
bulk fields ¢; are dual to local operators in the conformal
field theory whose dimensions are real and above the unitary
bound and whose norms are positive.

In Sect. 3 we show that the fields ¢; are dual to marginal
operators in the conformal field theory. The bulk field equa-
tions admit a systematic asymptotic expansion near the con-
formal boundary for any choice of non-normalisable and nor-
malisable modes of these scalar fields, in which all terms in
the asymptotic expansion are determined in terms of this data.
The bulk action can be holographically renormalised in the
standard way. This analysis provides evidence that the action
(1.4) is physically reasonable.

We also show in Sect. 3 that correlation functions of the
operators dual to the square root scalar fields ¢; of (1.4) can
be computed in any holographic background in which there
are non-vanishing profiles for these fields. These operators
indeed behave as marginal operators and the norms of their
two point functions are positive for aj, > 0. However, the
expressions we obtain for the two point functions are not
analytic as the background profiles for the scalar fields are
switched off.

The action (1.4) is reminiscent of the volume term in a
brane action. In Sect. 3 we show that such actions can indeed
arise as tensionless limits of brane actions: the fields ¢; then
correspond to transverse positions of branes.

In Sects. 4 and 5 we consider phenomenological models
based on massless scalar fields and square root terms:

1
S = /d‘“’lx«/_—g (R +dd—-1)— ZF2

d—1
- (41/2\/ @Y1 +a (3)(1)2)) :
1=1

Such actions admit charged homogeneous isotropic brane
solutions characterised by their temperature, chemical poten-
tial and two additional parameters (&, 5) associated with the
two types of scalar fields (17, x1), respectively.

We show that such models have a finite DC conductivity,
as expected, and analyse the temperature dependence of the
DC conductivity. The parameter &, which is non-zero when-
ever there are background profiles for the square root fields,
leads to a linear increase in the resistivity with temperature at
low temperature in a field theory in three spacetime dimen-
sions. In dimensions greater than three the DC conductivity

(1.6)
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increases with temperature for all values of the parameters
@, ).

We explore the low frequency behaviour of the optical
conductivity at low temperature, finding that for all values
of our parameters there is a peak at zero frequency, indicat-
ing metallic behaviour. However, we show that our models
do not fit Drude behaviour even at very low temperature:
the effective relaxation constant is complex, indicating that
momentum not only dissipates but oscillates.

Perhaps unsurprisingly, we see no signs of scaling be-
haviour of the optical conductivity at intermediate frequen-
cies but our numerical analysis indicates minima can arise
in the conductivity at intermediate frequencies and low tem-
peratures (in three spacetime dimensions). The behaviour of
the optical conductivity in our models is similar to that of
heavy fermion compounds: these also have a DC conductivity
which increases linearly with temperature at low temperature
and they exhibit a transition to a decoherent phase at low tem-
perature in which the conductivity has a minimum at finite
frequency. In heavy fermions the origin of this minimum is
a hybridisation gap, caused by f-electrons hybridising with
conduction electrons, while the dip in the conductivity in our
model is a strongly coupling phenomenon, associated with
the mixing between scalar and gauge field perturbations.

The plan of this paper is as follows. In Sect. 2 we explore
models for translational symmetry breaking based on shift
invariant scalar field actions and we show how such models
are related to massive gravity and to scaling limits of branes.
In Sect. 3 we analyse square root models, demonstrating that
a well-defined holographic dictionary can be constructed.
In Sect. 4 we build phenomenological models and compute
DC and AC conductivity in these models, showing that fea-
tures reminiscent of heavy fermions are obtained. In Sect. 5
we analyse generalisations of our models. We conclude in
Sect. 6.

2 The simplest models of explicit translational
symmetry breaking

In this section we consider an Einstein—-Maxwell model with
cosmological constant, coupled to matter, i.e. an action

S = /‘dde\/—g (R +dd—-1)— %F2 —i—E(M)).
2.1

The gravity and gauge field equations of motion can be writ-
ten as

1 _
R;w = _dg/w + E(FupFup Fzg;w) + T;w;

1
S 2d—1)

V. (F*) =0, 2.2)
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where T,w is the trace adjusted stress energy tensor for the
matter.

When the matter vanishes, the equations of motion admit
the standard electric AdS-RN black-brane solution:

a2 = & —f( )dt2+d—Z2+d d
_Zz < X -dXg—1 |,

f@ (2.3)

A=pu( —z%7%)dr,

2
f= (1 — moz? + “—zzz(‘f‘”> : 2.4)
Y

where m is the mass parameter and p is the chemical poten-
tial. It is often convenient to choose m such that

u2
f@=0-zH+ ﬁzd(zd*2 -1
and the horizon is located at z = 1. The constant y is given
by

» 2d—-1)

=i 2.5)

We will consider matter actions which are scalar functionals
of the following form:

Sy = / A x/=gL(X) (2.6)

where X = (9¢)?, i.e. the Lagrangian has shift invariance
by construction. The equation of motion for the scalar in the
charged black-brane background is then

vV ¢8£ =0

ex) T
which, due to the shift symmetry of X, always admits the
solution

Q2.7)

d=c=cux’ X=zc-c, (2.8)

for any choice of functional of X and any choice of spacelike
vector ¢.! The stress energy tensor associated with the scalar
matter is given by

5L
3_ 2.9)

1

T;w = 5 (_2(3u¢)(av¢) X + g;w£> .

Evaluated on the solution above, this stress energy tensor is

by construction homogeneous but not spatially isotropic.
Now consider a matter action which is a multi-scalar func-

tional of the following form:

d—1
S = /dd"'lxa/—g > L (2.10)
=1

I One could also choose ¢ to be linear in time, but such backgrounds
would violate energy conservation and will not be considered here.
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where X; = (d¢;)?. The equations of motion in the charged
black-brane background are

Ve oL 0 (2.11)
nw I(SX] =Y, .
which admit the solutions
¢r=ci, X;=z% c, (2.12)

for any choice of functional and any choices of the spatial
vectors ¢; = cj,x“. The stress energy tensor is given by

d—1

1
T =5 Z( 20u1) (Gvp) —

I=1

( 1)

+ guvﬁ(xl)>
(2.13)

A special case in which spatial isotropy is restored is the
following: choose all (d — 1) scalar Lagrangians to take the
same functional form. Then by choosing ¢f = cx¢,
¢ we obtain a stress energy tensor which restores rotational
symmetry in the spatial directions:

( 22 28&17

ie. Cla =

+ (d — l)guvﬁ(X))
(2.14)

Here we use the fact that X; evaluated on the solution is (cz)2
for all values of 1. Therefore for each I, both £(X ;) and its
derivative take the same values, which we denote without the
subscripts.

Another possibility to restore rotational symmetry in the
spatial directions is the following:

d—1
S = /dd+1x¢——gc (; x,)

where X; = (3¢7)%. The equations of motion in the charged
black-brane background remain

(2.15)

3L
V01— ) =0, 2.16
< u®r SXI) (2.16)
which always admit the solutions
¢or=ci, X;=7c-c, (2.17)

for any choice of functional and any choices of the spatial
vectors ¢; = cj,x“. The stress energy tensor is given by

1 SL(X)
T/w = E <_2 Z(%‘Pl)(av@)v + g/LVL(X)) s
(2.18)

where we have defined

X:ZX;.
1

(2.19)

The special case in which spatial isotropy is restored is the

following: choose ¢ = cx%, ie.cjq = cand X = (d —
1)(cz)?. The stress energy tensor is
( Z 2c28ab + g,wﬁ(X)> (2.20)

which is very similar to the previous form (2.14).

In summary, given any Lagrangian functional built out of
(d — 1) scalar fields with shift symmetry, one can construct
solutions for which the stress energy tensor preserves spatial
isotropy and homogeneity. The backreaction on the black-
brane metric therefore preserves the usual black-brane form
for the metric, with a different blackening factor. The break-
ing of translational invariance by the scalar fields ensures
that the momenta of fluctuations can be dissipated. In the
remainder of this section we will consider the physical inter-
pretations of various types of functionals.

2.1 Polynomial Lagrangians

Consider first the case of (2.10). If the Lagrangian is of poly-
nomial form, i.e. £(X) = X™, then the stress tensor takes the
particularly simple form evaluated on the scalar field profiles:

1
Tuw = 5 X" (=2mgay + (d = Dguy)

where g,; denotes the metric in the spatial directions. The
trace adjusted stress energy tensor T, is defined as

1
(d—-1

and is given by

(2.21)

Tyy = Tyy — T8 (2.22)

Tyv = (c2)™™ (—mgap + (m — gy . (2.23)

If the Lagrangian can be expressed as a sum of such terms,
namely £(X) = —) , anX™, the corresponding trace
adjusted stress energy tensor is

Ty = Y an(cn2)™ (mgap — (m — 1)gyu) - (2.24)
m

Note that this class includes the special case of m = 1, i.e.

massless scalar fields.

Scalar field profiles for which the stress energy tensor
preserves rotational symmetry in the spatial directions by
construction give rise to backreacted solutions which much
satisfy the homogeneous black brane metric ansatz

, 1 dz?
ds =z ( F(z)dt +—+dx dxg_ 1)

F(z) (2.25)

A= u(l -z %)dr.

In the limit that the matter fields vanish F'(z) coincides with
the f(z) given in the previous section (2.3). Using the Ricci

@ Springer



3176 Page 6 of 32

Eur. Phys. J. C (2014) 74:3176

tensor for the metric (2.25),

1
Rtt = <—dF + E(d + 1)ZF/ — =Z

2FU> 8tts

1 1
Ry, =< dF +2(d + D2F' — zzzF”> g (2.26)

Ry = (—dF +ZF)gab,

we note that such an ansatz is required given the form of the
matter stress energy tensor.

The solution for the blackening function F can be written
as

F(2) d(cmz)”” (2.27)

=f(z)+232

with f(z) given previously in (2.25). This expression
assumes that d # 2m; in the latter case the solution for
F involves logarithms, i.e. we obtain a term
am(emz)! In(2), (2.28)
which gives rise to non-analytic behaviour.

Solutions to (2.15) in the case that £ is polynomial, i.e.
L = —b,(}_, X))™, are very similar. Evaluated on the
scalar field profiles one obtains

b 2m
Tuv:_?mxm< d— )gab+g/w>»

with X = (d — l)c;zz. Therefore the trace adjusted stress
energy tensor is

(2.29)

1
d-1)
X (_mgab + (m— 1)g;w) .

Ty = —bum ((d _ 1)c,%1z2))m
(2.30)

This coincides with the expression above in the case of m = 1
(massless scalar fields) as the Lagrangians are the same. The
corresponding solutions for the blackening functions are

F(z) = f()+ 3 . d(d — 1" N em2)™, (2.31)
with f(z) given previously in (2.25). Again the case d = 2m

will involve logarithmic terms.

2.2 Relation to massive gravity

In this section we will discuss the relation between massive
gravity and our scalar field models. Let us consider the fol-
lowing Lagrangian:

L=—aip)y V@on>—ar) @x)*.
1 1

(2.32)

@ Springer

The trace adjusted stress energy tensor is

Tp,v a1/2 Z V (a¢l 8uv

2(d

1o 3,10,
201/221:\/Wu¢1 o1

+ar Y uxidvxr (2.33)
I
The scalar field profiles
o1 =cipx’s oy =cx! (2.34)

give rise to a trace adjusted stress energy tensor which is

- 1
le = 501/2(61/21) (gab + g;w) + aj (C]Z)zgab' (2.35)
The backreacted blackening function is
F(z) = — ~ 2,
(@)= f() = l)al/zcuzz - 2)a1(01z)
(2.36)

which in d = 3 has precisely the same form as the massive
gravity solution found in [14].
One can also consider a slightly different Lagrangian

> 0¢n? | —ar (Z(amz>, (2.37)

I 1

L=—aip

for which the trace adjusted stress energy tensor is

- 1
T = 57—y /Z(adm v

1
2— E 3,,¢[3U¢
Y \/§ 1(a¢l) I !

