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ABSTRACT: A class of (241)-dimensional quantum many body system characterized by
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can be described by a (341)-dimensional dual gravity theory with negative cosmological
constant along with a massive vector field, where the scaling symmetry is realized by
the metric as an isometry. We calculate the entanglement entropy of an excited state
of such a system holographically, i.e., from the asymptotic perturbation of the gravity
dual using the prescription of Ryu and Takayanagi, when the subsystem is sufficiently
small. With suitable identifications, we show that this entanglement entropy satisfies an
energy conservation relation analogous to the first law of thermodynamics. The non-trivial
massive vector field here plays a crucial role and contributes to an additional term in the
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1 Introduction

When a system is in thermal equilibrium, it can very well be described by a few macroscopic
quantities, like, temperature, pressure, volume, energy, entropy and various chemical po-
tentials associated with conserved charges of the system. The system is governed by certain
laws called the thermodynamical laws by which these quantities are related to each other.
One such law is the first law of thermodynamics which simply describes the conservation
of energy of the system, in particular, it relates the change in energy (dE) to the change
in entropy (dS) or the amount of information stored in the system by a proportionality
constant, the temperature, i.e., dE =T4dS.

It is, however, not so easy to describe a system when it is away from equilibrium. For
a quantum system even if it is away from equilibrium, the quantum information can be
encoded in a quantity called entanglement entropy (see [1-7]). The energy of the system can
also be given independently whether it is at or away from equilibrium. Then it is interesting
to ask whether an analogous thermodynamical first law like relation holds good even when
the system is away from equilibrium. This question was addressed [8] for some excited state
(also see [9, 10] for related works which compute the holographic entanglement entropy for
excited states) of certain quantum system and then studying the relation of the change
in entanglement entropy obtained by holographic method [11, 12] and the corresponding
change in energy of the excited state of the system. It was indeed found that for sufficiently
small subsystem, the change in entanglement entropy is proportional to the change in
energy, where the proportionality constant is related to the size of the entangling region.
Identifying the proportionality constant as the inverse of some temperature, the so-called
entanglement temperature, we get a first law in analogy with first law of thermodynamics.

The simple first law where the change in entanglement entropy is directly proportional
to the change in energy is not necessarily true always. It is true for the case studied
in [8], where it was the consequence of the choice of translationally and rotationally in-
variant excited state. However, for rotationally non-invariant (anisotropic) excited states
the change in entanglement entropy will not only involve change in energy, but it will also
involve a pressure-like term as obtained in [13, 14]. So, defining a new pressure-like quan-
tity called the entanglement pressure one can still get a modified first law in analogy with
thermodynamical first law.



However, in all the cases the first law of entanglement thermodynamics were obtained
by studying the relativistic system. In this paper we look at the excited state of a non-
relativistic system, the Lifshitz system in four dimensions, where there is no conformal
invariance. Not only that, the excited state we consider will be non-isotropic. So, the
change in entropy will involve apart from an entanglement pressure term an additional
term which is related to the entangling region and in analogy with the first law of ther-
modynamics can be identified with an entanglement chemical potential and a first law-like
relation can be written. To be precise, we start from a dual gravity solution in four space-
time dimensions which admits a Lifshitz scaling symmetry. The solution follows from a
four dimensional gravity action with a cosmological constant and a massive gauge field. We
consider an excited state corresponding to an asymptotic Lifshitz solution obtained in [15]
by perturbation and solving the linearized equations of motion in the radial gauge. We
compute the entanglement entropy of this excited state on a strip-type subsystem using
holographic method and find that it is finite and contains three terms proportional to en-
ergy, pressure and a term which can be identified with a chemical potential. With proper
identifications we recover a first law-like relation - a first law of entanglement thermody-
namics. In the relativistic limit we find that the chemical potential term vanishes and we
recover the relativistic result obtained before when the space-time dimension is four.

This paper is organized as follows. In the next section we give the relevant part of
the holographic stress tensor complex for a four dimensional asymptotically Lifshitz theory
as discussed in detail in [15]. In section 3, we compute the holographic entanglement
entropy of this excited state of the Lifshitz system and obtain the first law of entanglement
thermodynamics. Then we conclude in section 4.

