arXiv:1306.3344v1 [hep-th] 14 Jun 2013

Lifshitz from AdS at finite temperature and top down models

Yegor Korovin^1, Kostas Skenderis^{1,2,3} and Marika Taylor^{2,3}

KdV Institute for Mathematics^1, Institute for Theoretical Physics^2, Science Park 904, 1090 GL Amsterdam, the Netherlands.

Mathematical Sciences and STAG research centre^3, University of Southampton, Highfield, Southampton, SO17 1BJ, UK.

E-mail: J.Korovins@uva.nl, K.Skenderis@soton.ac.uk and M.M.Taylor@soton.ac.uk

Abstract

We construct analytically an asymptotically Lifshitz black brane with dynamical exponent z = 1 + ϵ^2 in an Einstein-Proca model, where ϵ is a small parameter. In previous work we showed that the holographic dual QFT is a deformation of a CFT by the time component of a vector operator and the parameter ϵ is the corresponding deformation parameter. In the black brane background this operator additionally acquires a vacuum expectation value. We explain how the QFT Ward identity associated with Lifshitz invariance leads to a conserved mass and compute analytically the thermodynamic quantities showing that they indeed take the form implied by Lifshitz invariance. In the second part of the paper we consider top down Lifshitz models with dynamical exponent close to one and show that they can be understood in terms of vector deformations of conformal field theories. However, in all known cases, both the conformal field theory and its Lifshitz deformations have modes that violate the Breitenlohner- Freedman bound.

Contents

1 Introduction 2

2 Summary of holographic dictionary 5 2.1 Asymptotic expansions . . . . . . . . . . . . . . . . . . . . . . 6 2.2 Counterterms and renormalized one-point functions . . . . . . 7 2.3 Ward identities . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 A Lifshitz black brane solution 9

4 Thermodynamics 14 4.1 On-shell action . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5 Relation to top down solutions 19 5.1 Lifshitz with z ∼ 1 . . . . . . . . . . . . . . . . . . . . . . . . 21 5.2 Backreaction of massive vector field . . . . . . . . . . . . . . . 23 5.3 Three-dimensional Lifshitz geometries . . . . . . . . . . . . . . 24

6 Conclusions 27

1 Introduction

In recent years there has been considerable work on the use of holographic models to gain insights into strong coupling physics in condensed matter systems (see [1–5] for reviews). Gauge/gravity duality may be an important tool in understanding strongly interacting non-relativistic scale invariant systems and gravity solutions exhibiting Schrödinger [6, 7] and Lifshitz symmetry [8] have been constructed.

While simple models can capture interesting phenomenology, it is important to understand the nature of the corresponding dual non-relativistic theories better, from first principles. In [9] (see also [10, 11]) it was shown that the field theories dual to Schrödinger geometries can be understood as specific deformations of relativistic conformal field theories by operators which are exactly marginal from the perspective of the Schrödinger group, but are irrelevant from the perspective of the conformal symmetry group and moreover break the relativistic symmetry.

Recently an analogous interpretation for Lifshitz spacetimes with dynamical exponent z close to one was developed in [12]: a specific deformation of a d-dimensional CFT by a dimension d vector operator generically leads to a theory with Lifshitz scaling invariance. For both Schrödinger and Lifshitz dualities, this perspective not only elucidates the nature of the non-relativistic theories realised holographically but also demonstrates that new classes of theories with non-relativistic symmetries can be obtained as deformations of relativistic conformal field theories. Since such deformations do not need to be realized holographically, these results are interesting for field theory in their own right and moreover could lead to interesting new weakly interacting non-relativistic theories.

In this paper we consider the finite temperature behaviour of Lifshitz theories in this class, i.e. theories with dynamical exponent z close to one which can be viewed as vector deformations of CFTs, and we also show that top down models in string theory with dynamical exponents close to one indeed lie in this universality class.

From the bulk perspective, the simplest realization of Lifshitz is the bottom up Einstein-Proca model introduced in [13]. Black hole/brane solutions with Lifshitz asymptotics are needed to study the corresponding dual field theories at non-zero temperature. However, only numerical black hole solutions are available for generic values of z [14–28].

Note that analytic asymptotically Lifshitz black hole solutions are readily available in Einstein-Dilaton-Maxwell (EDM) theories, see the earliest examples in [13, 29], with the interpretation of the running scalar being discussed in [30]. More recently there has been considerable interest in solutions of EDM theories exhibiting hyperscaling violation, see for example [30–36]. In this paper we will focus on pure Lifshitz solutions although it would certainly be interesting to understand whether EDM solutions can admit analogous dual interpretations in terms of deformations of relativistic theories and indeed whether EDM solutions can be related to Lifshitz solutions through generalized dimensional reduction [37–39]. Note that issues and open questions involving the IR behaviour of the Lifshitz theory, see [40] and [41], do not play a role here.

In the first part of this paper we consider Einstein-Proca models and construct black brane solutions with Lifshitz asymptotics for dynamical exponent z = 1 + ϵ^2, with ϵ being a small expansion parameter. Our solutions are constructed analytically, working perturbatively in ϵ. Applying the holographic dictionary developed in [12] we obtain the one-point function of the dual energy-momentum tensor and check the various thermodynamic relations expected for Lifshitz invariant theories [42–44]. In particular we show how the Ward identity due to Lifshitz invariance implies the existence of a conserved mass and we show that the entropy scales with temperature as

S ∝ T^{d−1z} . (1)

The thermodynamic quantities are obtained analytically and the analytic solutions could be useful in extracting quasi-normal modes, studying correlation functions etc.

While it is a useful bottom up model, the Einstein-Proca model has a disadvantage: string theory embeddings are known only for specific values of the dynamical exponent z, see for example [45], none of which are close to one. There are two main classes of string theory embeddings of Lifshitz solutions known. The first is that of z = 2 Lifshitz which can be obtained from reducing z = 0 Schrödinger over a circle [10, 23, 46]. This system can be embedded in supergravity [47–50] and the detailed holographic dictionary was obtained in [26,51], reducing the results obtained in [52]. However the reduction circle becomes null at infinity which implies the dual theory should be related to the Discretized Light Cone Quantization (DLCQ) of the deformed CFT corresponding to the z = 0 Schrödinger solution, and thus this approach suffers from the well-known subtleties associated with DLCQ. These z =

2 Lifshitz solutions are not in the same universality class as the solutions discussed in this paper.

The second class of top down embeddings of Lifshitz solutions consist of uplifts of solutions to Romans gauged supergravity theories [53]. Lifshitz geometries Li_D(z) in D = d + 1 bulk dimensions with generic dynamical exponent z can be realized in this way. The structure of these solutions is as follows: products of Li_D(z) with two-dimensional hyperboloids solve the equations of Romans gauged supergravity theories in (D + 2) dimensions, for specific choices of the masses and couplings in these theories.

Since there are Lifshitz solutions with z ∼ 1 in these top down models, it is interesting to explore whether these can also be understood in terms of deformations of conformal field theories. In section 5 we show that these solutions are indeed in the same universality class as the Einstein-Proca model: i.e. to leading order in the parameter ϵ the dual field theory is a deformation of a CFT by a vector operator. However, unlike the Einstein- Proca model, other CFT operators (which preserve Lifshitz symmetry) are induced at higher orders in ϵ. The bulk theories in this case therefore realize one of the field theory scenarios discussed in section 5 of [12].

Unfortunately not just the Lifshitz solutions but also the z = 1 AdS solutions in these models break supersymmetry and are unstable. We show this explicitly in section 5 by demonstrating that scalar modes around AdS violate the Breitenlohner-Freedman (BF) bound. The operators dual to these (unstable) scalar modes arise in the operator product expansions of the vector operators associated with the Lifshitz deformations and correspondingly are necessarily part of the consistent truncation of the bulk theory to D dimensions, see section 5.2. Therefore the z ∼ 1 Lifshitz solutions in these top down models are unstable. It would be interesting to find analogous top down solutions which are obtained from deformations of supersymmetric AdS critical points and which do not suffer from BF instabilities.

For the four-dimensional Lifshitz geometries, which are realized as solutions of the six-dimensional Romans theory, there is a second branch of solutions for which the dynamical exponent z > 4.29. These solutions are not connected to the unstable critical point and therefore cannot be understood in terms of marginal Lifshitz deformations. It would be interesting to understand this branch of the solutions further.