+ar Y duxiduxi- (2.38)
1
Evaluated on the scalar field profiles
o1 =cipx’s oy =cx! (2.39)

the trace adjusted stress energy tensor becomes

1
Ty = ﬁal/z(ﬂﬂ@ (gab + g,w) + a1(c12)*gap-
(2.40)

The corresponding backreacted blackening function is

F(2) = f(z) — ai(c12)%,

1
—3a1/2C1 )28 — T~
d—1)3 /2o (d—2)

(2.41)

which in d = 3 again has precisely the same form as the
massive gravity solution found in [14] and further analysed
in [15,32].
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To understand the relation with massive gravity in four
bulk dimensions, let us first recall that the action for mas-
sive gravity consists of the Einstein—Hilbert terms plus the
following mass terms:

L=m>) ailli(g,h), (2.42)
i
where in terms of the matrix K} = \/gH?h ov
U = IK];
U = [KP - [K2];
(2.43)

Us = [KPP = 3[K] [/cz] +2 [IC3] :
Us = [K1*—6 [/cz] (K48 [IC3] (K13 [K2]2—6 [/c“] :

The notation [Y] denotes the matrix trace. Here h,, is a ref-
erence metric, which can be expressed via a coordinate trans-
formation in terms of scalar (Stiickelburg) fields 7¢ whenever
it is flat, i.e.

By = Napdym®d,m. (2.44)

The unitary gauge is then defined as 7 = x*§}; . The restric-
tion to a degenerate reference metric in which only the spatial
components are non-vanishing was obtained in [14] using
only two non-vanishing scalar fields, 1 and 72, which take
an analogous form to those given above, namely

(2.45)

From the first two terms in (2.43) one obtains a trace adjusted
stress energy tensor

1 1
T/w = Emzal (lc;w + E [K] g//.u)

— m%ar (/cfw — K] /c,w) . (2.46)
The final two terms in (2.43) give rise to a vanishing stress
energy tensor in four dimensions, as expected, as the spa-
tial gauge only involves two non-vanishing eigenvalues for
the matrix. Higher order terms in [XC] would contribute in
dimensions greater than four but massive gravity in dimen-
sions higher than four has not been explored in detail in earlier
literature.

Evaluated on the particular background given by the two
scalar fields

- 1
Ty = §m2a1z(gab + guv) + mParz® gan, (2.47)

where we assume that the metric ansatz g = g» = z 2
remains consistent, which is then justified a posteriori. The
expressions (2.47) and (2.35) clearly match under the iden-
tifications

2 . 2 2
m-ay = ay/2¢1)2; m-ay = ajcy, (2.48)

and (2.47) and (2.35) similarly can be matched.

While the black-brane solutions in our models match those
of massive gravity, itis clear that fluctuations and hence trans-
port properties of these solutions will differ between massive
gravity and the scalar field models. For the terms quadratic
in /C, corresponding to the massless scalar fields in our mod-
els, this issue was discussed in [18]. Focussing on the terms
linear in /C, note that

[K]= v @r")?+ (372)2,

and therefore the second term in (2.46) seems to resemble the
first term in (2.38). However, the scalar fields in the massive
gravity model are assumed to depend only on the spatial
components as given in (2.45) whereas the scalar fields in
(2.38) are completely unrestricted. The first term in (2.46)
can be written explicitly in terms of

IC;,LV = 8upy/ Z(apn)(av”)v

which is not of the same form as the second term in (2.38)
unless we restrict the scalar fields to the form (2.45). In the
background brane solutions the scalar fields indeed neces-
sarily take the form (2.45) but this property cannot generi-
cally hold for fluctuations around the equilibrium solution.
We will show in Sect. 4 why the conductivities nonetheless
match those of massive gravity.

Another conceptual difference between our model and
massive gravity is the following. In our models the scalar
fields ¢; and x; are treated as independent fields but in mas-
sive gravity they are identified as the same field. As we dis-
cuss in Sect. 5, it is, however, straightforward to restrict to
the case in which these fields are identified.

(2.49)

(2.50)

2.3 Relation to branes
From the perspective of top-down models, the appearance of
square root terms is unconventional. In this section we will

show that similar terms can arise from tensionless limits of
branes. Consider the following action:

d—1
S=—bip / d? x| —det (g,w + Z am,am,)
=1

—b1)2 / dtx/—det M.

2.51)

This action can be interpreted in terms of a brane with a
(d + 1) dimensional world volume, which is probing (d — 1)
flat transverse directions. To show this, recall that the DBI
term in the action for a p-brane is

Sppl = —T/dex\/— det(gmnd, XM, XN + F,),
(2.52)
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where T is the brane tension, F,, is the worldvolume gauge
field strength; X™ are the brane positions and gy is the
metric of the spacetime in which the brane propagates. Fixing
static gauge for the brane corresponds to choosing X# = x*
and the gauge fixed action is

SpBI =
—T/dpﬂx\/— det(guy + &muony X™ + gmn 0, XM 0, X" + Fy),

(2.53)

where the transverse coordinates are denoted as X”. When-
ever the background metric is diagonal g,,, = 0. If there
are no Wess—Zumino terms sourcing the gauge field, then
the gauge field strength may also always be set to zero. This
results in a brane probing the transverse directions:

SpB1 = _dep+1x\/_ det(gv + gmndy X™0, X"),

(2.54)

and clearly when g,,, = §,,, the action reduces to (2.51),
with by /> being identified as the brane tension.

The trace adjusted stress energy tensor following from
(2.51)1is

- by an/—det M 1
Ty = — 2N < oy — ———MP Mpggw).
N2 d—1
(2.55)

Again the specific solution ¢; = cx! preserves spatial homo-
geneity and isotropy with the trace adjusted stress energy
tensor being

i 1 2.2\
Ty = —§b1/2(1 +c°z%) 2

2
( — g + czaab> (2.56)
(—a
and the blackening factor taking the form
dz d—1
F(z) = b1 | ————— (1 +c2H) 7.
() = f(2) + b1p2z [ - 1)zd+1( +c72%)

(2.57)

Expanding the second term for small z near the AdS boundary
gives

b L, o2 |
2\ada =1 " 2a -2 :

i.e. there is an effective shift of the AdS radius as well as
subleading terms in the expansion. When d is odd the integral

(2.58)

gives an analytic expression; for example, for d = 3 one
obtains

I 1,5,
F(z) = f(z) = b1y 3 + 56z (2.59)

@ Springer

but d even generates logarithmic terms and therefore F(z) is
not analytic, e.g. ford = 4

1 66

1€ ¢ )

(2.60)

1
F(z) = f(2)—b1)2 <8+ic z —%c Z*In(z) —

Working perturbatively around AdS, this brane type Lagran-
gian leads to a shift in the cosmological constant along with
a spectrum of (d — 1) massless scalar fields, dual to (d — 1)
marginal couplings in the field theory. It therefore reproduces
analogous behaviour to the massless scalar fields discussed
in the previous sections.

Another brane model can be obtained as follows. Consider
(d — 1) branes of equal tension, each probing one transverse
flat direction only:

-1
S=—bip Z/dde\/— det(gpy + 0 ¢rdvgr). (2.61)
=1

Using Sylvester’s determinant theorem this action can be
rewritten as

d—1
S = —bl/zzfdd+1xJ— det g/1+ 0/¢19,¢1. (2.62)
=1

The trace adjusted stress tensor is

;o by Y. ~/—detM;
ny — - 2 /—_g
1 oo
X MIILV — mMI Mlpa'guu (263)
where now
MI/W = 8uv + au¢lav¢l~ (2.64)

The solution with ¢; = cx! is homogeneous and isotropic
with the blackening factor being

FO = f@+bpt [ i)
1
X <1+§c2z2(d - 2)) ,
which coincides with (2.57) ind = 2.
The action (2.62) admits a scaling limit in which the brane

tension is taken to zero by, — 0 with ¥; = by /2¢p; remain-
ing finite. This limit results in

S~ - Zfdd“ V=8 @Yn)?,

which is of the square root form.

(2.65)

(2.66)
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3 Square root models

While one can obtain solutions for any polynomial func-
tional, one would usually restrict to the case of m = 1, i.e.
massless scalar fields. In AdS/CFT the operators dual to these
scalar fields are marginal scalar operators and the bulk scalar
profiles are therefore immediately interpretable in the dual
theory as linear profiles for the associated couplings.

For integer m > 1 the action is higher derivative and for
non-integer m the action would be considered non-local. In
this section we will argue that both cases may in some limits
nonetheless be relevant in bottom up models.

Consider first the case of integer m > 1. In the previous
section, we assumed that the scalar fields appearing in poly-
nomials of different order were independent. However, in the
solutions of interest, the scalar field profiles are the same for
each order polynomial. Therefore there is no reason why we
should not identify the scalar fields, e.g. we could consider

L=—a1) ¢ —ary (3¢’ 3.1
1 1
or
2
L=—a1) (g1 —a (Z(am)z) : (32)
1 1

The fourth order terms can be viewed as higher derivative
corrections to the leading order action; a> should therefore
be considered as parametrically small compared to a; (which
can always be rescaled to the canonical value by rescaling
the fields). However, it makes sense to consider how a small
ap would affect transport and thermodynamic properties of
charged black branes, although we will not pursue this further
here.

Now let us turn to non-integer m, focussing on the case of
m = 1/2, i.e. a Lagrangian of the form

L£=—(¢)2.

Note that reality of the Lagrangian requires that (d¢) is
not timelike. This is certainly an unconventional Lagrangian
in holography, although similar actions have arisen in sev-
eral contexts. For example, time dependent profiles of scalar
fields associated with the cuscuton action

L=+—-(¢)?

have been proposed in the context of dark energy [20,21].
The same action arose in the context of holography for Ricci
flat backgrounds: the holographic fluid on a timelike hyper-
surface outside a Rindler horizon has properties consistent
with a hydrodynamic expansion around a ¢ = ¢ background
solution of the cuscuton model [22,23].

In the remainder of this section we will explore the
behaviour of the (3.3) model. It is subtle to work at linear

(3.3)

(3.4)

order around an AdS background as the corresponding scalar
field equations remain non-linear in this limit: we obtain a
field equation of the form

"z (_1 ms) ~o, (3.5)
V (30)?

where ﬁﬂ is the AdS connection and here ¢ is implicitly

treated perturbatively, i.e. the amplitude of the scalar field is

small.

When one works perturbatively around the AdS back-
ground, we need to take into account the fact that the scalar
field perturbation is of the same order as the backreaction
of the metric. (Note that in the exact, non-linear, black-brane
solutions the backreaction on the metric is indeed of the same
order as the scalar field itself.) It is convenient to express the
coupled metric and scalar field equations using

Vot =0;
_ 1 3.6)
T/w = _Eﬁ(guv + 2U/va)a

where X = /(d¢)? while the velocity field v, is conserved
and satisfies v*v, = 1. In terms of the scalar field one can
express the velocity field as the gradient flow

V.o
vy = ——.

VX
Working perturbatively around the AdS background requires
that ¢ ~ § with § < 1. The metric perturbation is then of the
same order as the scalar field and the non-linearity is manifest
in the fact that the velocity field is of order one.

We can now proceed to solve these equations as follows.

Working perturbatively in the amplitude § let

(3.7)

V=l 0l S+ 06 g = Guv + hiwd + O,

(3.8)

where g,,, is the AdS metric and vy is any conserved globally
spacelike vector in this metric, which can then be normalised
such that vg vou, = 1. Solving the conservation equation up
to order § gives
Vi = —Evouhl (3.9)
withhy = gHVhy,,. Substituting into the trace adjusted stress
energy tensor we obtain at order &

_ 1 _

Tiww = =3h1u0 = 53X @ + 200u000), (3.10)
with /X a function of the spacetime coordinates. There-
fore the metric perturbation /41, is determined by the Ein-

stein equation in terms of 4/ X and the conserved vector field
voy.. Using the linearised Ricci tensor in de Donder gauge
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(V#h1, = 0) gives

1- 1- - _ 1 -

EDhluu + EVMVVhl + hlg;w = Eﬁ(guv + 2UO,uU0v)'
(3.11)

Tracing this equation with g"" results in

Ok + (d + Dhi = (d +3)VX.

Therefore, the leading order defining data is a scalar field sat-
isfying (3.5), which is a non-linear equation; we will discuss
its solution in Sect. 3.3. Note that an asymptotic expansion
of the field equations near the conformal boundary exists as
we will discuss in the next Sect. 3.1.

As in the cuscuton and holographic fluid models, one can
find simple solutions of the equations of motion with non-
vanishing scalar field profiles, and the equations of motion are
linear when expanded around such backgrounds. To under-
stand this, let us consider the action

L=—aip)y (01>
1

(3.12)

(3.13)

for which the coupled gravity/scalar field system admits the
homogeneous and isotropic solution

1 aijaciy2
ds? = = (—(1 - (d/_ 1/) 2)dr?
dz?

ai/2¢1)2
1 - WZ)

+ +dx - dxd_1> (3.14)
with ¢; = c¢12874x¢. This is the ¢ — 0, mg — 0 limit
of the solution given in the previous section. As discussed
above, the backreaction on the metric is linear in the scalar
field amplitude and therefore cannot be neglected even for
small ¢1 2.