2 Lifshitz theory and holographic stress tensor

In this section we will briefly review the asymptotic perturbation of four dimensional Lif-
shitz theory and the associated holographic stress tensor of the theory [15]. We here
mention the relevant part of the stress tensor complex (required for obtaining the first law
of entanglement thermodynamics in the next section) for constant perturbation of four
dimensional Lifshitz theory. It is well-known that a four dimensional Lifshitz metric can
be obtained from a bulk action (see [16, 17] ) of the form,

1 1 1
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where A, is a massive gauge field and A is a cosmological constant. The equations of

motion following from the above action are,
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Choosing A = —3(2? + z + 4) and m? = 2z, the equations of motion (2.2) have a solution
of the form [15]

d 2
ds® = —r®2dt? + r?(da® + dy®) + r%

A = arfdt, o= m (2.3)

z

The solution has a Lifshitz scaling symmetry: t — A\*t, ¢ — Az, y — Ay, r — A", where
z is the dynamical scaling exponent and « is a constant as given above. The solution (2.3)
is the gravity dual of a (2+1) dimensional quantum many body system with a Lifshitz
symmetry near its quantum critical point. A complete action including a boundary term
which is on-shell finite and leads to a well-defined action principle is given as,
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where {¢ are the boundary coordinates and h,g is the induced metric on the boundary.
K = hafBKag is the extrinsic curvature, where K, = V(,ng)y with n%, a unit vector or-
thogonal to the boundary directed outwardly. Sgeriv are terms involving the derivatives
of the boundary fields. We will ignore this term as it will not contribute for the constant
boundary fields in our case. The above action can then be used to define the stress tensor
of the boundary theory by varying it with respect to the boundary metric. Since here
the boundary theory is non-relativistic, instead of a fully covariant stress tensor, one can
define stress tensor complex consisting of energy density, energy flux, momentum density
and pressure density which satisfy the conservation relations. For the calculation of entan-
glement entropy we will need only the energy and the pressure densities as we will see in
the next section.

Now instead of the Lifshitz solution (2.3) which corresponds to the ground state we
will consider an excited state by perturbing the solution as follows [15],

d 2
ds® = =12 (1 + hyy(r))dt2 + 12(1 + hag(r))da® + r2(1 + hyy (r))dy® + %2
+2[=r% 015 (r) + 209, (r)] didz + 2[=rPv1, (1) + 1?2y (r)] dtdy + 2r*hey (1) dady

A= ar®[(1+ a(r) + %htt(r))dt + vig(r)dx + viy(r)dy] (2.5)

Note that (2.5) gives an asymptotically Lifshitz space-time when hy(r), hea(r), hyy(r),
V1(7), v22(1), Viy(1), voy (1), hay(r), and a;(r) go to zero as r — oco. Here h,, = 0 gauge is
chosen. Also we have assumed the perturbations to be constant in the boundary directions
and so, a, = 0 by equation of motion. Note that the perturbations have been split into
scalar, vector and tensor parts and because of the rotational invariance of the background



in the z-y plane they don’t mix with each other. Now defining

hu(r) = f(r)
hae(r) = k(r) + tq(r)
hyy(r) = k(r) —ta(r)
ar = j(r) (2.6)

the linearized action can be obtained by substituting (2.6) in (2.4). This action has been
shown in [15] to be finite on-shell and the various components of the stress tensor complex
can be found by varying the action with respect to the boundary metric. We here give the
expressions of the energy and pressure densities that we will need later. In terms of the
functions defined above they have the forms [15],

Ty = —rit2 [2r8rk(r) +a? (zj(r) +roh(r) + %r&r f(r))]
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We also need another function obtained from the linearized action by varying with respect
to the massive gauge field and having the form,

so(r) = ar®*2 [zj(r) + 1o, <; £r) + j(r))] . (2.8)