The plan of this paper is as follows. In the next section we summarise the key results from [12]. Assuming that the sources are position independent we extend the previous analysis to generic dimension. In section 3 we develop the perturbation theory in ϵ and obtain the black brane solutions in generic dimensions. In section 4 we discuss the thermodynamics of our solutions, given an argument for and verifying the Lifshitz scaling behaviour. In section 5 we demonstrate that the Lifshitz solutions and the corresponding black holes [44] of the top-down model [53] are in the same universality class as those considered in the present paper, i.e. they can be viewed as describing the ground state and a thermal state, respectively, of a relativistic CFT deformed by a vector of dimension d.

2 Summary of holographic dictionary

In this section we briefly review the holographic dictionary between bulk Lifshitz spacetimes with dynamical exponent z = 1 + ϵ^2 and the dual Lifshitz invariant field theory. We will follow the discussion in [12] to which we refer the reader for more details. For use in subsequent sections, we give the renormalised action, the holographic one point functions and their Ward identities.

Note that holographic renormalization for Lifshitz solutions was also studied previously in [54–59]. In particular, it was shown in [55], using the radial Hamiltonian formalism [60, 61], that Lifshitz models can be holographically renormalized for any z. Since these models are non-relativistic it is natural to work in the vielbein formalism [54](see also [9]) and this is indeed what was done in [55]. In the current context we use instead the metric formalism [62] as this is more natural when studying the theory from the perspective of the AdS critical point.

The action under consideration is

S_{bare} = 1 16πG_{d+1} ∫ d^{d+1}x √ −G ( R + d(d − 1) − 1 4 F_{μν} F^{μν} − 1 2 M^2A_μA^μ )

+ 1 8πG_{d+1} ∫ d^dx √ −γK, (2)

with M^2 = d − 1 + O(ϵ^2), γ the induced boundary metric and K the trace of the second fundamental form. The associated field equations are

D_μF^{μν} = M^2A^ν , (3)

R_{μν} = −dG_{μν} +

M^2 2 A_μA_ν + 1 2 G^{ρσ}F_{μρ}F_{νσ} + 1 4(1 − d)

F^{σλ}F_{σλ}G_{μν} . (4)

Taking the trace of the Einstein equations and plugging back into (2) the onshell action becomes

S_{onshell} = 1 16πG_{d+1} ∫ d^{d+1}x √ −G(−2d − 1 2(d − 1)

F_{μν} F^{μν} ) (5) + 1 8πG_{d+1} ∫ d^dx √ −γK.

It is useful to parametrize the metric and the vector field as

ds^2 = dr^2 + e^{2r}g_{ij} dx^idx^j , g_{ij}(x, r; ϵ) = g_{[0]ij}(x, r) + ϵ^2g_{[2]ij}(x, r) + . . . (6) A_i(x, r; ϵ) = ϵe^rA_{(0)i}(x) + . . . .

For the metric, the notation g_{[a]ij} captures the order in ϵ. When one considers the asymptotic behaviour near the conformal boundary, each of these coefficients admits a radial expansion as well and the order in radial expansion will be denoted (as usual) by curved parentheses. For example,

g_{[0]ij}(x, r) = g_{[0](0)ij} (x) + e^{−2r}g_{[0](2)ij} (x) + · · · (7)

is the asymptotic radial expansion of the metric to leading order in ϵ. Below we summarize the most general asymptotic solution given g_{[0](0)ij} and A_{(0)i} as Dirichlet data.

2.1 Asymptotic expansions

Throughout this paper we will be interested in the case in which the background sources g_{[0](0)} and A_{(0)} are constant. This allows us to drop nonradial derivatives in the subsequent analysis and simplify many formulae from the [12]. In particular the radial component of the vector field vanishes, A_r = 0.

The results provided below hold for any dimension d. The near boundary expansions of the vector field and the metric up to order ϵ^2 are as follows. For the vector the asymptotic expansion takes the form

A_i = e^r(A_{(0)i} + e^{−dr}(rÃ_{(d)i}(x) + A_{(d)i}(x)) + . . .), (8)

where we will define A_{(0)i} = ϵA_{(0)i} and work perturbatively in ϵ. It is also useful to define A_{(d)i} = ϵA_{(d)i} and let Ã^i_{(d)} = ϵa^i_{(d)}. The logarithmic expansion coefficient is given by a_{(d)i} = g_{[0](d)ij} A^j_{(0)}, (9) where g_{[0](a)ij} is defined below. Here and later, whenever we present asymptotic solutions, indices are raised to this order using the metric g^{ij}_{[0](0)}, which we set to be the Minkowski metric: g_{[0](0)ij} = η_{ij} .

The coefficient A_{(d)i} is left undetermined by the asymptotic analysis and is related to the expectation value of the dual operator. Note that the expansion coefficients depend locally on the zeroth order expectation value of the dual stress energy tensor ⟨T_{ij}⟩_{[0]} (which is related to g_{[0](d)ij} as in (17)). At first sight this might appear problematic since this coefficient is in general nonlocally related to g_{[0](0)} which might lead to non-local divergences but as we review below there are in fact no non-local divergences: the counterterm action is local.

For the metric the asymptotic expansion is as follows [12, 62, 63]:

g_{ij} = η_{ij} + ϵ^2rh_{[2](0)ij} + e^{−dr} ( ϵ^2rh_{[2](d)ij} + (g_{[0](d)ij} + ϵ^2g_{[2](d)ij} ) ) , (10)

where the metric g_{[0](0)ij} is chosen to be flat and

h_{[2](0)ij} = −A_{(0)i}A_{(0)j} + 1 2(d − 1)

A_{(0)k}A^k_{(0)}η_{ij} . (11)

g_{[0](d)ij} is traceless and divergenceless, while

h_{[2](d)ij} = d 4(d − 1)

A_{(0)k}A^k_{(0)}g_{[0](d)ij} + 1 d A^k_{(0)}g_{[0](d)kl}A^l_{(0)}η_{ij} (12) − d − 1 d (A_{(0)i}g_{[0](d)jk} + A_{(0)j} g_{[0](d)ik})A^k_{(0)},

tr(g_{[2](d)}) = 2 d A_{(0)i}A^i_{(d)} − d^2 − 2d + 2 d^2(d − 1)

A^i_{(0)}g_{[0](d)ij} A^j_{(0)}, (13)

and the divergence of g_{[2](d)} vanishes.The part of g_{[2](d)ij} which is undetermined by the asymptotic analysis is related to the expectation value of T_{ij} at order ϵ^2.

2.2 Counterterms and renormalized one-point functions

The counterterm action, restricted to the case where the boundary metric is flat and so is A_{(0)}, becomes

S_{ct} = S_{ct[0]} + S_{ct[2]} = − 1 32πG_{d+1} ∫ d^dx √ −γ ( 4(d − 1) − γ^{ij} A_iA_j ) . (14)

These counterterms suffice to render the action finite to order ϵ^2, under the above restrictions. For non-constant sources there are also other counterterms (see [12]) but these do not play a role here.

The vector one-point function is

⟨J^i⟩ = − 1 √ −g_{[0](0)} δS_{ren} δA_{(0)i} = − 1 16πG_{d+1}

(dA^i_{(d)} − g^{ij}_{[0](d)}A_{(0)j} ). (15)

The part of the asymptotic expansion, A^i_{(d)}, undetermined by asymptotics is directly related to the one-point function of the dual operator.

Now let us give the 1-point function of the stress-energy tensor: ⟨T_{ij} ⟩ = ⟨T_{ij}⟩_{[0]} + ϵ^2⟨T_{ij}⟩_{[2]} + · · · (16) with [62, 63]

⟨T_{ij} ⟩_{[0]} = − 2 √ −g_{[0](0)} δS_{[0]ren} δg^{ij}_{[0](0)} = d 16πG_{d+1} g_{[0](d)ij} (17) and ⟨T_{ij}⟩_{[2]} = 1 16πG_{d+1} [ dg_{[2](d)ij} −(A_{(0)i}A_{(d)j} +A_{(0)j} A_{(d)i}) −A_{(0)k}A^k_{(d)}η_{ij} (18) + d − 1 d (A_{(0)i}g_{[0](d)jk} + A_{(0)j} g_{[0](d)ik})A^k_{(0)} + d^2 −d+2 2d(d − 1)

A^k_{(0)}g_{[0](d)kl}A^l_{(0)}η_{ij} − d−2 4(d−1)

A_{(0)k}A^k_{(0)}g_{[0](d)ij} ] . Again, as expected, the expectation value of T_{ij} is directly related to the undetermined coefficient, g_{(d)ij} .