Note that when ay/, > 0 the geometry has a horizon, with
the entropy and temperature being

ayjaci 2 d_l.

where G441 is the Newton constant. Analogous behaviour
was noted in the massless scalar field model of [18].If a1 2 <
0 there is a curvature singularity as z — 00; this can most
easily be seen from the expression for the Ricci scalar

_aipcp
T 4nd-1)
(3.15)

S =

4G 441

= (—d(d +1)F —z22F" + 2sz’)

= (—d(d + 1)+ da1/zc1/zz) . (3.16)

The singularity is at infinite proper distance and would pre-
sumably therefore not affect the computation of correlation
functions. It is a good singularity, in the sense of [33], since
it is shielded in the black-brane solutions of the previous
section for which mqy > 0. We will discuss the linearised
equations of motion in such backgrounds in section (3.3).

@ Springer

3.1 Holographic renormalisation for square root models

In this section we explore asymptotically locally AdS solu-
tions of the action

d—1
1 /dd“x«/jg <R+d(d— 1)—a1/zzm) :
1

- 167G 441
(3.17)

Despite the subtleties discussed in the previous section, one
can solve the field equations iteratively near the conformal
boundary and systematically set up holographic renormali-
sation in the standard way [34-36].

The onshell action, including the Gibbons—Hawking
boundary term, is

Sbare = I/dd+1xr< 2d +al/22 v (3¢1)2>

167Gy
S /ddxﬁyK. (3.18)
8 Gyl
One can rewrite the bulk scalar field term as
1 (0¢1)*
— dd'Hx a
16nGd+1f ” ( I/ZZ\/(a@)z)
1
- - dd+1 —
l6nGd+1,/ Tsd2
d—1
¢18“¢1> ( IR ))
X Vil —7—=) -1V | ——
Z( (v(8¢>1)2 V(0¢1)?
1 protor
dx (3.19)
1677Gd+1/ we ”zz< (a¢1)2)

where we use the scalar field equation in the final equality.
In the neighbourhood of the conformal boundary the met-
ric can be expanded as

dp? 1 o
ds? = L4 g, dxidy/ (3.20)
4p = p°"
where
gij = 80)ij (X) + 0" 2g(1)ij (X) + pg2)ij (x) + -
d
+p7 (gyij ) + In(p)hayij) + (3.21)

We will show that there exist scalar field solutions such that

¢1 = Py (x) + pPpy(x) + - - -

+,0%])(¢(d+])/21 ) + In(P)Pat1)/21 (X)) + - -
(3.22)

and the metric expansion takes the above form.
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In the Fefferman—Graham coordinate system the Ricci
tensor can be expressed as

1 —1 12 1 =1,

Rpp = 3 Trig™ )" = 5 Trlg ™ 8") = 75
1 i 1 -1 7

Rpj — EV 8ij — EVj(Tr(g 8));

Rij = Rij + (d — 2)g]; + Tr(g "' g)gij

(3.23)

i B i
—p(2g" —2¢'g7 "¢ +Tr(g™'g)gij —d=L,
where R is the curvature of g;;, for which the associated
connection is V;.

The scalar field equations can be expressed in this coor-
dinate system as

— i
R (4«/ g8p¢1>+p%vi <¥):o,
1

\/__g g p% Yy
(3.24)
where implicitly 8'¢p; = g'/9;¢; and
Yy = \/gfk3j¢13k¢z +4p(@p¢1)*. (3.25)

The trace adjusted stress energy tensor can be written as

Tpp= -t A2 5 L (40
pp—_m_'_zlo_:;/z I Y_I POp10,01
(g 010101 + ——— (3,01 ) ;
4d—1) : d—1
Fo_ a1 .
pr — 2,01/2 - Y] (al¢18p¢1) ’ (326)
- dgij aip 1
Tij = —, ton 1 Y, qip10jb1
+@-D (" ocprangr + 4p(ap¢1)2>gij) :
Tracing the (ij) Einstein equations with g’/ gives
R+2d— DTr(g~ gy — 2pTr(g~g")
+20Tr(g™'¢")? — p(Tr(g~'g")?
1 3o d
- Y ). 3.27
2p1/2a1/2212< 7 +(d—1) i (3.27)

The latter equation is not independent but is useful in the
analysis below.
The leading order term in the scalar field equation is at

order p'/? and enforces
Kl .
\/ 80P 191001 30y
b1 = d—D Voo = ;
\/ 8(0) kP 101¢0)1

(3.28)

where all indices are raised using g/ and V(g);; is the
connection of g();;. This expression may be written more
compactly using the shorthand notation of Y (), for the square
root term as

Yoyr 3 oy
b2 = V)i ( .

(3.29)

Using the radial terms in (3.24) one can see that the normal-
isable mode of the scalar field occurs at order (d + 1)/2 in
the expansion. The coefficient of this term, ¢ +1y/27(x), is
undetermined by the asymptotic analysis. In general one also
needs a logarithmic term at the same order to satisfy the field
equation; this term qg(d+ 1y,21(x) is determined in terms of
o)1 (x), as we will see below.

From the leading p~3/> component of the (pp) Einstein
equation one obtains

1

-1

Tr(g)81) = ai2 Z a-D
1

Yo)1- (3.30)

From the leading p—!/?

tions one finds

component of the (ij) Einstein equa-

1
guyij =aip Y AT ionditor (3.31)
7 ()4

which is manifestly consistent with the trace. This equation
is also consistent with the exact solution (3.14) expressed as
a Fefferman—Graham expansion.
The expansion up to this order is sufficient to determine
the counterterms
1
167G 441

| el
X (2(1 —d) +al/2m;\/(a¢l)2+"') ,

(3.32)

Ser =

/ddx\/—_y

where the first term is the standard volume term derived in
[34,37]. Note that the second counterterm can also be written
as

d—1 i

1 1 '
L I N _ Vi| —— ),
1671Gd+1/ xﬁ“'%-nz;‘b’ ((8(131)2)
(3.33)

using partial integration.

Let us now restrict to d = 2 and calculate the conformal
anomaly and the renormalised mass. We need only consider
the following additional terms in the metric:

Pgwyij + p(gaij +In(p)h@yij) +--- .

(3.34)

8ij = &)ij + o'
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The (pp) Einstein equation at order 1/ p fixes Tr(g(?); h@)) =
0. From (3.27) we obtain

-1 1,2 1 12
R+2(d — I)Tr(g(o)gZ)_(d - I)Tr(g(o)gl) _4(Tr(g(())gl))

2d —
01/224(d l)Y g(l) 9;00)1 kD)1 (3.35)

where the indices of gi{) have been raised with g@i. This
equation can be solved to give

2
Tr(z82) = 3775 8(;1—/21)3 (Z Y“”’)
“%/2(2‘1 —=3) Z X(())IX(O)lij (3.36)
8(d —1)3 Yoy Yoy
with
Xoy1ij = 0id0)10;90)1- (3.37)

The term involving the Ricci scalar agrees with [36]. 2Ind =
2 there is only one species of scalar field and the expression
simplifies to give

_ R 1 .
Tr(g(Oig(Z)) =-5+ —012/23’¢(0)3i¢<0>- (3.38)

2 4

The divergence of g(7) is determined using the order one
terms in the (pi) Einstein equations
(3.39)

. 3a,
Vio)8@ij = 3j90 93 +-

2Y
In d = 2 the rest of g(3);; is not fixed, being related to the
expectation value of the energy momentum tensor. The loga-
rithmic term A ();; vanishes; one can show this using the (i)
equations at order one. Solving the scalar field equation at
order p gives ¢3) = 0, i.e. the logarithmic term in the scalar
field expansion vanishes.

Using these expressions one can show that there is a log-
arithmic contribution to the onshell actionind = 2

1
167Ga /dzx\/_g(O) Ine (R(g0)));

which can be removed by the logarithmic counterterm

1 2
167G /d xy/—yIne (R(y)).

(3.40)

div =

Set = — (3.41)

Note that the metric variation of this term is zero, in agree-
ment with the fact that 4 2);; = 0.

The total action in d = 2 is therefore the sum of (3.18),
(3.32) and (3.41):

Sren = Sbare + Sct + Stinite s (3-42)

2 Note that their curvature conventions differ from ours.

@ Springer

where the last term denotes finite counterterms, i.e. scheme
dependent terms. The most relevant such term, which we will
discuss further below is

/ d*x\/=y(09)2,

where y; is an arbitrary c-number.
Varying the renormalised onshell action with respect to
8(0)ij gives the renormalised stress energy tensor, defined as

: 1
= Limc_0 <m7}j[y]> .

(3.44)

Sﬁnite = (343)

16G

2 ) SEren

v det(g)) Sgéé)

(Tij) =

Here we have analytically continued to Euclidean signature,
under which i S — —Sg with Sg the Euclidean action. From
the terms in the action involving only the metric and extrinsic
curvature we obtain

1
871 G3

(Tij) = <g(2)ij - Tr(g(_()ig(Z))g(O)ij

1 _ 1 _
+§Tr(g(()§g(1))2g(0)ij - ETI‘(g(o%g(n)g(l)ij) ,
(3.45)

in agreement with [36] when g(1);; = 0, and the terms involv-
ing the scalar field give

2
al/ 1
(Tij) = 872G < 00 b0)80)ij — —3 $0)9; ¢(0))
(3.46)
Combining these gives
1 R
(Tij) = 87Ga gij + > 8(0)ij
2 3 1 2
+aip —Z3i¢(0)3j¢(0) + 5(345(0)) goij ) ) -
(3.47)

Note that the additional finite counterterm (3.43) contributes
an additional traceless scheme dependent term

(T3) = SyG ( 3909 b0) + 5 (3¢(0)) g<o>,,). (3.48)

The trace gives

; R
T = ——, 3.49
(1) = 1e- G (3.49)
i.e. the scalar field drops out of the conformal anomaly, as
does the scheme dependent term.

The operators dual to the scalar fields similarly have

expectation values defined as

1 &S 1 88,
(0]) = ——— "% = Limc_y (—ﬂ> (3.50)
Jdetgo) 800)1 €7V 8¢1
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Again this is defined in Euclidean signature. Computing this
quantity in d = 2 gives

_—3(11/2 @_’_ S

(0) = 16263 T, 0%). (3.51)

As anticipated, we note that the expectation value is the nor-
malisable mode, divided by Y(gy. The total scaling weight
is therefore two: the dual operator is marginal, despite the
fact that the normalisable modes occur at order three in
the Fefferman—Graham expansion. The term (O°) denotes
scheme dependent contributions; for the specific countert-
erm (3.43) we obtain

<OV> _ yS

= 3.52
87TG3 ( )

U,
where [ is the d’ Alembertian in the metric g().
Using (3.39) one can obtain the diffeomorphism Ward
identity
Vio)(Tij) = 3j0)(O).
Switching on a source for ¢y which depends on the spatial
coordinates but not on the time coordinate allows momentum
to be dissipated while preserving energy conservation.
For d > 2 we would need to work out the series expan-
sion to higher order and compute additional counterterms.
However, the general structure will be analogous:

(3.53)

d
T:) — _ e
(Tij) 167TGd+1g(d)lj +
(3.54)
(O = — d+1 aipdusni .
16rGar1 Yoy1 '

with the ellipsis denoting terms local in g(o);; and ¢(0);. The
leading term in the stress tensor involving the normalisable
term in the metric expansion is as in [36].

3.2 Thermodynamics of brane solutions

The analysis above allows us to evaluate the onshell action
on black brane solutions (3.14) in d = 2. In three bulk
dimensions the metric (3.14) can be rewritten in Fefferman—
Graham coordinates as

do? 1 12\ 4
ds? — Lz_i__ (H_ap )
4p%  p 4

12
2 ap 2
X (—dt (1—Tzz>+dx ),
(1+=5-)

where we introduce the shorthand notation o = ay zcy)2.
The general solution with parameter mq # 0 is

(3.55)

2

dZ 2
—  +d
(U—az—mod) )

1
ds? = =z <—(l—az—moz2)dt2+

(3.56)

and it can be rewritten in Fefferman—Graham coordinates
using the transformation

Z

=

02 = 1 . (3.57)
1 — Saz+ /1 —az —mpz?
The horizons of the general solution are located at
1
e = ——+ — o + 4my. (3.58)

2mg  2my

We noted previously that when mo = 0 a horizon exists
only for @ > 0. When we allow for my # 0, horizons exist
provided that

o2
mOE_T; a>0 (3.59)
When mg = —“Tz the black brane is extremal. The entropy
and temperature of the black brane are given by
V —z_
_t o= M_ (3.60)

- 4G3z4+ 4

We can compute the free energy from the renormalised
onshell action. We need to distinguish between the case in
which the metric has a horizon and the case in which it has a
singularity as z — oo.