This is not conserved but will be useful to express the extra term that appears in the
entanglement entropy to be discussed in the next section. The equations of motion following
from the linearized action can be explicitly solved in the radial gauge and the normalizable
solutions for j(r),k(r), f(r) and t4(r) can be obtained. The solutions have quite different
forms for z = 2 and z # 2 and therefore we give the solutions separately in the following [15,
18, 19]. For z = 2,
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and for z # 2,
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1 c1 (3z—4—p.) c2
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td2
tq(r) = rzt+2 (2.10)

where 32 = 922—202+20 = (2+2)?+8(2—1)(2—2). Note that in the above c1, ¢y and t 4o are
integration constants. There are other integration constants in the solution which have been
put to zero, by coordinate redefinition and to recover asymptotic Lifshitz solution (2.3).

One of the constants in (2.10) involving term with a fall-off 3 (226

) has been set to
zero since it gives a divergent contribution for z > 2 and it gives non-normalizable mode
even for z < 2 [19]. These solutions can be used in (2.7) to find the finite energy and the
pressure densities (or their expectation values) in terms of the parameters or the constants
of the solution. We will also compute so(r) using these solutions. Note that we have not
given the solution for vi4(7), viy(r), varz(r) vey(r) and hgy(r) explicitly since they will not
be needed for the computation of the entanglement entropy of the excited state which we
turn to in the next section.

3 Entanglement thermodynamics and a first law for the excited state

In this section we will compute the (shift in the) holographic entanglement entropy of the
excited state due to the metric perturbation (2.5) as given in [8, 20]. The entangling region
is taken to be a strip with width ¢ given by

—ggxgg, 0<y<L (3.1)
with | < L, i.e., we consider a thin strip. The standard procedure [11, 12] of computing the
holographic entanglement entropy is to minimize a surface embedded in the time slice of
the bulk geometry and ending at » = oo with the boundary coinciding with the entangling
region. Then the entanglement entropy would be given by the area of this minimal surface
divided by 4G4. We parameterize the minimal surface by x = x(r) and calculate the area

from the induced metric (see (2.5)) as,

Tt L
A= /Oo dr /O Ay [T+ 1902 (r) + 1422 (0) () + By (1) + B (). (3.2)

Here ‘prime’ denotes derivative with respect to ». Now minimizing the area determines the
function z(r) and substituting that back into (3.2) we finally obtain,

oo T 4
Tt

and

)2 < dC _2y7l () (3.4)
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where r; is the turning point and ¢ = r/r;. Also here A denotes the area of the min-

imal surface for the Lifshitz background. Since we are considering small perturbations



around this background, h’s are small such that the turning point r; is actually close to
the boundary and we do not bother about the IR geometry. However, note that since h’s
are functions of r as well as the boundary coordinates, it is not obvious how the smallness
of h is related to the smallness of the subsystem which lives on the boundary. But as
x = xz(r) or conversely, r is a function of x, and so, h’s implicitly depend on ¢, the size of
the subsystem. What we mean by small subsystem is that ¢ should be such that h,,[¢] < 1
and hy,[¢] < 1. This is precisely what we have used in obtaining (3.3) from (3.2) and only
in this case (3.3) makes sense. Note from (3.4) that r; is inversely related to the measure
of the entangling region, i.e., £ and therefore, as r; is close to the boundary (r = o0), £ is
very small.!

From (3.3) we get the shift in area AA due to the perturbation which in turn will
give us the shift in entanglement entropy of the excited state over the pure Lifshitz ground
state as,

L [ 1 4

AS = / dr —— [hyy(r) + (ﬁ) hm(r)} . (3.5)
8G4 re /1 - (ﬁ)4 T
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In (2.6) hye(r) and hyy(r) are defined in terms of the functions k(r) and t4(r), whose
solutions are given in (2.9) for z = 2 and in (2.10) for z # 2. We will therefore evaluate
AS in the following for the two cases separately.
For z = 2, using the form of k(r) and t4(r) as given in (2.9), (3.5) reduces to

AS =

— 3.6
8G4I'(3)24r,3 (3:6)
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Now using (3.4) we will replace one 7, in the denominator of the AS expression in (3.6)
and write it as,
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To express AS in terms of the holographic energy-momentum tensors, we first write down
their forms (2.7) using various functions given in (2.9) and for z = 2 we have [15],