2.3 Ward identities

The holographic energy momentum tensor satisfies ∇^j ⟨T_{ij} ⟩ = A_i∇_j ⟨ J^j ⟩ − ⟨ J^j ⟩ F_{ij}. (19) Computing the trace of the second order stress energy tensor gives the complete anomaly through order ϵ^2

⟨T^i_i ⟩ − 1 2 A^i_{(0)}⟨T_{ij} ⟩A^j_{(0)} = A_{(0)i}⟨J^i⟩. (20)

The terms quadratic in A_{(0)i} can be thought of as a beta function contribution to the trace Ward identity [12].

3 A Lifshitz black brane solution

In this section we construct a Lifshitz black brane solution analytically, working perturbatively in ϵ around the AdS neutral black brane. Working up to second order in ϵ, the resulting black brane solution has Lifshitz asymptotics with dynamical exponent z = 1 + ϵ^2.

The leading order metric in (d + 1) dimensions can be expressed as

ds^2 = dy^2 c_0

− c_0dt^2 + y^2dx · dx, (21)

with y → ∞ at the boundary and y = y_h at the horizon. The metric function c_0 is given by c_0 = y^2(1 − y^d_h/y^d). (22) If a source for the vector field ϵA_{(0)t} is switched on, then at order ϵ the bulk solution is given by the black hole metric together with a vector field A_t(y) satisfying 1 d − 1

∂^2_y A_t + y^{−1}∂_yA_t − 1 c_0

A_t = 0, (23)

subject to the condition that A_t → 0 on the horizon y = y_h and A_t → ϵA_{(0)t}y as y → ∞. The solution that satisfies these boundary conditions is

A_t = ϵA_{(0)t}a(y); (24)

a(y) = π sin^π_d d − 1 d^2 y(1 − y^d_h y^d

)_2F_1( 1 d , d − 1 d ; 2; 1 − y^d_h y^d ), where the normalization has been fixed for future convenience. As y → ∞ this solution behaves as

a(y) = y [ 1 − d − 1 d y^d_h y^d log y y_h − y^d_h y^d ( 1 + d − 1 d^2 − (d − 1) d^2 k(d) ) + . . . ] , (25)

where we have introduced

k(d) = 2γ + ψ( d + 1 d ) + ψ(

2d − 1 d ) (26)

to shorten formulae; γ is the Euler-Mascheroni constant, and ψ denotes the digamma function.

The coordinate y can be changed to a domain-wall type radial coordinate as r = ∫ dy √ c_0

. (27)

Near the boundary y = ∞ this can be integrated to give the following asymptotic expansion

r = log y − 1 2d y^d_h y^d

+ . . . . (28)

In the new coordinates the metric (21) is

ds^2 = dr^2 −e^{2r}(1+

1 − d d y^d_he^{−dr} +. . .)dt^2 +e^{2r}(1+ 1 d y^d_he^{−dr} +. . .)dx·dx. (29)

Thus at zeroth order in ϵ we recover the well-known result

⟨T_{tt}⟩_{[0]} = d − 1 16πG_{d+1} y^d_h, (30)

⟨T_{ij} ⟩_{[0]} = δ_{ij} 16πG_{d+1} y^d_h. (31)

and the stress-energy tensor is manifestly traceless. Also in the new variable

a(r)=e^r [ 1− d−1 d y^d_hre^{−dr} − d−1 d^2

( 2d^2 +d−2 2(d − 1)

−k(d)−d log y_h ) y^d_he^{−dr} ] . (32)

The expansion (32) agrees with the earlier result from solving the field equations asymptotically; a nontrivial check is provided by the ratio of a_{(d)i} and A_{(0)i} coefficients in the asymptotic expansion. They are related to each other by (9). It is easy to see that this relation is in agreement with (32). Moreover, we can extract the one-point functions ⟨J^t⟩ using (15) ⟨ J^t ⟩ = y^d_h ϵA_{(0)t} 16πG_{d+1} ( − 2d − 1 2 + d − 1 d k(d) + (d − 1) log y_h ) . (33)

Next let us consider the backreaction of the vector field onto the metric at order ϵ^2. It is convenient to parameterize the metric as follows

ds^2 = dy^2 c(y)

− dt^2c(y)b(y)^2 + y^2dx · dx, (34) letting

c(y) = c_0 + ϵ^2A^2_{(0)t}Δc(y); b(y) = 1 + ϵ^2A^2_{(0)}Δb(y). (35) With this parametrization the Einstein equations give the change in the Ricci tensor as

ϵ^{−2}A^{−2}_{(0)t}ΔR_{yy} = d c^2_0

Δc(y) +

(2 − d) 2(d − 1)

(∂_ya(y))^2 c_0

; (36)

ϵ^{−2}A^{−2}_{(0)t}ΔR_{tt} = d(Δc(y)+2c_0Δb(y))+ 1 2 M^2a(y)^2+

(d−2) 2(d−1) c_0(∂_ya(y))^2; (37)

ϵ^{−2}A^{−2}_{(0)t}ΔR_{ij} = δ_{ij} 1 2(d − 1) y^2(∂_ya(y))^2. (38)

The perturbation in the Ricci tensor computed from the metric gives

ϵ^{−2}A^{−2}_{(0)t}ΔR_{yy} = − 3 2 ∂_y ln(c_0)∂_yΔb(y) − ∂^2_y Δb(y) (39) − ∂^2_y Δc(y)

2c_0 − (d − 1)∂_yΔc(y) 2yc_0 + dΔc(y)

c^2_0 ; ϵ^{−2}A^{−2}_{(0)t}ΔR_{tt} =d(Δc(y) + 2c_0Δb(y))+ d−1 2 c_0 y ∂_yΔc(y)+ 1 2 c_0∂^2_y Δc(y) (40)

+ yc_0 ( (d + 2) − ( d − 4 2 ) y^d_h y^d ) ∂_yΔb(y) + c^2_0∂^2_y Δb(y);

ϵ^{−2}A^{−2}_{(0)t}ΔR_{ij} =δ_{ij} ( − y∂_yΔc(y)−yc_0∂_yΔb(y) − (d−2)Δc(y) ) . (41)

It is convenient to consider the following combination of equations:

c_0ΔR_{yy} + 1 c_0

ΔR_{tt} + g^{ij}ΔR_{ij} , (42)

which leads to a decoupled equation

∂_y(y^{d−2}Δc) = − 1 2 y^{d−1} c_0 ( a^2 + c_0(∂_ya)^2 (d − 1) ) . (43)

Using the differential equation satisfied by a(y) in the form

∂_y(y^{d−1}∂_ya) =

(d − 1)y^{d−1} c_0 a (44) the righthandside of the above equation can be simplified to give

∂_y(y^{d−2}Δc) = − 1 2(d − 1)

∂_y ( a∂_yay^{d−1} ) . (45)

This equation can be integrated to

Δc(y) = −

(d − 1)π^2 4d^5 sin^2(^π_d ) c_0 y^{d 2}

F_1( 1 d , d − 1 d ; 2; 1 − y^d_h y^d

)× (46) × [ 2d(y^d + (d − 1)y^d_h)_2F_1( 1 d , d − 1 d ; 2; 1 − y^d_h y^d ) + (d − 1)y^d_h(1 − y^d_h y^d

)_2F_1(

2d − 1 d , d + 1 d ; 3; 1 − y^d_h y^d ) ] + c_hy^{d−2}_h y^2 y^d , where c_h is integration constant chosen such that Δc(y_h) = c_h.

The asymptotic expansion for Δc(y) is

Δc(y) = y^2 [ 1 2(1 − d) − (d − 2) 2d y^d_h y^d log( y y_h

) (47) + y^d_h y^d

( d − 2 2d^2 k(d) − d^3 − 2d^2 − 2d + 2 2d^2(d − 1) + c_h y^2_h ) . . . ] . Therefore,

c(y) = y^2 ( 1 − ϵ^2A^2_{(0)t} 2(d − 1) − (d − 2)ϵ^2A^2_{(0)t} 2d y^d_h y^d log( y y_h ) − y^d_h y^d

(48)

+ ϵ^2A^2_{(0)t} y^d_h y^d

( d − 2 2d^2 k(d) − d^3 − 2d^2 − 2d + 2 2d^2(d − 1) + c_h y^2_h ) . . . ) . In the backreacted geometry the domain-wall type radial coordinate differs from that in the original asymptotically AdS black brane spacetime. The radial coordinate is now given by r = ∫ dy 1 √ c_0 + ϵ^2A^2_{(0)t}Δc

(49)

= ( 1 + ϵ^2A^2_{(0)t} 4(d − 1) ) log(y) − ϵ^2A^2_{(0)t} d − 2 4d^2 y^d_h y^d log( y y_h ) − 1 2d y^d_h y^d + ϵ^2A^2_{(0)t} 4d^3 ( (d − 2)k(d) −

2d^3 + d^2 − 10d + 8 2(d − 1)

+ 2d^2 c_h y^2_h

) y^d_h y^d

+ . . . .