No horizon: In the latter case there are no contributions to the
onshell action from the z — oo limit of the volume integral
and the renormalised Euclidean onshell action is

V1 Ol2
gonshell _ Br o« 2 ’
B 162G, "0 T g A

(3.61)

where we have included the finite counterterm (3.43). Here
Br is the (arbitrary) period of the imaginary time direction.

Computed on (3.14) the expectation value of the scalar
operator is zero, which implies that the stress energy tensor
is conserved. Using (3.55) we can read off

3

1, 1 , 1
g = 0"+ =mo;  gRyxx = S + —my,

3.62

8 2 8 2 ( )

and therefore the conserved mass is

M = /dx(Tn) = 162Gs ((—Z(X — VsCipptmo |-
(3.63)

The thermodynamic relation

— sonshell — g F = Br M, (3.64)

where F is the free energy, is satisfied provided that the coef-
ficient of the scheme dependent term is

L

Vs = _Ecﬁ/z- (3.65)

Therefore the scheme dependence is fixed by imposing the
thermodynamic relation. Note that these solutions are not
however physical as the free energy is unbounded from
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below; they are analogous to negative mass Schwarzschild
and indeed when we consider the limit « = 0, mg < 0 we
recover negative mass BTZ.

Black brane: In the black-brane case the analysis is similar,
but there are contributions to the onshell action from the
horizon limit of the volume integral, resting in an onshell
action

Vi o? o 2
gonshell _ Br o« 2 L2 _ 2
B oG \" T At T2

(3.66)

Here V] is the regulated length of the spatial direction and 7
is the inverse temperature, which is no longer arbitrary. The
conserved mass is as given in (3.63). The thermodynamic
relation

F=M-TS (3.67)
is again satisfied provided that

1,
Vs = —5dip. (3.68)

These solutions have a mass which is bounded from below

> — o
- 327G3

(3.69)

with the bound being saturated by extremal black branes.
This is most easily shown by rewriting the mass as

(3.70)

with the first term being a Casimir term and the second term
showing the expected temperature dependence for a dual 2d
conformal field theory. To derive the first law, note that one
should vary the entropy and mass with respect to the temper-
ature T, keeping the parameter « fixed. Then

1A%
dM = 2—G;TdT. (3.71)
In varying the entropy, it is useful to note that
dzyy = —2725dT (3.72)
and therefore
s = 4%13 (f{*) = %dT, (3.73)

which implies that the first law dM = T'dS is indeed satis-
fied.

@ Springer

The black-brane solutionind > 2 with parameter mqg 7% 0
is

1
ds? = = (— (1— (dafl)z — moz%)dr?

de 2
+ +dx“ ).
(1 — %z — moz?) )

Let us denote the location of the outer horizon as zgp; it is
the smallest value of z at which the blackening function has
a zero. The black brane has an extremal horizon when the
blackening function has a double zero at z¢; this occurs when

(3.74)

d 1
20=—; mp d

and (at fixed ) smaller values of m give naked singularities.
The entropy and temperature are given by

Va— 1 [d
s= Vet T:—<——a). (3.76)
4Gat1zo 4 \ z0
Using (3.54) the mass is given by
M= Va1 ((d — Dmg + Aad> , (3.77)
167[Gd+1

where A is a constant which can only be determined by com-
puting the local terms in (3.54). The first law is proved as
follows: to vary M at fixed « we use

dzo ( d d

dmy = — =2 <_ - a> — 4Tl (3.78)
ZO 20 ZO

Therefore
Vi1 d—DTd

M = Va-r @=DTdo _ 40 (3.79)

4G 41 z8

3.3 Two point functions

Solving (3.5) and (3.1) one can compute the two point func-
tion of the scalar operator in the conformal vacuum. The
linearised equation

G ( ! —%@) =0 (3.80)
V(@¢1)?
admits solutions whose asymptotic expansion around the
conformal boundary is given by (3.22). The two independent
coefficients, ¢ )7 (x) and ¢+1)7(x), are related when one
solves the equation throughout the bulk, imposing regularity
everywhere. Regularity is, however, made more subtle by the
fact that the backreaction on the metric occurs at the same
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order. The two point function for the dual scalar operator is
then given by

(O1(x)01(y))

o (d + Va2 8 (da+1)1(x)/ Yoy1 (x))
= Limg ;-0 ( 167Gyt 3oy (y) T
(3.81)

where the ellipsis denotes contact terms. We also need to take
into account the fact that the backreaction on the metric is at
linear order in the amplitude of the scalar field and therefore

(Ti; (x)O1 ()
d  88wyij(x)

Por 167G g+1 8P0y1 (y)

does not automatically vanish. (Again the ellipsis denotes
contact terms.)

Equation (3.80) is hard to solve. Since it is a non-linear
equation, one cannot Fourier transform along the x' direc-
tions. One can solve for a single Fourier mode, i.e. letting

+ ) (3.82)

B1(z,x") = g1 (z, ke ™, (3.83)
the equation becomes

1 3,0
Ay, | = 91 -0, (3.84)

“ 0d0)? + kiki G2

where we work with the usual Poincaré coordinates for
AdSg+1, namely

2 1 2 i
ds” = Z—z(dz + dx'dx;). (3.85)

The equation can then immediately be integrated once to give

f ¢’ — ok [ 0,61)? + 2§

where k2 = k;jk' and X is a dimensionless constant. This
equation can be integrated to give

(3.86)

kit1zddz
— )Lz(kz)Zd)l/z )
(3.87)

$1(z, ki) = p(ki)e'* iexp (A/ (1

One can fix the constant A by imposing regularity and thereby
relate the non-normalisable and normalisable modes in the
asymptotic expansions. However, since one cannot linearly
superpose such Fourier modes, one cannot use these solutions
to compute the two point function.

Let us now consider perturbations about a background
solution with non-vanishing scalar fields. The linearised
problem is perfectly well defined when the square root terms
are expanded around any non-vanishing background. How-
ever, the metric and scalar field fluctuations are coupled and
the equations of motion need to be diagonalised. If the scalar

field fluctuations were decoupled from those of the metric,
ay2 would need to be positive for the fluctuations to have the
correct sign kinetic term (and hence, correspondingly, pos-
itive norm correlation functions in the holographically dual
theory). Since the metric and scale fluctuations are coupled
one cannot immediately conclude that the sign of the coeffi-
cient a2 in (3.13) must be positive.

We can compute the linearised equations of motion around
(3.74) as follows. We perturb the metric as g, — gy +h
and the scalar fields as ¢; — ¢; + 6¢;. Then the linearised
scalar field equation is

1V <8(a¢1>2)
2 /@2 "\ (0¢1)?

(o) -
"\ Vg2

1 1
=V, | ———=0"" — zhg"")V,¢; (3.88)
V(@¢1)? 2
where we define h = gH"hy,,.
The linearised Einstein equations are
8Ryy = —dhy, + 8TS/? (3.89)
where
1 1 1 0 1 0
SRy = =5 Ohyuy = S VuVoh + SVOVuhpy + SV Vo
(3.90)
and

= (1/2 aiz
ST/ =

2 Z JW
1

+m(6(8¢1)2gw

_15(d¢1)?
2 (31)?

[3M¢13u5¢>1 + 0,8¢10,01

+ (301 huy)

1
(3;@1 1 + dT(a¢I)2g/w):|
(3.91)

where §(9¢;)% = 28"V 0,¢10,8¢1 — h*V3,¢10,¢1. These
equations are complicated, since the scalar field profiles
break relativistic invariance in the d directions (¢, x!). One
can however show that it is consistent to switch on only
her(t,2), h;y(t, z) and 8¢ (¢, 7) for a given value of 7; such
perturbations suffice to compute the autocorrelation func-
tion. The three non-trivial equations are then the (¢7) Ein-
stein equation, the (z/) Einstein equation and the scalar field
equation. Furthermore, one can choose a gauge 7,7 = 0, and
show explicitly that the two Einstein equations are compat-
ible with each other. The resulting two equations are then
simply

F' d c1/2
50 + (F )6¢, 307801 =~ 0 Hir:
(3.92)
1 , a1/2
S0 H — &p, =0,

@ Springer
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where we have defined H,; = h;;z2. One can eliminate H;;
by taking the z derivative of the first equation and using the
second equation. Defining

¢ =z 9Fs¢], (3.93)
the resulting equation is

d(dp Lo, 1
Z ZF¢ ) — fa, ¢ = Eal/zcl/zfl. (3.94)

Note that the term on the right hand side should not be inter-
preted as a mass term in the usual sense, as it does not con-
trol the powers in the asymptotic expansion of the field ¢ as
z — 0. Indeed ¢; admits two independent solutions

e =Cra-ay®Oz2 T 4 Loy (1)

1
+=c12a1280) 1)z + -+,

3.95
p (3.95)
which in turn correspond to an expansion

81 = 8oy (1) + -+ + 8dp(asnyr M+ (3.96)

in agreement with the full non-linear expression given in
(3.22). We can give insight into the powers arising in this
expansion as follows. For a massive scalar field the onshell
action can be expressed as

— / A x /=g (V“¢Vﬂ¢ + m2¢2>

= _fdzﬂf/;v,@ ~ —/ddxzd%lqﬁazda (3.97)
where we use the fact that the metric is asymptotically anti-
de Sitter. Scale invariance requires that the non-normalisable
mode of ¢ scales as z¢~2 and acts as the source for an oper-
ator of dimension A, and the field equation determines that
A(A —d) = m?; the normalisable mode of ¢ is related to the
expectation value of this operator and scales as z* [38,39].

Now let us turn to the square root model. Although the
scalar field fluctuation is coupled to the metric fluctuation,
the latter only affects subleading terms in the scalar field
expansion near the conformal boundary: the leading asymp-
totics are controlled by the first two terms of the first equation
in (3.92). Therefore we can consider only the scalar field part
of the action, i.e.

—aip / dx /=gy (0 + 38¢1)2.

Since this action is expanded around a solution of the equa-
tions of motion, the linear term in §¢»; automatically vanishes
onshell. The onshell action can be expressed as a boundary
term

561056
_ apn [ 220091 )
a’”/ <2¢<a¢1>2)

@ Springer

(3.98)

(3.99)

which gives

1
—01/2/ddx —8¢10:5¢;. (3.100)
€1/22

Suppose the non-normalisable mode of 8¢; scales as z° and
the normalisable mode scales as z**. The boundary term gives
a contribution of order z° when A = d + 1, in agreement
with (3.96).

The two point autocorrelation function can now be com-
puted by solving (3.94) for an arbitrary boundary source
C1(1—a) () subject to regularity; this will determine the sub-
leading coefficients in (3.96) and then

o d+Daip 3¢@snyi(1)
(O10010)) = 167¢1/2Gar1 8y (1)

(3.101)

It is straightforward to solve (3.92) in the limit my = 0
with ¢, — 0, as the fields decouple and therefore one
can immediately solve for the scalar field. In the frequency
domain we obtain

8¢1(w) = 8¢p0y1 (@) (@2) V2K 411y jp(w2), (3.102)

where the Bessel function is normalised so that the asymp-
totic expansion takes the form (3.96) and implicitly we are
now working in Euclidean signature. Working in d = 2,
where the complete expression for the one point function
was calculated in (3.51), we obtain

3
a2 w
22 L0, (3.103)

O1(w,00/(—w, 0)) =
(O1(@,0)01 (-, 0)) 167G 12

where we work in a mixed representation, i.e. frequency
space and position space for the spatial coordinate. This
expression is not analytic as ¢1 2 — 0, i.e. as the background
profile for the scalar field is switched off. Recall that the gen-
eral expression for the Fourier transform of a polynomial in
d dimensions is

/ ddxe—ik-X(|x|2)—)»

_ pd/25d=21 ['d/2-» (k2.