1 402
T,) = — -2
(Tiw) 167Gy 3
1 462
T..) = (7 At ) 38
(Tez) 160G, \ 3 1 a2 (3.8)
Using these in (3.7) we get,
T (324—307) 60 160 LY
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2477 25 Tu) L= o —30m) e P 320 —30m) 6, (A o2 10 70)

(3.9)

Tt should be mentioned here that the coordinates t,r, z,y in (2.3) are all dimensionless and related to
the original dimensionful coordinates £, 7, &, by a scaling t = tR™*,r = 7R, x = &R~ ',y = R~ !, where R
is the radius of the Lifshitz space-time given in (2.3).



Defining an entanglement temperature as [8, 14, 20],

24r? 25 ~96I% (3) 25

Lot = -
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where we have used (3.4) in the second equality and also the total energy and entanglement

/2
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pressure as,

= L{(Ty)
AP, = (Tyy) (3.11)
we can rewrite (3.9) as
60 160 L
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where V' = L/{ is the volume of the entangling region. This looks like the first law of entan-
glement thermodynamics modulo the last term. We note that the stress tensor complex for
the Lifshitz theory has contribution not only from the metric but also from the gauge field.
The gauge field part is actually encoded in the function so(r) given in (2.8). This quantity
by itself is not conserved and is dual to the gauge field A% = r=?A; = . We can evaluate
(so(r)) for z = 2 with the solution of the functions given in eq.(2.9) and we obtain,

(s0(r)) = 5 e1 + ex ) (3.13)

precisely the combination we have in the last term of our expression of AE in (3.12). Also
note that the quantity (so)/(16wG4) has the same scaling dimension as the energy density
or the chemical potential. Also if we evaluate (so(r)) at the turning point 7, then it can be
interpreted as a physical quantity at the boundary by the relation (3.4). Thus identifying

_ (so(re))
167Gy

(3.14)

where Ay is the entanglement chemical potential of the excited state, we can write the
first law of the entanglement thermodynamics as,

AE = Tent AS + (3246_0307T)APxV — (3243—0307r)AMQ' (3.15)
Note that we have used Q = m?aV in the last term, with m and « as defined in eqs. (2.3)
and (2.2). Also we have identified m?A° = m?a as some charge density j° using the
equation of motion (2.2). Thus, (3.15) represents a modified first law of entanglement
thermodynamics for the Lifshitz system for z = 2. It must be emphasized that (3.15) is an
analog of the first law of thermodynamics and not the first law itself. Hence, it does not
bear exact resemblance with the first law. The reason that it is not the first law is because
here we are studying a system at zero temperature which is not a thermodynamical system



at all. Thus the entanglement temperature that we have defined is not to be identified
with the thermodynamical temperature. Also unlike in the formulation of the first law of
thermodynamics which involves a change in the volume AV and a change in the charge
AQ), here we have kept both the volume of the entangling region V' = L[ and the charge
Q = m?aV to be fixed. Exciting the gauge theory is translated in the gravity side to
fluctuations of the background (i.e. the metric and the bulk gauge field). This causes
changes in the energy-momentum tensor 7, leading to a change in the pressure AP and
the energy AE. In a similar vein, fluctuations of the function so(r;) inflict a change in the
entanglement chemical potential Ays.

The shift in holographic entanglement entropy can similarly be calculated for z # 2
from (3.5) using the forms of h,.(r) = k(r) + t4(r) and hy,(r) = k(r) — tqa(r) as given
n (2.10) and so we have,

Lyr  |[T(2) 1 Lo gy DB 2044 8, — 32)
AS = 1 21 —t (+2-5.) 8 -
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Again we replace one r; in the denominator of (3.16) in terms of ¢ and get,
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(3.17)
We will express AS in terms of the energy-momentum tensor and the chemical potential
as before. The holographic stress energy tensor for z # 2 can be calculated as before
from (2.7) using the functions given in (2.10) and they are given as [15],