The integration constant is fixed by the requirement that there is no contribution to the source at order ϵ^2, i.e. g_{[2](0)xx} = 0. Inverting this relation we get y = e^r [ 1 + 1 2d y^d_he^{−dr} + . . . + ϵ^2A^2_{(0)t} ( − r 4(d − 1) + (3d − 4) 8d^2 y^d_hre^{−dr} (50) + ( d^2 + d − 4 − (d − 2)k(d) 4d^3 − c_h 2dy^2_h − d − 2 4d^2 log y_h)y^d_he^{−dr} + . . . )]

and hence

g_{xx} =e^{2r} [ 1+ 1 d y^d_he^{−dr} +. . .+ ϵ^2A^2_{(0)t} ( − r 2(d−1) + (3d−2)(d−2) 4d^2(d − 1) y^d_hre^{−dr} (51) + ( d^2 + d − 4 − (d − 2)k(d) 2d^3 − c_h dy^2_h − d − 2 2d^2 log y_h)y^d_he^{−dr} + . . . )] . Now we can check that

h_{[2](0)xx} = 1 2(d − 1)

A_{(0)t}A_{(0)t}g^{tt}_{[0](0)}g_{[0](0)xx}, (52) and h_{[2](d)xx} = y^d_h

(3d−2)(d−2) 4d^2(d − 1)

A_{(0)t}A_{(0)t}, (53)

in agreement with (11) and (12) respectively.

Next, we solve for Δb(y):

c_0∂_yΔb(y) = −∂_y Δc(y) − d − 2 y Δc(y) − 1 2(d − 1) y(∂_ya(y))^2, (54) or ∂_yΔb(y) = ya^2(y) 2c^2_0

. (55)

Integrating this equation close to the boundary we find

Δb(y) = [ 1 2 log y + d − 1 d^2 y^d_h y^d log( y y_h

) + b̃ + d − 1 d^3

(2 − k(d)) y^d_h y^d

+ . . . ] , (56) where b̃ is an integration constant. This gives the time component of the metric in domain-wall coordinates

g_{tt} = −c_0 − ϵ^2A^2_{(0)t}(Δc + 2c_0Δb) (57)

= −e^{2r} + d − 1 d y^d_he^{(2−d)r} + ϵ^2A^2_{(0)t}e^{2r} [ (−1 + 1 2(d − 1) )r + (d − 2)(7d − 6) 4d^2 y^d_hre^{−dr} + ( − (d − 1)(d − 6) 2d^2 log y_h − (d − 1)(d − 6)k(d) 2d^3 + (d − 1)(d − 4)(d + 3) 2d^3 − d − 1 d c_h y^2_h ) y^d_he^{−dr} ] + . . . .

Again the source should not be modified and therefore b̃ = 1/(4(d − 1)). We see that

h_{[2](0)tt} = (−1 + 1 2(d − 1)

)A_{(0)t}A_{(0)t}, (58)

h_{[2](d)tt} = y^d_h

(d − 2)(7d − 6) 4d^2

A_{(0)t}A_{(0)t}, (59)

both in agreement with (11) and (12) correspondingly.

Using (18) we compute

⟨T_{tt}⟩_{[2]} =y^d_h

A_{(0)t}A_{(0)t} 16πG_{d+1}

( 2d − 1 4 − d − 1 2 ( log y_h + k(d) d + 2c_h y^2_h )) , (60)

⟨T_{ij} ⟩_{[2]} =y^d_h

A_{(0)t}A_{(0)t} 16πG_{d+1} ( − 1 4(d − 1) + log y_h 2 + k(d) 2d − c_h y^2_h ) δ_{ij}. (61)

It is straightforward to check that the Ward identities (20) are satisfied.

4 Thermodynamics

In this section we will discuss the thermodynamics of the black brane solution, working in Euclidean signature for convenience. To define the mass we need to take into account the fact that the stress-energy tensor is not conserved by itself, but satisfies a non-trivial Ward identity (19). Consider the current

Q_j = (⟨T_{ij}⟩ − A_i ⟨J_j⟩)ξ^i, (62) where ξ^i is such that ∇^0ξ^0 = z, ∇^aξ^b = δ^{ab}, ∇^aξ^0 = ∇^0ξ^a = 0. Using the Ward identity we get

∇^j Q_j = − ⟨ J^j ⟩ (ξ^i∇_iA_j + A_i∇_j ξ^i) + ⟨T_{ij} ⟩ ∇^j ξ^i (63) = −z ⟨ J^t ⟩ A_t + z ⟨ T^t_t ⟩ + ⟨ T^i_i ⟩ , which is precisely the Ward trace identity.

Therefore the current Q^i is conserved and following [64] we can define the conserved mass as M = ∫ t=const √ g(⟨T_{tt}⟩ − A_t ⟨J_t⟩). (64)

Note that expressions for the one-point functions (15) and (18) remain the same upon analytic continuation to Euclidean signature as explained in [65].

The horizon location at order ϵ^2 is shifted to

y_0 = y_h(1 − 1 dy^2_h ϵ^2A^2_{(0)t}c_h). (65)

The Hawking temperature obtained from the requirement of no conical singularity in Euclidean signature is shifted to T = dy_h 4π ( 1 + ϵ^2A^2_{(0)t} [ (d − 3) d c_h y^2_h + 1 d ∂_yΔc(y_h)

y_h

+ b_h ]) (66)

with b_h = Δb(y = y_h) and the entropy defined as the area of the horizon becomes S = V y^{d−1}_h 4G_{d+1}

(1 − ϵ^2A^2_{(0)t}

(d − 1) d c_h y^2_h

), (67)

with V being the regulated volume of the horizon. The constant c_h is directly related to the position of the horizon, which is the only independent parameter characterizing the thermodynamic properties of the black brane. The derivative of Δc at the horizon is

∂_yΔc(y_h) = −

(d − 1)π^2y_h 2d^2 sin^2(^π_d )

+ (2 − d) c_h y_h

. (68)

We compute b_h using equation (55) in integrated form

Δb(y) | | | | y_0

y_h = ∫_{y0}

y_h

ya^2(y)

2c^2_0 dy, (69) where y_0 is a near-boundary cut-off. Using the expansion (56) we find

b_h = 1 4(d − 1)

+ lim_{y→∞} ( 1 2 log y −

∫_y

y_h

y^′a^2(y^′) 2c^2_0(y^′) dy^′ ) (70) = 1 4(d − 1) + 1 2 log y_h + lim_{y→∞}

∫_y

y_h ( 1 2y^′ − y^′a^2(y^′) 2c^2_0(y^′) ) dy^′.

The limit on the right hand side of the last line is finite and independent of y_h. We evaluate it numerically and get in d = 2

b_h = 1 2 log y_h + 0.42370309... ∼ π^2 16 − log 2 + 1 2 + 1 2 log y_h (71)

and in d = 3

b_h = 1 2 log y_h + 0.22974839.... ∼ − 1 2 log 3 +

4π^2 81 + 7 24 + 1 2 log y_h. (72)

More generally, the first law of thermodynamics allow us to fix that for any d b_h =

(d − 1)π^2 2d^3 sin^2(π/d) + k(d) 2d + log y_h 2 − 2d^2 − 3d + 2 4d(d − 1)

, (73)

which agrees with the above expressions in d = 2 and d = 3.

Up to order ϵ^2 we get the following results for the thermodynamic quantities: M = (d−1)V y^d_0 16πG_{d+1} [ 1 + ϵ^2A^2_{(0)t} ( − 2d − 1 4(d − 1) + k(d) 2d + 1 2 log y_0 )] , (74) S = V y^{d−1}_0 4G_{d+1}

, (75) T = dy_0 4π [ 1 + ϵ^2A^2_{(0)t} ( b_h −

(d − 1)π^2 2d^3 sin^2(π/d) )] . (76)

As a non-trivial check one can verify that the relation M = d − 1 d + z − 1

T S (77)

is satisfied. Such a relation must hold in any Lifshitz invariant theory on general grounds: in equlibrium we have T_{μν} = diag(e, −p, . . . , −p), where p is pressure and e =^{dM}_{dV} is energy density. The fundamental thermodynamic relation implies that e + p = T s, (78) where s =^{dS}_{dV} is the entropy density. Invariance under Lifshitz scaling yields

ze = (d − 1)p. (79)

These together imply (77).