0 (3.104)

which is valid when A # (d/2 + n), where n is zero or a
positive integer. Transforming back to the (Euclidean) time
domain gives

3611/2 1

0100 (1)) = ciplt*
(01O (1)) 6472G3 c1|t|*

+0(ct ). (3.105)

This condition is consistent with a positive norm provided
that aj/2c12 > 0. The off-diagonal correlation function
(3.82) is of order ¢y, or smaller.
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4 Phenomenological models

In this section we will explore the properties of the following
model:

1
T 167Gy

d—1
=3 v + al(amz))

I=1

/dd“x«/—g (R +dd—1)— %FZ
4.1)

where for clarity we now label the two families of scalar
fields as ¥ and y;. The Einstein equation is

Rp.v = _dg;w + T;w
1 o 1 2
—_dguv+5 FuF), _WF 8uv

+Za13 X1dvx1 +Z 2\/%
1

x <3/u/f18u1/f1 + ﬁ(awl)zg,,w) 4.2)
and the other equations of motion are
1
VH (—V,ﬂﬁ,) =0 (4.3)
V@Y?

V. Vixr =0,  V,F" =0.

The homogeneous and isotropic black-brane solutions are
given by

1 dz2
2 _
ds” = Z_2 ( F(Z)dl + m + dx - dx) “4.4)
with
2
F(z) =1- mOZd + mzz(d_l)
)
: Loaenn? “.5)
T8~ e :

where y2 = 2(d — 1)/(d — 2) and my is fixed by demanding
that F (zg) = 0. The Maxwell potential is

Zd

A=pnll1- d dr (4.6)
20

and the scalar fields are given by

X1 = c1x1; v = cl/le. “4.7)

The temperature is given by

S i )
4
1 (d (d—2)*u’z )
=—|——————— —aicizo —aipc .
. 2d—1D 1€120 1/2€1/2
(4.8)
The entropy is
Va-1
S=——7+ 4.9
4Gd+lz()
and the potential ® and charge Q are, respectively,
d—2)Vy_
D = u; = w (4.10)

167G yr12) >

The charge density g is given by O = gV,;_1. The mass is
given by
d—-1

M= 167Gt (mo+---)
where the ellipsis denotes terms involving the non-normal-
isable modes, i.e. & = ajjpcyz and B = alc%. This form
for the mass is consistent with the mass for the standard
Einstein—-Maxwell system; one can show that the first law
dM = TdS + ®dQ is satisfied using analogous steps to
those in Sect. 3.2.

Systematic holographic renormalisation would be re-
quired to determine the terms in ellipses in the (4.11) and
the free energy. The scalar field profiles (4.7) are non-
normalisable modes, associated with deformations of the
dual field theory, and therefore the thermodynamically pre-
ferred state is that with lowest free energy at fixed (c1,2, c1).
It is possible that the homogeneous black branes (4.4) are
not the thermodynamically preferred state, particularly at
low temperatures, but we will not investigate phase tran-
sitions here. Note that the near-horizon geometry remains
AdS, x RI=1 as in Reissner—Nordstréom, and the entropy
does not vanish at zero temperature.

.11

4.1 Linearised perturbations

We now consider linearised perturbations of the fields around
the black-brane backgrounds, such that
8u — glw + hys

Ay — Ay +08AL

Vi — Y1+ 8y

X1 —> x1+38xi1.

4.12)

In the following, all indices will be raised and lowered using
the background metric g,(lov) and its inverse unless otherwise
stated, and all covariant derivatives V will be taken with

respect to the background metric g ). Note that g ) in this

@ Springer
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section refers to the background black-brane metric, and
should not be confused with the leading term in the asymp-
totic Fefferman—Graham metric expansion, g(o);;-

We consider homogeneous fluctuations of the following
form:

1
Z_2 ;w(z);

Sy = e (2);

—iwt

hy =e JA, = e_iwtau(z);

(4.13)
Sx1 =e " X(2).

It is straightforward to show that the perturbations (4, h;y,
8Ay,8x1,6v¢) decouple. One can choose a gauge in which
h;; = 0, resulting in the following equations of motion. The
scalar field equations are

F’ d 2

X+ [F - T} X+ 22{, "”cl ZlH =0, 4.14)
F/ d 0)2 la)Cl/2

\11;’+[F Z]w,+ W g i =0, (415)

The I component of the Maxwell equations and the (z7)
Einstein equations are

F' d-3 w? w(d — 2)z4-3
H[F_ z }a; ﬁ“’_zd——zH’/’:O’
0
(4.16)
iw ai iop(d —2)z971
o t/l /\I-’I—Ll ]XI—T(IIZO.
2F 2z 2Fz)
4.17)

For each value of I, i.e. each spatial direction, we have four
equations of motion. A homogeneous Maxwell field in the
I'th direction is coupled to both the metric perturbation &,y
and perturbations of the scalar fields associated with this
direction.

It is convenient to eliminate H;; by taking the z-derivative
of Equations (4.14) and (4.15), and using Eq. (4.17) to elimi-
nate H/; from the resulting equations. In the process of doing
so it is also useful to introduce the following:

51 — a)_lz_(d_l)FXI/, lz_dF\IJ};

=w (4.18)

we can rewrite the remaining three field equations as

d-3 d-3 w?
el (Z_( - )Fa})/-l- Fal

5 zzz(d—z) 2(d—2)
= (d—Z) " m l(d Z)Mal/Z d B 1
20 20
2(d-2)
=2i(d = 2)paici —5—— pren &1, (4.19)

20

@ Springer

di.d N/ w2
2 (Z°F¢p) +7§1

Li(d —2)pcip 1 2
= _T/al + zal/zcl/zfz + zaw]cl/zél,

= ZO
(4.20)
d—1),.d—1 ’ w2
N N
i(d—2)pc
=—— —a taypcily + 2!116%51. 4.21)
20

To analyse these equations further it is convenient to
rewrite the perturbation field equations in a dimensionless
form by making the coordinate change r = nz, and rescal-
ing the sets of perturbations a; = ,ud_2a1, E; = &r/cy2,
£ = pér/c1. After making these changes the field equa-
tions are simply

s F d-3 N @?
a —_ = Cl —a
1 F , 1 F 1
1 S 2(d—2)_ F2d=2)
=7 d-2) <%) ar—i(d—2) 2 ady

S2d-2) __
—i(d =2)——-B&1 |,
)
2

F d
h—l—[ :|§1+ §1

1 ]1i(d—-2)_
= ﬁ|: rg ar+agy +,3§1i|

-2

o F d—17:
§1+[F+Ti|§1+ —5&

i(d—2)_
:F —

o

ar+ag; + ﬁ§11| (4.22)

where @ = w/u and ro = nzp. We have also introduced the
shorthand & = aj,2¢1/2/p and ,B = 2alcl/u
It is immediately clear that these equations imply

—2

r U Fy — T FE) + (;1 - —&) =0  (423)

and hence there exists a quantity

S
k1 =rlF (Cl - ;51) ,

which is radially conserved in the @ — 0 limit. One can
easily show that, in the near-boundary limit, k; = O (r¢*!)
and hence vanishes on the conformal boundary for all . We
know that «; is also radially conserved in the @ — 0 limit

(4.24)
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and hence it must vanish everywhere in this limit. Conse-
quentially we find that

0 1-
& = ;51 (4.25)
in the @ — 0 limit.

The equations can be diagonalised to make manifest the
existence of two massless modes, and hence two conserved
quantities in the zero frequency limit. The eigenvectors are

3 i ond—2 (g 9),2(d=2)
_ B |- iar - 1- id—2)r =
== la - - &) -5 |;
n=gla- 5 \u i a2 &

_ @1 iprr o 1. i(d —2)r2d=2 _
== |- _ - ez e
=7 |:ra1~|— 7o\ r%‘[ + 32 ¢

7 1 [ @=22. i@-2,.- -
P = aBB [ r2d=2 = a2 (“51 +ﬁ$1)} :
(4.26)
where the quantity B is defined as
o 2(d-2)
_ & - (7
Bry=s+p+@-2 <_> : @27)
r 0

It is clear that A;; and A,; are massless modes as their equa-
tions of motion are

_2 -
d—3 = w°B - iapr, d-
I A= , 4.28
Br A J_a (4.28)
-2 5 o~ d=2
4 w°B - iafr, d
I —Ay = — 4.29
ar 1721 + 7 T, K (4.29)
where the two momenta are given by
_ . i(d — 2)r2d=2) .
My =r"“3F [a, - %g, , (4.30)
"o
= . id—2rT3
My =r @3F {a, + %g, (4.31)
r
0

and are radially conserved in the @ — O limit. It is clear that

My — ; = i(“[”,izz) k7 and hence not only are they con-
¥

served in the ® — 6 limit but they are also equal throughout
the bulk in this limit.

To progress further we need to work out the asymp-
totic expansions near the conformal boundary for the var-
ious fluctuations fields under consideration. The three sets
of fields ay, ¢;, &/ have both homogeneous and inhomo-
geneous contributions. Since the field equations (4.19)—
(4.21) are second order linear ODEs we expect each field
to have two homogeneous contributions: one correspond-
ing to a normalisable mode, and one non-normalisable.

Since we are primarily interested in computing the con-
ductivity we will turn off the non-normalisable modes
for the scalar fields, which correspond to perturbing the
sources for the dual operators in the field theory. (Note
that the background solution still has sources for these
operators.)

We make the following ansatz for the asymptotic expan-
sions of the solutions to the full inhomogeneous equations:

oo
= szal(k) +ara-nz?logz 4,
k=0

oo
o=y 2w+ lan logz+ -
k=0

o0
x &=y FEa +Ea T+,
k=0

(4.32)

where the logarithmic terms are included at the orders at
which normalisable modes appear. The ellipses denote fur-
ther logarithmic terms which we will not need here. Anal-
ysis of the field equations results in the following. From
the Maxwell field equation we find that as usual a;() =

- = ay-3) = 0 and hence the leading order terms in a;
are
ar = ago) +ara-»2'? +0Eh (4.33)
where we can identify the coefficients a;) as the dual
first order perturbation to the gauge potential and a;—2)
is related to the expectation value of the dual current.

For the scalar fields the leading order terms in the expan-
sions are

1
¢r =<0+ 612 (i(d = 2)par )

+a12810) +2a1c1iép) 2+ -,
/2810 ) (4.34)

1 .
§&r==E&r0 + 24¢! (id —2)pao)

+a12¢1(0) + 2a1¢1€1(0)) 24

The dimensionless fields therefore have the following asymp-
totic behaviours:

ar = a0y +ara—r* +o0Y o =) + 00,

2,2
- o0,
o

Er =E10)+ 00 (4.35)

;
a
Iy =(d —2)aja—2 + O(r).

| —

Mp=apo) + -
Note that the near-horizon expansions of the fields are
ar = (z = 20)"”/" @laf' + 0((z - 20))],

tr = (z —z20)' T O + 0z = 201,
g1 = (z—z20) /T OEN + 0((z = z0))],

(4.36)
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with (a}'l , ¢ IH JE IH ) constants, or in terms of the dimension-
less fields

ar = (r = roy/" ™ [afl + 0t = o)),
& = (r =T [¢f + 0 = o))

& = (r =) /T0 [Ef 4 0((r = o))

(4.37)

In the zero frequency limit, k7 is zero, as it must vanish at the
conformal boundary and is conserved. This in turn implies
that ¢ IH =& IH /ro in the zero frequency limit.

Putting this information together, one can show that a
combination of the two massless modes is asymptotic to the
source for the gauge field, i.e.

A =M1+ Ay = aroy + O(Zz). (4.38)
The equation of motion for this mode is given by

—d-3)| 5 = & = C?)zé -
r BTl + 71'11/21 + T?»I =0. (4.39)

It is also clear that ITj; and ITj/2; have equivalent near-
boundary behaviour:

My = —2)aju-2 + 0(z) =Iyj21, (4.40)
which is not surprising as they only differ by a multiple of
iy which vanishes in the z — 0 limit.

It is clear from equation (4.39) that ITy;/A; ~ O(a?%)
and 1:11/21/5»1 ~ 0(6)2). Similarly we know that 1:111/)_»1 ~
O(®) and 1,27 /A1 ~ O(®): these conditions are satisfied
at the horizon due to in-going boundary conditions and are
conserved throughout the bulk by the field equations. We will
use these properties in deriving the DC conductivity below.

Finally we note that the 13; field equation is given by

0= Bhas +ry 243 [((d 2)2(3d — 5)rir
+r3r3(@(d = 2) + Brid = D) F + 13 FB | sy

+r70 (—&r3 +2(d — 2)3r2dr_2(d_2))

95

X F @ =D Py + Ly By
r —2d —7F d
o T = 03apr + (@ = *r¥rj(2d - 3%
,, d,.—(d+5)
+Q2d —4)*Br)s; + W

X (ré"r“aﬂ(nu — M) —(d— 2)% g

x ((2d — 3)aT 2 + (2d — 4)Brﬁ1,)) (4.41)
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and, in terms of the eigenmodes, I1;; and I, /21 are given by

My =r"Y3F [il, + s +af@d — 4r57,,
(d 2)2 2(d— 2)
SO ()
B o

My =r “IF [iu +hor +@B2d — 325,

(d 2)2 2(d-2) .
—O{ (r()) riog | .