(Tue) = 16;G4 4<zz_2)cl
(Tee) = fomgs 2 = 2er + (2 4+ 2tan]. (3.18)

The chemical potential in this case can be obtained from so(r) given in (2.8) with the
functions given in (2.10) and has the form,

1 1 O{ l(,Z‘|’2*Bz)
The relations (3.18) and (3.19) can be inverted to obtain,
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Now using (3.20) in (3.17) we get,
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where

Z“rﬂz
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Now defining the entanglement temperature as [8, 14, 20],
27T (3
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we can rewrite (3.21) as,
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where we have used Q = m?aV. This is the modified first law of entanglement thermo-
dynamics [14] for Lifshitz system with z # 2. Again this does not quite look like the first
law of thermodynamics and the reason for this discrepancy is precisely what we discussed
before for z = 2 around eq.(3.15). Note that in the expression of AE (both for z = 2 and
z # 2) only the xz-component of the pressure, i.e., the component normal to the entangling
region appears. If we try to include the total pressure P, + P,, some of the parameters
in the AS expression in (3.9) and (3.17) can not be eliminated and we don’t get a first
law like relation. We would like to point out that even though we are considering an
arbitrary deformation of the original Lifshitz state whose dual geometry is the arbitrary
perturbation of the Lifshitz solution given in eqs.(2.5) and (2.6), the first law of entangle-
ment thermodynamics we obtain in eqgs.(3.15) (for z = 2) and (3.24) (for z # 2) are valid
universally. The reason behind this can be understood as follows. The Lifshitz system has
the stress tensor complex and the function sy given in eqs.(2.7) and (2.8) respectively. The
asymptotic behaviors of the various functions appearing in those expressions are dictated
by the linearized equations of motion as well as the finiteness of the expectation values
of the various components of the stress tensor complex and sg, i.e., the energy, pressure
and the chemical potential. This uniquely fixes the asymptotic behaviors of the various
functions j(r), f(r), k(r) and t4(r) which in turn is responsible for the uniqueness of the
change in entanglement entropy as well as the first law of entanglement thermodynamics.
Let us see how we can recover the AdS or relativistic result from here. The relativistic
case can be obtained when z = 1. We note that for z = 1, Q = 0 and therefore, the
last term in (3.24) vanishes as expected. Also, note that for = = 1, A} = /7/6 and
Ay = \/m/12 and therefore, the coefficient of AP,V term is Ay/A; = 1/2 which can be
compared with eq. (2.33) of [14], where the coefficient has the form (d — 1)/(d + 1) which
is precisely 1/2 for d = 3 as in our case. Finally we can check the form of entanglement
temperature given in (3.23) with that given in [14]. For z = 1, we get from (3.23) Tent =
24T2(3/4)/(7fT2(1/4)) which differs by a factor of 2 with that given in ref. [14].



4 Conclusion

To conclude, in this paper we have holographically computed the change in entanglement
entropy for the excitation of the ground state Lifshitz system. The gravity dual of the
excited state is given by the asymptotic perturbation of the (341) dimensional Lifshitz so-
lution. The holographic entanglement entropy of the excited state is calculated for a very
small strip-type subsystem from the metric by the standard method of Ryu and Takayanagi.
We have used the stress energy complex of the above mentioned asymptotic Lifshitz solu-
tion obtained in [15] and tried to express the change in entanglement entropy in terms of
change in energy and change in entanglement pressure. We found that unlike the relativis-
tic system with conformal symmetry, the change in entanglement entropy for the Lifshitz
system contains an additional term. We have attributed the origin of the additional term to
the presence of the massive gauge field and identified it, in analogy with thermodynamical
first law, with the change in entanglement chemical potential, which depends on the entan-
gling region, times a charge. We thus obtain a non-relativistic modification of first law of
entanglement thermodynamics. When conformal symmetry is restored or in the relativistic
case, i.e., when the dynamical exponent z — 1, our result reduces to the first law obtained
before for the AdS case in four dimensions. It is also worth noting that since @ ~ (z — 1)
and z = 1 yields the relativistic limit, the parameter () can be thought of as a measure of
the degree to which the system under consideration deviates from the relativistic point. In
the particular implementation of the Lifshitz symmetry, discussed here, () is also associated
with a global U(1) symmetry in the broken phase. However, we expect that the new term
attributed to the presence of an entanglement chemical potential would be present for any
arbitrary Lifshitz system, irrespective of the presence of any U(1) gauge field. A similar
calculation for the entanglement entropy can be done for the spherical entangling region
to obtain the non-relativistic first law of entanglement thermodynamics. However, it will
not give any new physical content, only the coefficients of the various terms will change
due to the change in geometry of the entangling region. One can also consider the general
perturbations instead of the constant perturbations of the background and see how this
changes the first law of entanglement thermodynamics. Finally, it would also be of interest
to extend our analysis to more general backgrounds like Lifshitz black hole and background
having Lifshitz symmetry with hyperscaling violation.