Let us make another important observation. Recall that this black brane is asymptotically Lifshitz with z = 1 + ϵ^2A^2_{(0)t}/2. From (76) we can read off the scaling relation between temperature and entropy (recall that y_0 is the independent parameter) [42–44]

T ∼ S^{zd−1} . (80)

This relation together with (74) implies the first law of thermodynamics

dM = T dS. (81)

4.1 On-shell action

In this section we evaluate the Euclidean on-shell action. (Note that under the Wick rotation t → −iτ all the terms in the action change their sign. ) The on-shell action for the Lifshitz black brane can be expressed as a sum of terms:

S_{on-shell} = S_{bulk} + S_{GH} + S_{ct}. (82) We begin by computing S_{bulk}:

S_{bulk} = − 1 16πG ∫ d^dx

∫_{yc}

y_0 dy √ G(−2d − 1 2(d − 1)

F_{μν} F^{μν} ) (83)

where y_c is a radial cutoff and y_0 is the position of the horizon. Noting that √ G = y^{d−1}b(y) we compute

S_{bulk} =− 1 16πG ∫ d^dx

∫_{yc}

y_0

dyy^{d−1} ( −2d + ϵ^2A^2_{(0)t}

( (∂_ya)^2 (d − 1)

−2dΔb(y) )) (84) = − 1 16πG ∫ d^dx [ − 2y^d(1 + ϵ^2A^2_{(0)t}Δb(y)) | | | y_c

y_0

+ ϵ^2A^2_{(0)t} y^{d−1}a∂_ya

d − 1 | | | y_c

y_0

+ ϵ^2A^2_{(0)t}y^d_0 ( 1 2(d − 1)

+ log y_c ) − 2ϵ^2A^2_{(0)t}y^d_0 b_h ] .

Here we have integrated by parts, used the field equation (55) for Δb(y) along with the defining equation (23) for a(y).

Now we move on to evaluate the Gibbons-Hawking term and the counterterms. Working in the y coordinate, the induced metric at the regulated surface satisfies √ γ = (y^d_c − y^d_h 2 ) ( 1 + ϵ^2A^2_{(0)t}Δb(y_c) +

1 + (y_h/y_c)^d

2y^2_c ϵ^2A^2_{(0)t}Δc(y_c) ) . (85)

The Gibbons-Hawking term can be combined with the leading order counterterm to give

K−(d−1) = 1+ϵ^2A^2_{(0)t}

( tr(h_{[2](0)}) 2 − y^{−d}_c 2 tr(h_{[2](d)}−dg_{[2](d)}−g_{[0](d)}h_{[2](0)}) ) . (86)

Thus we obtain − 1 8πG_3 ∫ d^2x √ γ(K − d + 1) (87) = − 1 8πG_{d+1} ∫ d^dxy^d_c [ 1 − y^d_0 2y^d_c

+ ϵ^2A^2_{(0)t} ( Δb(y_c) + d − 3 4(d − 1) − d−1 2d ( y_0 y_c

)_d

log y_c +

( y_0

y_c

)_d( 5d−6 4d ( k(d) d + log y_0)−

7d^3 −4d^2 −16d+12 8d^2(d − 1) ))] . Now we compute the on-shell action term by term by plugging in asymptotic expansions for a, Δc and Δb:

S_{bulk} = − 1 8πG_{d+1} ∫ d^dx [ − y^d_c + y^d_0 − ϵ^2A^2_{(0)t}y^d_c ( Δb(y_c) + 1 2(1 − d)

(88) + 1−d d ( y_0 y_c

)_d

log y_c +(d−2)

(y_0

y_c

)_d( k(d)

2d^2 − (2d^2 + d − 2) 4d^2(d − 1) + log y_0 2d ))] . (89) The remaining contributing counterterm is − 1 32πG_{d+1} ∫ d^dx √ γA_iA^i = 1 32πG_{d+1} ∫ d^dxϵ^2A^2_{(0)t} [ y^d_c −

2(d−1) d y^d_0 log y_c (90)

− 2y^d_0

( 3d^2 + 4d − 4 4d^2 − d − 1 d ( k(d) d + log y_0) )] . Putting all these terms together gives the free energy

S_{on-shell} = βF = −β

V y^d_0 16πG_{d+1} [ 1 + ϵ^2A^2_{(0)t}

( k(d) 2d + log y_0 2 − 1 4(d − 1) )] , (91)

where β = 1/T . It is a simple check that F = M − T S.

5 Relation to top down solutions

In [44,53,66] Lifshitz solutions of Romans gauged supergravity theories were constructed and then uplifted to ten dimensional supergravities^1. General dynamical exponents with z ≥ 1 were obtained. Here we will consider the limit of these solutions as z → 1 and interpret them from the perspective of the dual conformal field theory of the AdS z = 1 solution. Recently uplifts of the six-dimensional Romans theory to type IIB were found [67] and thus these solutions may also be viewed as solutions of type IIB.

Here we will discuss mostly the Lifshitz solutions in four bulk dimensions (henceforth denoted Li_4) which are obtained as solutions of the Romans gauged supergravity in six dimensions since the four-dimensional case is phenomenologically more interesting and moreover corresponding finite temperature solutions were constructed in [44]. An analogous discussion holds for the Lifshitz solutions in three bulk dimensions found in [53] and we will summarise the properties of these solutions at the end of this section.

We begin by reviewing the equations of motion for the six-dimensional Romans theory [68]. The bosonic field content of 6D Romans’ supergravity consists of the metric, g_{AB} , a dilaton, ϕ, an anti-symmetric two-form field, B_{AB}, and a set of gauge vectors, (A^{(i)}_A , A_A) for the gauge group SU(2)×U(1). The bosonic part of the action for this theory is S = ∫ d^6x √ −g_6 1 4 R_6− 1 2 (∂ϕ)^2 − e^{−√2ϕ} 4 ( H^2 + F^{(i)2} ) − e^{2√2ϕ} 12 G^2 (92) − 1 8 ε^{ABCDEF} B_{AB} ( F_{CD}F_{EF} + mB_{CD}F_{EF} + m^2 3 B_{CD}B_{EF} + F^{(i)}_{CD}F^{(i)}_{EF} )

+ 1 8 ( g^2e^{√2ϕ} + 4gme^{−√2ϕ} − m^2e^{−3√2ϕ} ) , where g is the gauge coupling, m is the mass of the two-form field B_{AB} , F_{AB} is a U(1) gauge field strength, F^{(i)}_{AB} is a nonabelian SU(2) gauge field strength, G_{ABC} is the field strength of the two-form and H_{AB} = F_{AB} +mB_{AB} . Spacetime indices A, B, ... run from 0 to 5, and ε is the Levi-Civita tensor density.

1Note however that the uplifts from six dimensions to massive IIA given in [53] have typos in the Bianchi identities.

Varying the action gives the Einstein equation

R_{AB} = 2∂_Aϕ∂_B ϕ − 1 2 g_{AB}V (ϕ)+e^{2√2ϕ} ( G^{CD}_A G_{BCD} − 1 6 g_{AB}G^2 )

+ e^{−√2ϕ} ( 2H^C_A H_{BC} + 2F^{iC}_A F^i_{BC} − 1 4 g_{AB} ( H^2 + (F^i)^2 )) , (93)

and the following matter equations of motion

□ϕ = − 1 2 ∂V ∂ϕ + 1 3 √ 1 2 e^{2√2ϕ}G^2 − 1 2 √ 1 2 e^{−√2ϕ} ( H^2 + (F^{(i)})^2 ) (94)

∇_B ( e^{−√2ϕ}H^{BA} ) = 1 6 ϵ^{ABCDEF} H_{BC} G_{DEF}

∇_B ( e^{−√2ϕ}F^{(i)BA} ) = 1 6 ϵ^{ABCDEF} F^{(i)}_{BC} G_{DEF}

∇_C ( e^{2√2ϕ}G^{CAB} ) =me^{−√2ϕ}H^{AB} + 1 4 ϵ^{ABCDEF} ( H_{CD}H_{EF} +F^{(i)}_{CD}F^{(i)}_{EF} ) , where we have defined the scalar potential function as

V (ϕ) = 1 4 ( g^2e^{√2ϕ} + 4mge^{−√2ϕ} − m^2e^{−3√2ϕ} ) . (95)

The equations of motion admit a solution which is Li_4 × H_2, with H_2 a hyperboloid

ds^2 = L^2 ( −y^{2z}dt^2 + y^2dx · dx + dy^2 y^2 ) + a^2ds^2(H_2), (96)

where L is the curvature radius of Li_4 and a is the curvature radius of the hyperboloid, with ds^2(H_2) denoting the unit radius metric. Relative to [44] the signature has been changed to mostly plus, to fit the conventions of this paper, and the radial coordinate is denoted y in accordance with the earlier sections. In the Lifshitz solutions, the scalar field is constant, ϕ = ϕ_0, and the field configurations are

F^{(3)}_{ty} = qBL^3e^{√2ϕ0} y^{z−1}; F^{(3)}_{H2} = qη_{H2} , (97)

B_{x1x2} = B 2 L^3y^2.