We will use the structure of these equations to derive the DC
conductivity below.

The equations of motion of the massive modes A3; are
schematically given by

(4.42)

(4.43)

Lsksr + p3(Mhsr + @°q3(r)hsr ~ T (4.44)
where L3 is a linear differential operator, and p3(r), q3(r)
are functions of the radial coordinate r with no frequency
dependence. The massless modes only couple to A3y viaIly;
and the As; equations of motion hence yield A3y ~ I;. The
conjugate momentum takes the form
My = P(r)ir + Q(r)As; (4.45)
where again P (r) and Q(r) are functions with no frequency
dependence. From this we deduce that Iy, ~ X and hence,
recalling that ITy; /A; ~ O(®), weknow thatA; /A; ~ O(®)
as w — 0. We will use this property below in deriving the
DC conductivity.

4.2 DC conductivity

In this section we will compute the DC limit of the optical
conductivity. Since the equations in different spatial direc-
tions decouple and are identical, we now restrict to pertur-
bations in one of the boundary spatial directions which we
will label by x. The optical conductivity in this direction is
defined as

(Jx)
iwAy ()

where A, (g) is the source for the x component of the boundary
current and (J) isits expectation value. The DC conductivity
is defined by

opc = lim oy (w), (4.47)
w—0
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and due to the symmetry of the background and of the equa-
tions of motion takes the same value along all spatial direc-
tions. Note that the source is given by

Ax(O) = ax(o)e_iwt (4.48)
and the expectation value of the current is given by
(Je) = (d = Dar—2e " + -+

where for notational simplicity we set 167 G441 = 1 for the
remainder of this section.

The holographic optical conductivity can be expressed in
terms of the dimensionless fields as

(4.49)

Gx (w) Ax(d—2)

i a)ax (0)

=(d-2)- (4.50)

with the DC conductivity being the @ — 0 limit of
this expression. Using our knowledge of the asymptotic
behaviour of the massless modes and conserved quantities
we now define the auxiliary quantity
243 fim L

@0 WAy

opc(r) = 4.51)

From (4.38) and (4.40) it is clear that this quantity coincides
with the DC conductivity at the conformal boundary. How-
ever, we will now show that this function is conserved to
leading order in w and it can thus be evaluated at any value
of the radius.

Our equations of motion have a similar structure to those
in [18,32] and therefore the proof that (4.51) is a conserved
quantity closely follows their proofs. Radial conservation of
(4.51) at leading order in the frequency requires that

d (Hlx) _ 1:fl)c - szlx):\_x _ 0(5)2).
dl” Ax Ax Ay Ay

This result follows if the following three results hold:
Mix/hy ~ 0@%); Mix/hx ~ O(@) and Ay /Ay ~ O(@)
as w — 0. However, we already showed that all three condi-
tions hold in the previous section.

Since (4.51) is radially conserved we can calculate its
value on the horizon giving

(4.52)

o - (d 2)2
2 =1 — 4.53)
M ,3 +ary 0
Reinstating all parameters explicitly we obtain
d 2 2,,2
opc =2,V 1+ g _)1 (4.54)
2aici +zo aiac1)2

and consistency with [18] can easily be verified. Consistency
between this resultind = 3 and the massive gravity results of

[32] can also be seen simply by identifyinge = L =r, = 1,

2 =1/2,and B = —ajc?,a = —ay ¢ 2. Note that the DC
conductivity is not temperature independent in three dimen-
sions, whenever the square root terms are non-vanishing; we
will analyse the temperature dependence below.

The background brane solutions coincide between our
model and massive gravity. The DC conductivities agree
since the fluctuation equations also coincide for homoge-
neous fluctuations carrying no spatial momenta. We show in
Appendix B that the fluctuation equations in our model and in
massive gravity are completely equivalent at zero frequency.

4.3 Parameter space restrictions

At this point in our analysis we need to place restrictions on
the parameter space to obtain a physical model. Any phase
of our system can be fully described by three dimensionless
parameters: T = T/, /3 = 2111C1/M and @ = ayac12/1
where we have used the chemical potential w to fix the scaling
symmetry. Given these values we may use (4.8) to fix the
horizon location 1tzo:

Axt+a+a/ (4nt+a)2+2d P? 2
P2 P 7& 07

d 2
Frria P =0

nzo = (4.55)

where P2 = B + (d 2) .

Positivity of the norms of the two point functions of the
scalar operator dual to the massless scalar field (or, equiva-
lently, absence of ghosts) requires that a; > 0. Since ¢; and
W are real, /3 > 0 and hence P> > 0. The sign of & is more
subtle, as it depends on ay,2, c¢1/2 and u. The non-linearity
of the square root terms however prevents us from placing
restrictions on the sign of aj,>. Previously we showed that
ay2¢1,2 should be positive when 1 = 0 = a;. This suggests
a should be positive, for positive i, and negative for negative
. .

The B > O constraint is the only one that we can apply
without direct knowledge of the sign of 1. We now consider
the cases of positive and negative y separately, imposing the
following constraints:

e T > 0: The system has a non-negative temperature.

e 7o > 0: The black-brane horizon location is at a real and
positive position in the holographic bulk direction.

e opc > 0: The system has a non-negative conductivity.

e f(z) > 0forz € (0, z0): The point z = z¢ is indeed the
true horizon location, no other horizons exist between
this and the boundary.

We do not consider the . = 0 case here.

For positive chemical potential, the temperature constraint
T > O translates simply into T > 0. Imposing zo > 0
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requires the root MZ(J)F to be the horizon location. Positive
DC conductivity requires

d—2)?

T L (4.56)
B+ a(uzo)~!

since we know that zg > O for all & by construction. The
constraint is automatically satisfied foraz > 0,i.e.aj/2c1/2 >
0. The constraint can be satisfied for negative &, but only for
a finite range of temperatures. Since we wish to consider
only systems which exist for arbitrary temperatures we must
therefore restrict to & > 0.

Recall that our blackening function F'(z) is given by

(d —2)(nz)*@=b
2(d — 1)(uz0)2@-2
Ca(pz)  Bua)?

d—1 2d-=2)

Fz)=1— Zij(uz)" +

(4.57)

where the mass parameter m is given by

mo 1 B anzo
pd  (uzo)? d—1
2 B d—2
+ (1z0) (—2(d_2)+2(d_1)>] (4.58)

We must place the constraint that F(z) > Oforall0 < z < z9
to ensure that zg is in fact the true horizon of interest. This
condition is equivalent to the statement that F'(z) has no real
roots in the open interval z € (0, zp) which we prove in the
appendix.

For negative chemical potential, T < 0 and the correct
choice of the horizon location is uz . Positive DC conduc-
tivity requires that @ < 0, so aj2ci2 > 0. In the table
below we summarise the restrictions necessary for a realistic
model:

w>0 n<0
a1>0 a1>0
aipcry >0 aipcry >0
B>0 B>0
a>0 a=<0

nzo = puzg >0 nzo = pzg <0

Note that the restrictions discussed in this section do not
ensure complete thermodynamic stability as other possible
phases have not been investigated here.

@ Springer

4.4 DC conductivity temperature dependence

The DC conductivity of our model in terms of the dimen-
sionless parameters is given by

(d —2)?

d-3 __ —(d-3)
DC/ 1 (n ( FERTERET

) . (4.59)

The model presented in [18] found that opc was independent
of temperature in d = 3 at fixed §. This can indeed be seen
from the above. Due to the presence of this additional & term
and the accompanying factor of (11z0)~' our model is not
independent of temperature even in d = 3.

Using (4.8) one can show that

d(uzo) _  8m(pz0)*d — 1)
dt  P%(uzo)?*+2d

(4.60)

and thus pzo decreases monotonically with 7. In the bulk this
corresponds to the location of the horizon moving towards
the boundary as we go to higher temperatures.

One can also show that

d d
( obc ) 4z [(d =375 (o)™

dr \ pud=3 dr

2 —(d-1 7
(@ —2)*(nz0) a} “60)

(B+(1z0)~1a)?

and hence we can see that, in d = 3, opc will increase
(decrease) with 7 if & is negative (positive). For d > 3, the
DC conductivity always increases with temperature.

Figure 1 shows a plot of opc/u? 3 as a function of 7 for
various choices of @ and 8 in d = 3. The DC conductivity
decreases linearly with temperature for 7/ < 0.5 and the
slope decreases at higher temperatures.

— d=3,a=0,3=2, >0 --- d
— d=3,a=1,3=2, >0 --- d
1.50 frrmmmrmmmm e fe e

1.45

-3

1.35

d
Tpcl i

1.30

1.25

1.20

1.15 ===
210 -05 0.0 05 1.0

T/u

Fig. 1 Plots of opc/pu¢ =3 against T/ in d = 3 for the given values
of & and B Solid lines denote results for the u > 0 branch, dashed lines
denote results for the < 0 branch. Note that opc decreases with T’
for & non-zero
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10

_10
210 —os 0.0 05 1.0

T/u

Fig. 2 Plots of opc/ =3 against T/ in d = 4 for the given values
of @ and B. Note that opc is strictly increasing in 7

Recall that for the u© < 0 plots decreasing T corresponds
to increasing 7. The symmetry between the ;© > 0 and the
i < 0 branches is easily understood because &(/,LZ())_I is
invariant under 4 — —u, & - —@, T — —T.

Shown in Fig. 2 is a plot of opc/u? ™3 against  for the
same choices of & and 8 in d = 4. Note that the reflection
symmetry between the > 0 and ;& < 0 branches is broken
due to opc/u? =3 gaining a minus sign due to the odd power
of uin the u < 0 branch. We note that for d > 3 opc always
increases with T, even in the @ = 0 case, whereas in d = 3
it is constant or decreases with T'.

4.5 Finite frequency behaviour at low temperature

The low frequency behaviour of the AC conductivity at low
temperature can be obtained by rewriting the fluctuation
equations as Schrodinger equations and matching asymp-
totics between the IR and UV regions. This technique has
been applied to a number of AdS/CMT models; see for exam-
ple [7,12,40-43].

Following this framework we work in the near extremal
limit and apply a matching argument to relate the IR Green
functions to the UV current-current Green function via

Im[GE. /(0. 1)) =) d"Im[G o, (@. T)]  (4.62)

M

where M runs over all the IR irrelevant operators Oy cou-
pling to the current J*, and d¥ are certain numerical con-
stants whose values are unimportant for our discussion. The
operators involved are the current itself and the two scalar
operators dual to the scalar fields associated with the x direc-
tion, corresponding to the perturbations a,, Xy, W,.

The strategy is as follows. The fluctuation equations, after
decoupling, can be brought into Schrodinger form:

2 _ _ c
H+w*H—V(p)H =0, V(p)zp—‘;’+---, (4.63)

where dots denote derivatives with respect to a suitably
defined radial coordinate p. Expressed in this form one can
immediately extract the scaling behaviour for the imaginary
part of the Green function of the field H; with dual operator
Op [12,43]:
(G, 0, (@ < 1, T = 0)] ~ V41, (4.64)
The scaling behaviour of the real part of the optical conduc-
tivity is then given by

1
Re[o(w < pu, T =0)] = alm[G";xjx (0 <, T =0)],
(4.65)

where we have used the Kramers—Kronig relation, and is
therefore controlled at low frequency by the lowest (IR)
dimension operator. From the analysis in the previous sec-
tions we know that our system has two massless modes, i.e.
two marginal operators, and we will now show that the third
mode corresponds to an irrelevant operator in the IR.

All three field equations for the linearised fluctuations
involve terms of the form

w2

(z°FH'Y + FHZ_‘S. (4.66)
For generic § and H(z) we can bring (4.66) into a form
more easily related to the Schrédinger form by making
the change of coordinate z — p and change of variables
H(z) = z*/2H (p) where we define the radial coordinate as

do

= F L 4.67
dz ( )

Carrying out these substitutions yields

w? —-8/2 _ .. ~ _
@OFHY + % = [+ ol = Vi) |
(4.68)
where the potential term Vs(p) is given by
8 2 .
Vs(p) = @((8 +2)F° —2zF). (4.69)

The blackening function in the near-horizon (IR) limit, in the
extremal case, is given by

1
F@) =5~ 20)?F"(20) + O((z — 20)®). (4.70)
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Since the extremal limit of the black-brane solution occurs
when F(z9) = F'(zo) = 0 the parameters are related as
follows:

2 2
4 u aijaci)2 aicy
mo=zy +——75— a1 2"
Y2 (d — 1z, (d —2)z
4.71)
(d —2)u’zg
TO =d —aipc1220 — alc%z%. 4.72)

The near-horizon geometry remains AdS; x R?~! in the
presence of the scalar field profiles.