Acknowledgments

We would like to thank Simon F Ross for numerous communications and explanations on
various aspects of [15]. We are also grateful to Tadashi Takayanagi and Mohsen Alishahiha
for useful comments on this work. One of us (PD) would like to acknowledge thankfully the
financial support of the Council of Scientific and Industrial Research, India (SPM-07/489
(0089)/2010-EMR-I).

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

,10,


http://creativecommons.org/licenses/by/4.0/

References

1]

2]
3]

[4]

[5]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

L. Bombelli, R.K. Koul, J. Lee and R.D. Sorkin, A Quantum Source of Entropy for Black
Holes, Phys. Rev. D 34 (1986) 373 [INSPIRE].

M. Srednicki, Entropy and area, Phys. Rev. Lett. 71 (1993) 666 [hep-th/9303048] [INSPIRE].

C. Holzhey, F. Larsen and F. Wilczek, Geometric and renormalized entropy in conformal
field theory, Nucl. Phys. B 424 (1994) 443 [hep-th/9403108] [NSPIRE].

P. Calabrese and J.L. Cardy, Entanglement entropy and quantum field theory,
J. Stat. Mech. 0406 (2004) PO6002 [hep-th/0405152] INSPIRE].

P. Calabrese and J.L. Cardy, Entanglement entropy and quantum field theory: A
non-technical introduction, Int. J. Quant. Inf. 4 (2006) 429 [quant-ph/0505193] [INSPIRE].

P. Calabrese and J. Cardy, Entanglement entropy and conformal field theory,
J. Phys. A 42 (2009) 504005 [arXiv:0905.4013] INSPIRE].

J. Eisert, M. Cramer and M.B. Plenio, Area laws for the entanglement entropy — a review,
Rev. Mod. Phys. 82 (2010) 277 [arXiv:0808.3773] [INSPIRE].

J. Bhattacharya, M. Nozaki, T. Takayanagi and T. Ugajin, Thermodynamical Property of
Entanglement Entropy for Excited States, Phys. Rev. Lett. 110 (2013) 091602
[arXiv:1212.1164] [INSPIRE].

G. Wong, I. Klich, L.A. Pando Zayas and D. Vaman, Entanglement Temperature and
Entanglement Entropy of Excited States, JHEP 12 (2013) 020 [arXiv:1305.3291] INSPIRE].

O. Ben-Ami, D. Carmi and J. Sonnenschein, Holographic Entanglement Entropy of Multiple
Strips, JHEP 11 (2014) 144 [arXiv:1409.6305] [INSPIRE].

S. Ryu and T. Takayanagi, Holographic derivation of entanglement entropy from AdS/CFT,
Phys. Rev. Lett. 96 (2006) 181602 [hep-th/0603001] [INSPIRE].

S. Ryu and T. Takayanagi, Aspects of Holographic Entanglement Entropy,
JHEP 08 (2006) 045 [hep-th/0605073] [INSPIRE].

W.-z. Guo, S. He and J. Tao, Note on Entanglement Temperature for Low Thermal Excited
States in Higher Derivative Gravity, JHEP 08 (2013) 050 [arXiv:1305.2682] [INSPIRE].