Here η_{H2} is the volume form of the hyperboloid. The Lifshitz solutions exist only if the parameters are related by algebraic equations which are expressed in terms of the following quantities

B̂ = LBe^{√2ϕ}0 Q = Le^{−ϕ}0^{/√2}q/a^2

ĝ = Lge^{ϕ0/√2} â = a/L m̂ = L m e^{−3ϕ0/√2} .

(98)

and hence one gets

B̂^2 = z − 1 ĝ^2 = 2z(4 + z) m̂^2 2 = 6 + z ∓ 2 √ 2(z + 4) z Q^2 =

(2 + z)(z − 3) ± 2 √ 2(z + 4) 2z 1 â^2

= 6 + 3z ∓ 2 √ 2(z + 4) .

(99)

From here onwards we will set the curvature radius L to be one and the integration constant ϕ_0 to be zero, in which case the hatted quantities are the same as those without hats. Note however that Q = q/a^2. Flux quantization may impose restrictions on the allowed values of z, forcing z to take discrete values but in what follows we will not discuss these restrictions.

5.1 Lifshitz with z ∼ 1

There are two branches of Lifshitz solutions, but only the upper sign solutions are connected to the AdS solution with z = 1 and it is this branch that we will focus on here. When z = 1, B = 0 and m = √ 10 − 2; Q^2 = √ 10 − 3; (100)

g^2 = 10; 1 a^2

= 9 − 2 √ 10. At this critical point V (0) = 9 − √ 10. (101)

Now letting B^2 ≡ ϵ^2 = z − 1, (102)

with ϵ small, we note that at order ϵ the solution is the leading order AdS_4 × H_2 together with an F^{(3)}_{ty} flux of order ϵ and a B_{x1x2} flux also of order ϵ. At order ϵ^2 both parts of the six dimensional metric are changed (note that the radius of the hyperboloid is corrected) and the flux along the hyperboloid is also corrected at this order.

To interpret this limit, it is useful to look at the spectrum around the AdS_4 × H_2 background. We will not need the complete spectrum in what follows; it suffices to look at the following decoupled modes. Switch on perturbations around the background A^{(3)}_μ = a_μ(x^ρ); B_{μν} = b_{μν} (x^ρ), (103) where x^μ denote the AdS_4 coordinates. Such perturbations do not depend on the H_2 coordinates and are therefore singlet modes from the perspective of the Kaluza-Klein reduction over this (compact) space. Linearising the equations of motion around the background these modes decouple from all other linear perturbations but are coupled to each other via the equations

¯∇_μf^{μν} = 1 3 Qϵ^{νρστ} g_{ρστ} ; (104)

¯∇_ρg^{ρμν} = m^2b^{μν} + Qϵ^{μνστ} f_{στ} .

Here ¯∇ denotes the AdS_4 covariant derivative, ϵ^{μνρσ} is the covariant epsilon on AdS_4 and (f_{μν} , g_{μνρ}) are the curvatures of the vector and tensor field perturbations, respectively. These equations should be supplemented by the divergence constraint on the tensor field, ¯∇_μb^{μν} = 0. This system of equations has the degrees of freedom of a massive vector field: define

c_μ = 1 3! ϵ_{μνρσ} g^{νρσ}. (105)

Closure of the three form g implies that c_μ is divergenceless. Denoting the curvature of c as f^{μν}_c the coupled equations of motion reduce to ¯∇_μf^{μν}_c = 2c^ν ; (106)

with this massive vector field strength being related to the gauge field strength and the tensor field as

f^{μν}_c = 2Qf^{μν} − 1 2 m^2ϵ^{μνρσ}b_{ρσ} . (107)

Comparing with (3), we note that such an equation describes a massive vector field with M^2 = 2 = d − 1 and thus this mode is precisely the vector mode considered in earlier sections. Working to order ϵ, the Lifshitz solution is therefore indeed a deformation of the dual conformal field by the time component of a massive vector operator of dimension three: expanding (97) to first order in ϵ one can extract c_t = −ϵy. (108) (Note that with our conventions ϵ_{ty12} = −y^2.)

5.2 Backreaction of massive vector field

Working perturbatively around z = 1, the backreaction of the massive vector preserves Lifshitz invariance with z = 1 + ϵ^2 when evaluated on the AdS background. If one adds a massive vector perturbation to an asymptotically AdS background, such as a black brane, the resulting solution will only be asymptotically Lifshitz. Moreover, the backreaction of the massive vector will be non-trivial not just on the four-dimensional metric, but also on the two scalar fields, which will now run.

To analyse the backreaction of the massive vector field at order ϵ^2 it is useful to first reduce the six-dimensional equations to a set of four-dimensional equations using the following ansatz for the fields [66]. The six-dimensional Einstein frame metric is expressed as

ds^2 = e^{12 χ}g_{μν} dx^μdx^ν + e^{− 12 χ}a^2ds^2(H_2), (109)

where the factors are chosen such that g_{μν} is an Einstein frame metric in four dimensions. For the other six-dimensional fields,

ϕ = ϕ(x); B_{AB} = b_{μν} (x) + b(x)η_{(H}2_{)ab}; (110) F^{(3)}_{AB} = f_{μν} (x) + γη_{(H}2_{)ab}.

Here b(x) is a scalar field but γ is a constant and F = 0. The reduced action is then [66]:

S = a^2 ∫ d^4x √ −g [ 1 4 R − e^{−√2ϕ−χ/2} 4 (f_{μν} f^{μν} + m^2b_{μν} b^{μν} ) (111) − e^{2√2ϕ−χ} 12 g_{μνρ}g^{μνρ} − 1 16 (∇χ)^2 − 1 2 (∇ϕ)^2 − e^{2√2ϕ+χ} 2a^4

(∇b)^2− e^χ 2a^2 + e^{χ/2} 2 V (ϕ) − 1 2a^4 e^{−√2ϕ+3χ/2}(m^2b^2 + γ^2)− ϵ^{μνρσ} 8a^2

(2m^2bb_{μν} b_{ρσ} +2bf_{μν} f_{ρσ} + 4γb_{μν} f_{ρσ}) ] . The interactions in the action above imply that the backreaction of the massive vector will be non-trivial not just on the four-dimensional metric, but also on the two scalar fields, which will run. At order ϵ^2 Lifshitz invariance is preserved but at this order other operators, as well as the stress energy tensor, are affected. As discussed in [12], the extra fields in the consistent truncation, beyond the metric and massive vector, relate to additional terms occurring in the OPE between the vector operator and the stress energy tensor. One could analyse a more general system of this type using the techniques of [12] and this paper.

However, for the specific system under consideration, analysing the expansion in ϵ in detail is less interesting for the following reason. Linearizing the equations of motion for the scalars ϕ and χ around the AdS solution one obtains

□ϕ = − 1 4 (g^2 + 4mg − 9m^2)ϕ + Q^2ϕ −

3Q^2 2 √ 2 χ (112)

= (16 − 6 √ 10)ϕ − 3( √ 10 − 3) 2 √ 2 χ; □χ = ( 4 a^2

− V (0) + 9Q^2)χ − (2V^′(0) + 6 √ 2Q^2)ϕ (113) = 2 √ 10χ − 4 √ 2( √ 10 − 3)ϕ.

Diagonalizing this system we find that the masses of the two independent scalar modes are m^2_1 = −2.99...; m^2 = 6.34... (114)

and thus the eigenmodes do not satisfy the Breitenlohner-Freedman bound m^2 ≥ −9/4; this was also observed in [44, 66]. Therefore these scalars correspond to instabilities of the system: the original AdS critical point is not supersymmetric and it is not stable.

Turning now to the Lifshitz solution, we note that these unstable scalars run in the finite temperature solution. Although these unstable modes prevent us from giving clear dual interpretation of this particular system, we have shown that it belongs to the same universality class of models discussed in [12]. It would be interesting to find z ∼ 1 Lifshitz solutions in string theory which are obtained from deformations of supersymmetric CFTs and which do not suffer from such instabilities. Note that the second branch of Lifshitz solutions found in [53] have dynamical exponents z > 1 and are not connected to the unstable z = 1 critical point; these have been argued to be the stable branch [44, 66].