Recalling the definition (4.67) of p, the Schrodinger coor-
dinate, it must have the following relation to z in the extremal
IR limit:
+0(z—20)7)

o= 4.73)

 F"(20)(z — 20)

so the z — z¢ limit corresponds to the p — oo limit. In this
limit,

2 R
Flp)= ——— 4+ 0(p %, F(p)=——— 1 0(p*
(») F”(zo)p2+ () (») F”(zo)p3+ (™)

(4.74)

and thus
Va(p) = ——— + 0(p*) (4.75)
= iz P '
where

2dd—1) 2d—3
F'(20) = ——— — aippcijy —2(d — 2aict

20
4.76)

where we have used the conditions F(zp) = 0 and F'(zo) =
0 to eliminate mq and u?/y?, respectively, in terms of the
other parameters. Clearly V,, ~ p~ in the IR limit.

After performing the change of coordinate z — p as
discussed above, and introducing the new variables a; =
az¥9=312 ¢ = 7792, & = £z7@=D/2 the three field
equations read, in the IR limit

2 —
o 2 2.2 . 1/2
a—l—a)a—i[d—Z ,ua—ld—2pLa Z g

F”(Z()) 2 ( ) ( ) 1/2 0

— 2id = Dpareig | + 007,

) , ~1/2 1
+w =7|:ld—2 C1/22 a—+ai ez
e ¢ F(z0)p? ( YUC1/22 1/2€1/2Z9 &
+ 2a1c1c1/2£] + 00,
E+ol = ———id—Ducra+apaz
F'0)p? e

+ 2a163] + 00, @.77)

@ Springer

This system can be decoupled with the following linear com-
binations of fields:

_ iay; (d=2)n aici2
M=a=—n +’< c wd-2)%
nzy (d—2) 1 Hz0
d—2 2a,¢? 2iajc
o=a+iz? @=2p —L - g
c12 pcip2(d —2) pu(d —2)
iain 2iacy
M=a— gy - ot (4.78)
nzyfd-2) wd=2)
which have field equations:
hit o’ =0(p7);
i+t =073, (4.79)
.. 2
W3+ =—(d—22 2 4 2a1c
3 3% Fieo)p? ( ) 1cq

+al/261/2161) A3+ 0(p7?).

From these we can read off the various coefficients of interest
to be

0 2v
C =V, C = )
” P F o)

v=(d—-2)u*+ al/zcl/zzal + 2a;c}

Chy = 0,
(4.80)

and so the IR Green functions have the following scaling
behaviour:

Im[G)If]M ((,L) <L W, T = 0)] ~w,
Im[Gfm(w <, T=0)]~w,
Im[GE, (0 <, T =0)] ~ VIV )T

(4.81)

Hence the dominant behaviour of the optical conductivity is
Re[o(w < u, T = 0)]

SVF"(zo)~1+1-1 _ pwr
N{w Fl(ao) <80 <0 o

1 v > 0.

In the previous section we derived restrictions on our param-
eter space and with these restrictions v > 0 and thus the
third operator (dual to A3) is irrelevant. Hence the dominant
behaviour of the optical conductivity is controlled by the
marginal operators,

Re[o(w < i, T =0)] ~ 1, (4.83)
which is consistent with metallic behaviour. In the next sec-
tions we will however show that our models do not behave as

ordinary metals with sharp Drude peaks but instead display
features more reminiscent of heavy fermion systems.
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4.6 Relation to Drude behaviour

As discussed in [15], in Drude metals momentum is dissi-
pated since

Ty = (I F'! — (e + p)r . (4.84)
Here I denotes a spatial direction; i denotes all d spacetime
directions; J' is the current; F'/ is the gauge field strength;
7, is the relaxation constant; ! the spatial velocity; ¢ the
energy density and p the pressure. This equation reflects a
loss of momentum density at a rate proportional to the veloc-
ity. Noting that in equilibrium the momentum density P’ is
7% = (e + p)u!, the quantity 7, can be interpreted as the
momentum relaxation timescale; the equation above is the
covariant generalisation of

—— =gel — — (4.85)

with ¢ the charge density and e/ the electric field. In such a
model the optical conductivity takes the Drude form, namely

oDC

e (4.86)

o(w) =
where 7, is the relaxation time given above and the DC con-
ductivity is opc.

In the models analysed here, momentum relaxation is gov-
erned by the Ward identity

d—1
VAT = (IVFij 4+ (0j%01(Oy,) + 3 x0)1{O0y,)) -
I=1
(4.87)

In the equilibrium black-brane configurations the gauge field
strength of the source Fj; is zero and the expectation values
of the scalar operators vanish. Working to linearised order in
the perturbations

d—1
3(ST;;) = q8Fyj + Z%‘I (c1/2(80y,) + c1(80y,)),
=1
(4.88)

where ¢ is the background charge density, defined below
(4.10). The time component of this identity reduces to

3 (8T™%) = 0, (4.89)
so energy is conserved, but momentum is dissipated since
' (3Tir) = g1 + (c1280y,) +¢c180y)) . (4.90)

The operator expectation values can be expressed in terms
of terms in the asymptotic expansions near the conformal

boundary as follows:

(8T1) = d(8g(ayr) = de™" Hiay1;
SE; = 3,8A0) = —iwe " aq)r;

d+1
(60y,) =al/2( E )

5
el Cal 4.91)

d+1)
c12
(60y,) =2a1d8 x@ay1 = 2a1de_i“”X(d)1.

—iwt .
=aip e "Wt

The expressions for the stress energy tensor and the oper-
ators dual to the square root fields follow from linearising
the expressions given in (3.54) (with 167 G441 = 1). The
metric and scalar field perturbations are expressed in fre-
quency modes in (4.13); H,);; refers to the coefficient of
the z” term in the asymptotic expansion as z — 0. The
expressions for the expectation values of the operators dual
to the massless scalar fields follow from those given in [44],
taking into account the non-canonical normalisations of the
fields.

The Ward identity (4.90) can therefore be expressed in
terms of the following algebraic relation between terms in
the asymptotic expansions of the fields:

idoHgyr = iwgagyr + (d + Daip¥aryr

+2daic1 Xy;- (4.92)

This identity is the leading order component of the equation
(4.17) as z — 0;recall that the diffeomorphism Ward identity
follows from the (z/) Einstein equation, which is equivalent
to the (¢/) Einstein equation (4.17). This equation is only of
the form (4.85) if the last two terms are proportional to the
momentum density, i.e. H)s, with a real coefficient of pro-
portionality. In the linearised limit, all normalisable modes
are proportional to a(); but the constants of proportional-
ity depend on the frequency and are complex. There is no
guarantee that in the @ — 0 limit the expression above can
be written in the form (4.85) with a real relaxation constant.
As we discuss in the next section, fitting the conductivity in
our model to the Drude form requires a complex relaxation
constant, i.e. momentum oscillations as well as dissipation.

4.7 AC conductivity numerics

In this section we explore the behaviour of the AC conductiv-
ity by numerically solving the linearised perturbations equa-
tions. To find the values of o (w)/u? > numerically we use
a Mathematica code to solve the shooting problem of solv-
ing these ODEs with the desired near-boundary asymptotics
and in-going boundary conditions at the horizon. The code
calculates the r series expansions of the dimensionless per-
turbations near the horizon and the boundary with some ran-
domly chosen initial data. This initial data is then used in
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Fig. 3 AC conductivity in
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Fig. 4 AC conductivity in =01
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Mathematica’s NDSolve function to integrate the ODEs to
some pre-determined point in the bulk. At that point the dif-
ference between the perturbations and their first derivatives
coming from the two ends is computed. The process is then
repeated for some initial data that is close to the randomly
chosen data to construct an approximation to the Jacobian.
We then proceed via the multivariate secant method of root
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0.2

0.4 0.6 0.8 1.0

w/p

finding to find initial data that is a better approximation to
the true data that causes the difference function to vanish.
We analysed the case of d = 3 but a qualitatively similar
behaviour is likely to occur in other dimensions.

Included in Figs. 3, 4, and 5 are plots of our numerical
results for the temperatures T = 0.1, 0.2, 0.3, 0.4,and t =
0.5 with various model parameters, in all cases in d = 3.
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Fig. 5 AC conductivity in — —01
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The numerical values of o (0) show good agreement with
our analytic expression for opc, with no difference above
the scale of accuracy set by our integration.

Using the numerical results one can also investigate the
fit to a Drude peak at low frequency. The numerics show that
one can only fit to a Drude formula using a relaxation time
7, which is complex; therefore our system does not behave
as a Drude metal even at very low temperature.

Unlike [3,4], we see no clear signs of scaling behaviour
of the optical conductivity at intermediate frequencies,
T < w < u. The AC conductivity displays several
features similar to that of heavy fermion compounds.
Heavy fermion materials also have a DC resistivity which
increases with temperature, with a transition from normal
metal behaviour to hybridised behaviour occurring below
the decoherence temperature. In the hybridised phase f-
electrons hybridise with conduction electrons, leading to
an enhanced effective mass and a hybridisation gap. Fig-
ure 5 shows that the peak in the conductivity sharp-
ens at low temperatures, and a minimum in the con-
ductivity develops for < 0.2 at intermediate frequen-
cies w/u ~ 0.5. The minimum is enhanced by increas-
ing @ and decreasing B (i.e. increasing the amplitudes
of the square root scalar fields and decreasing the ampli-
tudes of the massless scalar fields). In our models the
minima in the conductivity are strong coupling phenom-
ena, with the reduced conductivity being associated with
increased amplitudes of the scalar field fluctuations at these
frequencies.

w/p

5 Generalised phenomenological models

In this section we consider other phenomenological models
based on actions with massless scalar fields and square root
terms.

5.1 Scalar fields identified

As we noted earlier, our results for the DC conductivity repli-
cate the massive gravity results and indeed extend them to
d > 3. To compare further with massive gravity we should
identify our two sets of scalar fields: ¥; = ;. At the level
of the action this is just a simple substitution:

1
S = / ditl /=g <R +dd—1)—-F?
M 4

d—1
= a2y O¥n? +a) (aw,)2>) :
I

=1

5.1
and similarly for the Einstein equations:
1 A 1 2
R//,v =—dg;w+§ F//,)LFv _mF 8uv
—! a2 1
duvridvr + —(w,fgw)
IZ [2\/ (V1)? ( d—1

+ 013u¢13v¢1i| (5.2)
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with the Maxwell equations being unchanged. The field equa-
tions for the scalar fields become

Vi |:(2a1 + al#) V“lﬁ1:| =0,
V(@y)?

which clearly reduce to the field equations for the indepen-
dent fields case when either one of aj,, or a; vanishes. We
shall make the same ansatz for the black brane as earlier, with
the blackening function being

(5.3)

L @-Y N 2(d-1)
F(z) =1-moz +—2(d_1)(uzo) (ZO>

Ca(uz)  Bua)?
d—1 2d-2)

5.4

where now 8 = 2a1c¢*/p* and @ = ayppc/m, and ;= ex?.

This F (z) was to be expected as at the level of the background
spacetime imposing ¥; = x; is equivalent to imposing c; =
12 =cC.

Now consider homogeneous finite frequency perturba-
tions around this background as before. The perturbation
analysis for the metric and Maxwell fields is effectively
unchanged whereas the scalar field perturbations ¥; =
cx! 4+ e "W (z) now yield

y F'od—1\ _, o iwc
W+ (G T ) W Y ey

F F? F?
) F'od—1
—c Hzl+ F—T H;
a2
2w~ cHyp), (5.5)
CcZ

which reduces to either of the previous two perturbed scalar
field equations in the appropriate limits. We shall once again
work in the gauge H,; = 0. The other two perturbation
equations are simply:

. i(d —2 d—1
gH;/I — ¢ <al/2 T 2a1> v - 1= Dpert ar =0;

€z Zg_z
F' d-3 w? (d—2)uz¢3
" /
al+|:__ :|a1+_2a1_THﬂ 0.

(5.6)

We can again eliminate H,; from the scalar perturbation
equations by defining a new variable

g =w 'z7@D <a‘i + 2a1> FY), (5.7

cZ
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which yields the following pair of field equations:

d-3 d—3 w?
3@ Fa)) + —a

d=2)*u? 2(d—2) id—=2)uc 549z .
=" aaa ¢ @t T e
20 20
2

2a1cz + a2 cz? -, "ow?
F z
( czd 2a1cz + ain 1) + F 1

2aicz +ay | id —2)uc 9=
= — cz d—2 a —«¢ EI 5

(5.8)
20

which reduce to the equations found earlier and in previous
works [12,18] in the appropriate limits.