D. Allahbakhshi, M. Alishahiha and A. Naseh, Entanglement Thermodynamics,
JHEP 08 (2013) 102 [arXiv:1305.2728] [INSPIRE].

S.F. Ross and O. Saremi, Holographic stress tensor for non-relativistic theories,
JHEP 09 (2009) 009 [arXiv:0907.1846] [INSPIRE].

S. Kachru, X. Liu and M. Mulligan, Gravity duals of Lifshitz-like fized points,
Phys. Rev. D 78 (2008) 106005 [arXiv:0808.1725] [INSPIRE].

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

S.F. Ross, Holography for asymptotically locally Lifshitz spacetimes,
Class. Quant. Grav. 28 (2011) 215019 [arXiv:1107.4451] INSPIRE].

T. Andrade and S.F. Ross, Boundary conditions for metric fluctuations in Lifshitz,
Class. Quant. Grav. 30 (2013) 195017 [arXiv:1305.3539] INSPIRE].

J. Bhattacharya and T. Takayanagi, Entropic Counterpart of Perturbative Einstein Equation,
JHEP 10 (2013) 219 [arXiv:1308.3792] [INSPIRE].

— 11 —


http://dx.doi.org/10.1103/PhysRevD.34.373
http://inspirehep.net/search?p=find+J+Phys.Rev.,D34,373
http://dx.doi.org/10.1103/PhysRevLett.71.666
http://arxiv.org/abs/hep-th/9303048
http://inspirehep.net/search?p=find+EPRINT+hep-th/9303048
http://dx.doi.org/10.1016/0550-3213(94)90402-2
http://arxiv.org/abs/hep-th/9403108
http://inspirehep.net/search?p=find+EPRINT+hep-th/9403108
http://dx.doi.org/10.1088/1742-5468/2004/06/P06002
http://arxiv.org/abs/hep-th/0405152
http://inspirehep.net/search?p=find+EPRINT+hep-th/0405152
http://dx.doi.org/10.1142/S021974990600192X
http://arxiv.org/abs/quant-ph/0505193
http://inspirehep.net/search?p=find+EPRINT+quant-ph/0505193
http://dx.doi.org/10.1088/1751-8113/42/50/504005
http://arxiv.org/abs/0905.4013
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.4013
http://dx.doi.org/10.1103/RevModPhys.82.277
http://arxiv.org/abs/0808.3773
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.3773
http://dx.doi.org/10.1103/PhysRevLett.110.091602
http://arxiv.org/abs/1212.1164
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.1164
http://dx.doi.org/10.1007/JHEP12(2013)020
http://arxiv.org/abs/1305.3291
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.3291
http://dx.doi.org/10.1007/JHEP11(2014)144
http://arxiv.org/abs/1409.6305
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6305
http://dx.doi.org/10.1103/PhysRevLett.96.181602
http://arxiv.org/abs/hep-th/0603001
http://inspirehep.net/search?p=find+EPRINT+hep-th/0603001
http://dx.doi.org/10.1088/1126-6708/2006/08/045
http://arxiv.org/abs/hep-th/0605073
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605073
http://dx.doi.org/10.1007/JHEP08(2013)050
http://arxiv.org/abs/1305.2682
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.2682
http://dx.doi.org/10.1007/JHEP08(2013)102
http://arxiv.org/abs/1305.2728
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.2728
http://dx.doi.org/10.1088/1126-6708/2009/09/009
http://arxiv.org/abs/0907.1846
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1846
http://dx.doi.org/10.1103/PhysRevD.78.106005
http://arxiv.org/abs/0808.1725
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.1725
http://arxiv.org/abs/0812.0530
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0530
http://dx.doi.org/10.1088/0264-9381/28/21/215019
http://arxiv.org/abs/1107.4451
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.4451
http://dx.doi.org/10.1088/0264-9381/30/19/195017
http://arxiv.org/abs/1305.3539
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.3539
http://dx.doi.org/10.1007/JHEP10(2013)219
http://arxiv.org/abs/1308.3792
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.3792

	Introduction
	Lifshitz theory and holographic stress tensor
	Entanglement thermodynamics and a first law for the excited state
	Conclusion