5.3 Three-dimensional Lifshitz geometries

In this section we briefly summarize the interpretation of the Li_3 × H_2 solutions of Romans N = 4 gauged supergravity in five dimensions found in [53].

The bosonic field content of the Romans theory [69] consists of the metric, g_{AB}, a dilaton, ϕ, two antisymmetric tensors B^α_{AB} , and a set of gauge vectors, (A^{(i)}_A , A_A) for the gauge group SU(2) × U(1). The bosonic part of the action for this theory is S = ∫ d^5x √ −g_5 1 4 R_5− 1 2 (∂ϕ)^2 − ξ^2 4 ( B^{α2} + F^{(i)2} ) − ξ^{−4} 4 F^2 (115) − 1 4 ε^{ABCDE} ( 1 g_1 ϵ_{αβ}B^α_{AB} ∇_C B^β_{DE} − F^{(i)}_{AB}F^{(i)}_{CD}A_E )

+ 1 8 g_2 ( g_2ξ^{−2} + 2 √ 2g_1ξ ) ,

where we have defined ξ = e^{√2ϕ/√3}. Here g_1 and g_2 are the gauge couplings for U(1) and SU(2) respectively. F_{AB} is a U(1) gauge field strength and F^{(i)}_{AB} is a nonabelian SU(2) gauge field strength. Spacetime indices A, B, ... run from 0 to 4, and ε is the Levi-Civita tensor density.

Just as in the six-dimensional case there exist Lifshitz solutions

ds^2 = L^2(−y^{2z}dt^2 + y^2dx^2 + dy^2 y^2

) + a^2ds^2(H_2), (116)

where L is the curvature radius of Li_3 and a is the curvature radius of the hyperboloid, with ds^2(H_2) denoting the unit radius metric. In the Lifshitz solutions, the scalar field is constant and can be set to zero; for notational simplicity we will also set the curvature radius L to one in the metric above. There are two distinct classes of Lifshitz solutions. The first has the following fluxes F_{ty} = −α_1y^{z−1}; F^{(3)}_{H2} = a^2γη_{H2} , F^{(3)}_{yx} = β_2. (117) Here η_{H2} is the volume form of the hyperboloid. This Lifshitz solution requires^2

α^2_1 = 1 2 z(z − 1); β^2_2 = 1 2 (z − 1); γ^2 = z 4 ; (118)

g^2 = −2z^2 + 3z + 2; g_1g_2 = 1 √ 2 (2z^2 + z + 1); a^2 = 2 3z . 2Note that there are typos in equations (3.32) and (3.39) of [53]: ĝ^2_1 should read ĝ_1ĝ_2.

In the second class of Lifshitz solutions the fluxes are

F^{(3)}_{ty} = −α_2y^{z−1}; F^{(3)}_{H2} = a^2γη_{H2} , F_{yx} = β_1. (119)

Here η_{H2} is the volume form of the hyperboloid. This Lifshitz solution requires

α^2 = 1 2 z(z − 1); β^2_1 = 1 2 (z − 1); γ^2 = z 4 ; (120)

g^2 = 2z^2 + 3z − 2; g_1g_2 = √ 2(1 + z); a^2 = 2 3z . Both solutions reduce in the z = 1 limit to the same AdS critical point. Reality of the gauge couplings requires that 1 ≤ z ≤ 2.

Linearizing around the AdS solution the following fluctuations form a decoupled system:

δF_{μν} = f_{μν} (x^ρ); δF^{(3)}_{μν} = f^{(3)}_{μν} (x^ρ), (121)

where x^μ denote AdS coordinates, with the linearised equations of motion being ¯∇_ν f^{νμ} = −ϵ^{μρσ} f^{(3)}_{ρσ} ; ¯∇_ν f^{(3)νμ} = −ϵ^{μρσ} f_{ρσ}, (122)

with ¯∇_μ the AdS_3 covariant derivative and ϵ^{μνρ} the three-dimensional covariant Levi-Civita. As previously, we can define

c_μ = 1 2 ϵ_{μνρ}f^{νρ} (123)

such that c_μ is divergenceless and is a massive vector ¯∇_μf^{μν}_{(c)} = c^ν , (124)

where f_{(c)μν} ≡ −2f^{(3)}_{μν} is the curvature of c_μ. This is precisely the mass given above (3). Looking now at the Lifshitz solutions, we see that when z = 1+ϵ^2 the two classes of solutions reduce to the following perturbations about the AdS_3 background, respectively:

c_t = 1 √ 2 ϵy; c_x = 1 √ 2 ϵy. (125)

Therefore, the first class corresponds to a deformation by the time component of the massive vector while the second class corresponds to a deformation by the spatial component of the massive vector. Note that only in three dimensions a deformation by the special component of the massive vector is consistent with Lifshitz symmetry – in higher dimensions such deformation breaks the rotational symmetry.

As in the six-dimensional models, the backreaction at order ϵ^2 generically induces other fields in addition the metric and massive vector system, since the consistent truncation to three dimensions involves additional scalar fields. However, working out this backreaction in detail is not necessary because one can already show that the system has BF instabilities. Perturbing around AdS, the dilaton together with the following breathing mode of the metric

ds^2 = e^{2χ(xμ)} ( −y^2dt^2 + y^2dx^2 + dy^2 y^2 ) + e^{−χ(xμ)}ds^2(H_2) (126)

form a decoupled system. The diagonalized masses of these scalar modes are

m^2_± = 3 2 ± √ 33 2 , (127)

with the mode such that m^2_− < −1 violating the BF bound. Therefore just as in the six-dimensional models the AdS critical point is unstable.

6 Conclusions

In this paper we have constructed analytically asymptotically Lifshitz black branes with dynamical exponentsz = 1+ϵ^2. Using the holographic dictionary developed in [12] and extended here to arbitrary dimension we obtained the thermodynamic properties of these neutral black branes analytically. In particular, we argued for and verified the scaling relation between temperature and entropy: T ∼ S^{zd−1} . In the non-relativistic theory care must be taken to identify the correct conserved quantity needed to define the mass M.

We showed that the z ∼ 1 solutions in the top-down models of [44, 53] belong to the same universality class as those analysed in [12] and in the present paper, i.e. they can be viewed as deformations of relativistic fixed points by a dimension d vector operator J_t. Unfortunately, these models suffer from Breitenlohner-Freedman type instabilities, which makes the study of these systems challenging. It would be interesting to look for other string theory embeddings of z ∼ 1 Lifshitz geometries which do not have such instabilities.

Acknowledgments

This work is part of the research program of the Stichting voor Fundamenteel Onderzoek der Materie (FOM), which is financially supported by the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO). YK and KS acknowledge support via an NWO Vici grant. KS and MT acknowledge support from a grant of the John Templeton Foundation. The opinions expressed in this publication are those of the authors and do not necessarily reflect the views of the John Templeton Foundation.

References

[1] S. Sachdev, Condensed Matter and AdS/CFT, Lect.Notes Phys. 828 (2011) 273–311, [arXiv:1002.2947].

[2] J. McGreevy, Holographic duality with a view toward many-body physics, Adv.High Energy Phys. 2010 (2010) 723105, [arXiv:0909.0518].

[3] G. T. Horowitz, Theory of Superconductivity, Lect.Notes Phys. 828 (2011) 313–347, [arXiv:1002.1722].

[4] C. P. Herzog, Lectures on Holographic Superfluidity and

Superconductivity, J.Phys. A42 (2009) 343001, [arXiv:0904.1975].

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

[6] K. Balasubramanian and J. McGreevy, Gravity duals for

non-relativistic CFTs, Phys.Rev.Lett. 101 (2008) 061601, [arXiv:0804.4053].

[7] D. Son, Toward an AdS/cold atoms correspondence: A Geometric realization of the Schrodinger symmetry, Phys.Rev. D78 (2008) 046003, [arXiv:0804.3972].

[8] S. Kachru, X. Liu, and M. Mulligan, Gravity Duals of Lifshitz-like Fixed Points, Phys.Rev. D78 (2008) 106005, [arXiv:0808.1725].

[9] M. Guica, K. Skenderis, M. Taylor, and B. C. van Rees, Holography for Schrodinger backgrounds, JHEP 1102 (2011) 056, [arXiv:1008.1991].

[10] R. Caldeira Costa and M. Taylor, Holography for chiral scale-invariant models, JHEP 1102 (2011) 082, [arXiv:1010.4800].

[11] B. C. van Rees, Correlation functions for Schrödinger backgrounds,

arXiv:1206.6507.

[12] Y. Korovin, K. Skenderis, and M. Taylor, Lifshitz as a deformation of Anti-de Sitter, arXiv:1304.7776.