The mass matrix has vanishing determinant and as such
one massless mode can be found. Consider the following
combination of fields:

i(d—2uz*3 -
A= a & |;

1
— | aj — 1
B(2) [ 26 > Qarcz +aip)
N 1 (d _ 2)2M2Z2d_3
2 = -
B() | 25" (2a1¢2z + aija¢)
i(d—2)pz?3
y) &r |,
zg ~Qaicz+aip)

ajy

(5.9)

where the coefficient function B(z) is given by

(d _ 2)2M2Z2d_3

B(z) =1+ — .
2“2 Qarc?z + aiae)

(5.10)

The field equations for A1; read

/
(d— i(d—2)uzd _
@y - A= DR —
QRajcz + al/Z)Zo

3-d, 2 ; 243

77w id—2)uz -

+ aj — d—2 %‘I = 0
25 “Qaicz +aip)

or, equivalently,

(.11

2
_ B
¢ 3H/I+T)tll =0

(5.12)

where I1; is given by

M, =z Y9 3Fd) -

i(d —2)pz? -,
it )“Zd_ng, (5.13)

(2aicz + a12)z

and is radially conserved in the limit @ — 0.
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For convenience we can rewrite I1; in terms of the modes
A17 and Ay using the following relations:

ar =,y + Azar;
g _id=2u iz872Qajez + aip) (5.14)
1= 1 —

242 pu(d —2)z24-3

With these relations one can show that IT is given by

M; =z “3IFBr; 4+ 2d —3)z7 @ Py

2aicz

7@y (5.15)

2a1cz + a; /2
Notice that, in the case ay,2 = 0, this reduces to the previ-
ously known conserved quantity of [18].
The asymptotic and near-horizon analysis performed ear-
lier is largely unchanged. We already know the asymptotic
behaviour of the Maxwell perturbation a;:

J eiwt
_a(O) {(J1) dez

5.16
Ty (5.16)

from our earlier analysis. It is also clear that, as long as
arpy # 0, § ; has one normalisable mode zO, and one non-
normalisable mode z=@=1_ In the case a; s2 = 0 this non-
normalisable mode becomes z~(¢~2) and the analysis reduces
to that in the previous work of [18]. Again we wish to turn
off boundary sources for these perturbations, so we turn off
non-normalisable modes. The asymptotic behaviour is thus
given by

§=£"100). (5.17)

The coefficient 1/B(z) has asymptotic behaviour given by

I d=27%1* 5y 3

—=1- z
B(2) cal/2z(2)(d72)

+ - (5.18)
and hence the massless mode A1;, and conserved quantity
I1; have the following asymptotic forms:
My = (Jpe'™ +--

rr=a? 4. (5.19)

The near-horizon behaviour of the Maxwell field is unchanged:

ar = (z — 20)" /Tt + 0((z - z0))]. (5.20)

Making a similar ansatz to the earlier case one can deduce
that, to leading order, we have

&=z — 20" OE + 0(z - 201 (5.21)
Recalling that the optical conductivity is defined by (4.46)

and that the DC conductivity is the @ — 0 limit of this we
define the following auxiliary quantity:

opc(z) = lim (5.22)

w0 iwhi]

Following the same steps as earlier we can show that this
quantity is radially conserved and thus we may evaluate it on
the horizon to find its value. Clearly opc = lim;_.0 opc(z)
from the above analysis. Hence the DC conductivity for this
model is given by

—(d-3
opc = opc(z0) = Zo( 'B(z0)

- d —2)*u?
_ 3><1+#>,

2a1c? + zalal/zc
This is consistent with our earlier result where the two sets
of scalars were treated as independent fields and it is also
consistent with [18,32].

To understand the behaviour of the optical conductivity we
first consider the low temperature, low frequency behaviour.
In the extremal limit one can express the fluctuation equations
near the horizon as

(5.23)

. 2 2,2
= —|(d -2
a; + w ay F(2) 2 [( ) utar
—i(d — 2)uczg‘2§1] +0(pd),
_ 2Q2a; + 4L2)
2 €z0 . 2—d

+ w =——[ld—2 czy ‘a

&1 &1 F (o) ( ez “ap

——czél] +0(p™).  (524)

These equations are diagonalised by the combinations

(d—2uzy? .
M =aj — —0_1 I
Raic+aipzy )
izg_2 -

n(d—2)

(5.25)
A2p =ajy +

resulting in

M1+ othi = 0(p7d),
2

F"(z0) p>
2.2 2 —1 -3
X ((d—z) w4 2agc + aipczg >)\.2[+0(,0 ).

X + @il = (5.26)

Therefore one obtains one massless mode and one (IR) irrel-
evant mode, whose dimension is as before, with the identifi-
cation ¢; = cy/2 = c. The massless mode controls the con-
ductivity, which therefore has a peak at zero frequency. Since
the fluctuation equations are similar to those in the previous
section, we would expect a qualitatively similar behaviour in
this model.

@ Springer
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5.2 Other square root models

The final model we will consider is
1
S = / dxy/=g | R+dd—1)— ZFz
M

d—1 d—1
—ar Yy Oxn)* —aip | Y (0y1)? (5.27)
1=1 I=1

In general the scalar fields can no longer be considered inde-
pendently of each other, unlike the previous case. The black-
ening function in this model is

d=2°p* 22D ajciz? _aicipz
2d=1) @2 d=2  (d-D¥
(5.28)

F(z) = 1—moz +

which is consistent with that of massive gravity in d = 3.
Now let us consider perturbing the background solutions:

Y1 — Y1 +8vr, (5.29)

with corresponding perturbations of the gauge field and met-
ric. At the level of perturbation analysis and of the back-
ground metric, the change ) _, \/(81//1)2 — \/Zl ()2 is
equivalent to the rescaling a1/2 — ay2/(d — 1)1/2. We can
show this as follows. The two Lagrangians are

d—1
Ly =aip Z\/ (0Y1)?,
=1

d—1
Ly=aj; | Y _@vn>
=1
(5.30)

When one evaluates these Lagrangians onshell with the val-
ues Y; = ex! + S8y (t, z) to leading quadratic order in the
perturbations 81y one finds:

d—1
1
Li=aip ((d — ez + 5 — Z(aaw1)2> :

=1 (5.31)

a =
Lr=—"— (@~ Dez+—) @y)?),
2= GO (( ez + 5 12:;( 1//1))
which are clearly equivalent under the identification a;/» =
aj P /(d—1/2, Any result we found earlier for the model of

Sect. 5 can therefore be applied to this model with a rescaling
of a; /2-

@ Springer

6 Conclusions

In this paper we have focussed on simple models of explicit
translational symmetry breaking. The main advantage of
these models is that the brane backgrounds are isotropic and
homogeneous and can therefore be constructed analytically.
The holographic duals to the bulk symmetry breaking can
also be explicitly identified, unlike in massive gravity models,
and correspond to switching on spatial profiles for marginal
couplings in the field theory.

Couplings growing linearly with spatial directions repre-
sent a qualitatively different mechanism for momentum dis-
sipation than lattice and phonon effects in an ordinary metal.
It is therefore perhaps unsurprising that our models do not
exhibit ordinary metal behaviour. Nonetheless these models
do show a peak in the optical conductivity at zero frequency;
the DC resistivity increases linearly in temperature at low
temperature in three boundary dimensions and by tuning the
parameters one obtain minima in the optical conductivity at
finite frequency. These features are reminiscent of strange
metals and heavy fermion systems and suggest that it may be
interesting to explore such models further.

The novel phenomenology is associated with the square
root actions (1.4): when this term is switched off one does
not find linear growth of the DC resistivity with tempera-
ture, for example. Despite the apparent non-locality of this
action, we showed in Sect. 3 that the holographic dictio-
nary is well defined and one can work perturbatively about
any background solution for this action. Moreover, we can
view (1.4) as a scaling limit of a brane action (2.61). Brane
actions exhibit no non-analytic behaviours when the back-
ground field profiles vanish and should give a qualitatively
similar phenomenological behaviour to (1.4). It would there-
fore be interesting to develop top-down phenomenological
models based on branes, which capture the desirable features
of (1.4).

One issue with our black-brane backgrounds is that they
have finite entropy at zero temperature, indicating that they
may not be the preferred phase at very low temperatures.
Generic Einstein—-Maxwell-dilaton models admit Lifshitz
and hyperscaling violating solutions whose entropy scales to
zero at zero temperature; see [8,41,42,45-53], and it would
be straightforward to extend our discussion of translational
symmetry breaking using massless and square root scalar
fields to such models.

Acknowledgments Both M.T. and W.W. acknowledge support from
STFC. M.T. acknowledges support from a grant of the John Templeton
Foundation. The opinions in this publication are those of the authors and
do not necessarily reflect the views of the John Templeton Foundation.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the



Eur. Phys. J. C (2014) 74:3176

Page 31 of 32 3176

source are credited.
Funded by SCOAP? / License Version CC BY 4.0.

Appendix A: Blackening function roots

Theorem Let F(z) be the smooth polynomial obeying the
Einstein equation and the constraints F(0) = 1, F(z9) = 0,
F'(z0) = —4xT <0, with B > 0 and &@/(uzo) > 0. If z is
a root of F(z) in the open interval (0, zg) then F'(z.) < 0.

Proof Using the Einstein equation one can prove that at any
root z. of F(z):

d_2 . 2(d—1)
P = —d 4 —2(( = 1)) (120)? (j—o)
~ 3 2
L Gmze B(uze) (A.1)

d—1 2d-2)
and hence one can show that

2 F'(z¢) — 20 F' (20)
G Y A
BECED A [(w) Hr

Buz0)? | [z
V) [(5) _l]'

Consider a root F(z.) = 0 where z. € (0, z9). Clearly
(z¢/z0)" < 1 for any positive integer n > 1. We know
by assumption that B > 0, (uzO)z, apuzo > 0, hence
72cF'(z¢) < z20F'(z0) = —4n T < 0. Therefore F'(z.) < 0.

O
Lemma If T > 0 or F'(z0) > 0,T = O then F(z) has
no roots in the open interval (0, zg). (Note that F" (z) is

automatically positive at T = 0 given the constraints of the
previous theorem.)

aZ0 Z—C—l
d—1 [ 20

(A.2)

Proof of lemma We know that, since F'(zg) < 0 and
F”(z0) > 0, F(z) must be positive before the root. Since
we also know that F(0) = 1 is positive, there must be an
even number of odd multiplicity roots and there can be any
number of even multiplicity roots in the open interval (0, zg)
to ensure that we can continue from a positive value at 0 to a
positive value just before zg.

We know that if z. is a root, then F’(z.) < 0. Thus there
can be no even multiplicity roots or odd multiplicity roots of
multiplicity larger than 1. This is because of the fact that if
p(x) = Oisapolynomial with arootat x = x. of multiplicity
n, then p’(x) has a root at x = x, of multiplicity n — 1.

We also know that if z. is a simple root of F(z) then it
must have F’(z.) < 0. There is no way to reconcile having
a non-zero number of such roots with the requirement that
F(z) must be positive just before the root z = z¢. O

Appendix B: DC conductivity and massive gravity

One can also obtain the DC conductivity by switching on zero
frequency perturbations, i.e. working strictly in the @ = 0
limit. In this case the Maxwell equation and the (¢/) com-
ponents of the Einstein equation immediately decouple. The
Maxwell equation is

ol + [% - ?} g W_TZ)ZHH;, —0. @1
which can be rewritten as
(Fz3~%a), — pu(d — 2)H;;)' = 0. (B.2)
The Einstein equation is

1 . F . (F dF
— S FHl +5-(d = DH] + <? - Z—2> Hi

- %(d —2)puzd! (—Fa} + j:?ﬂzd lHtI)

+ %al/ZCI/ZZHtI- (B.3)

In the Einstein equation, the term in the second line is the
contribution from the scalar field parts of the action.

Now let us compare these equations to those arising in
massive gravity. The Maxwell equation is identical and the
first line in the Einstein (7 /') equation is the same. The contri-
bution in the second line is replaced by the contribution from
(2.46). Linearizing the latter around the background solution
gives

1
8T, = EmZC(lZHtI, (B.4)

which using (2.48) implies that these perturbation equations
match between massive gravity and the scalar model and
therefore the DC conductivities must match.
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