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

[14] U. H. Danielsson and L. Thorlacius, Black holes in asymptotically Lifshitz spacetime, JHEP 0903 (2009) 070, [arXiv:0812.5088].

[15] R. B. Mann, Lifshitz Topological Black Holes, JHEP 0906 (2009) 075, [arXiv:0905.1136].

[16] G. Bertoldi, B. A. Burrington, and A. Peet, Black Holes in asymptotically Lifshitz spacetimes with arbitrary critical exponent, Phys.Rev. D80 (2009) 126003, [arXiv:0905.3183].

[17] K. Balasubramanian and J. McGreevy, An Analytic Lifshitz black hole, Phys.Rev. D80 (2009) 104039, [arXiv:0909.0263].

[18] D.-W. Pang, On Charged Lifshitz Black Holes, JHEP 1001 (2010) 116, [arXiv:0911.2777].

[19] E. Ayon-Beato, A. Garbarz, G. Giribet, and M. Hassaine, Lifshitz Black Hole in Three Dimensions, Phys.Rev. D80 (2009) 104029, [arXiv:0909.1347].

[20] R.-G. Cai, Y. Liu, and Y.-W. Sun, A Lifshitz Black Hole in Four Dimensional R**2 Gravity, JHEP 0910 (2009) 080, [arXiv:0909.2807].

[21] M. C. Cheng, S. A. Hartnoll, and C. A. Keeler, Deformations of Lifshitz holography, JHEP 1003 (2010) 062, [arXiv:0912.2784].

[22] E. Ayon-Beato, A. Garbarz, G. Giribet, and M. Hassaine, Analytic Lifshitz black holes in higher dimensions, JHEP 1004 (2010) 030, [arXiv:1001.2361].

[23] K. Balasubramanian and K. Narayan, Lifshitz spacetimes from AdS null and cosmological solutions, JHEP 1008 (2010) 014, [arXiv:1005.3291].

[24] I. Amado and A. F. Faedo, Lifshitz black holes in string theory, JHEP 1107 (2011) 004, [arXiv:1105.4862].

[25] M. Dehghani, R. Mann, and R. Pourhasan, Charged Lifshitz Black Holes, Phys.Rev. D84 (2011) 046002, [arXiv:1102.0578].

[26] W. Chemissany and J. Hartong, From D3-Branes to Lifshitz Space-Times, Class.Quant.Grav. 28 (2011) 195011, [arXiv:1105.0612].

[27] H. Maeda and G. Giribet, Lifshitz black holes in Brans-Dicke theory, JHEP 1111 (2011) 015, [arXiv:1105.1331].

[28] J. Matulich and R. Troncoso, Asymptotically Lifshitz wormholes and black holes for Lovelock gravity in vacuum, JHEP 1110 (2011) 118, [arXiv:1107.5568].

[29] J. Tarrio and S. Vandoren, Black holes and black branes in Lifshitz spacetimes, JHEP 1109 (2011) 017, [arXiv:1105.6335].

[30] B. Gouteraux and E. Kiritsis, Quantum critical lines in holographic phases with (un)broken symmetry, JHEP 1304 (2013) 053, [arXiv:1212.2625].

[31] X. Dong, S. Harrison, S. Kachru, G. Torroba, and H. Wang, Aspects of holography for theories with hyperscaling violation, JHEP 1206 (2012) 041, [arXiv:1201.1905].

[32] N. Iizuka, S. Kachru, N. Kundu, P. Narayan, N. Sircar, et al., Bianchi Attractors: A Classification of Extremal Black Brane Geometries, JHEP 1207 (2012) 193, [arXiv:1201.4861].

[33] J. Bhattacharya, S. Cremonini, and A. Sinkovics, On the IR completion of geometries with hyperscaling violation, JHEP 1302 (2013) 147, [arXiv:1208.1752].

[34] N. Iizuka, S. Kachru, N. Kundu, P. Narayan, N. Sircar, et al., Extremal Horizons with Reduced Symmetry: Hyperscaling Violation, Stripes, and a Classification for the Homogeneous Case, JHEP 1303 (2013) 126, [arXiv:1212.1948].

[35] J. Gath, J. Hartong, R. Monteiro, and N. A. Obers, Holographic Models for Theories with Hyperscaling Violation, arXiv:1212.3263.

[36] P. Bueno, W. Chemissany, and C. Shahbazi, On hvLif-like solutions in gauged Supergravity, arXiv:1212.4826.

[37] I. Kanitscheider and K. Skenderis, Universal hydrodynamics of non-conformal branes, JHEP 0904 (2009) 062, [arXiv:0901.1487].

[38] B. Gouteraux and E. Kiritsis, Generalized Holographic Quantum Criticality at Finite Density, JHEP 1112 (2011) 036, [arXiv:1107.2116].

[39] B. Gouteraux, J. Smolic, M. Smolic, K. Skenderis, and M. Taylor, Holography for Einstein-Maxwell-dilaton theories from generalized dimensional reduction, JHEP 1201 (2012) 089, [arXiv:1110.2320].

[40] S. Harrison, S. Kachru, and H. Wang, Resolving Lifshitz Horizons,

arXiv:1202.6635.

[41] G. T. Horowitz and B. Way, Lifshitz Singularities, Phys.Rev. D85 (2012) 046008, [arXiv:1111.1243].

[42] G. Bertoldi, B. A. Burrington, and A. W. Peet, Thermodynamics of black branes in asymptotically Lifshitz spacetimes, Phys.Rev. D80 (2009) 126004, [arXiv:0907.4755].

[43] G. Bertoldi, B. A. Burrington, A. W. Peet, and I. G. Zadeh, Lifshitz-like black brane thermodynamics in higher dimensions, Phys.Rev. D83 (2011) 126006, [arXiv:1101.1980].

[44] L. Barclay, R. Gregory, S. Parameswaran, G. Tasinato, and I. Zavala, Lifshitz black holes in IIA supergravity, JHEP 1205 (2012) 122, [arXiv:1203.0576].

[45] A. Donos, J. P. Gauntlett, N. Kim, and O. Varela, Wrapped M5-branes, consistent truncations and AdS/CMT, JHEP 1012 (2010) 003, [arXiv:1009.3805].

[46] K. Narayan, Lifshitz-like systems and AdS null deformations, Phys.Rev. D84 (2011) 086001, [arXiv:1103.1279].

[47] A. Donos and J. P. Gauntlett, Lifshitz Solutions of D=10 and D=11 supergravity, JHEP 1012 (2010) 002, [arXiv:1008.2062].

[48] N. Halmagyi, M. Petrini, and A. Zaffaroni, Non-Relativistic Solutions of N=2 Gauged Supergravity, JHEP 1108 (2011) 041, [arXiv:1102.5740].

[49] D. Cassani and A. F. Faedo, Constructing Lifshitz solutions from AdS, JHEP 1105 (2011) 013, [arXiv:1102.5344].

[50] M. Petrini and A. Zaffaroni, A Note on Supersymmetric Type II Solutions of Lifshitz Type, JHEP 1207 (2012) 051, [arXiv:1202.5542].

[51] W. Chemissany, D. Geissbuhler, J. Hartong, and B. Rollier, Holographic Renormalization for z=2 Lifshitz Space-Times from AdS, Class.Quant.Grav. 29 (2012) 235017, [arXiv:1205.5777].

[52] I. Papadimitriou, Holographic Renormalization of general dilaton-axion gravity, JHEP 1108 (2011) 119, [arXiv:1106.4826].

[53] R. Gregory, S. L. Parameswaran, G. Tasinato, and I. Zavala, Lifshitz solutions in supergravity and string theory, JHEP 1012 (2010) 047, [arXiv:1009.3445].

[54] S. F. Ross and O. Saremi, Holographic stress tensor for non-relativistic theories, JHEP 0909 (2009) 009, [arXiv:0907.1846].

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

[56] M. Baggio, J. de Boer, and K. Holsheimer, Hamilton-Jacobi Renormalization for Lifshitz Spacetime, JHEP 1201 (2012) 058, [arXiv:1107.5562].

[57] T. Griffin, P. Horava, and C. M. Melby-Thompson, Conformal Lifshitz Gravity from Holography, JHEP 1205 (2012) 010, [arXiv:1112.5660].

[58] R. B. Mann and R. McNees, Holographic Renormalization for Asymptotically Lifshitz Spacetimes, JHEP 1110 (2011) 129, [arXiv:1107.5792].

[59] M. Baggio, J. de Boer, and K. Holsheimer, Anomalous Breaking of Anisotropic Scaling Symmetry in the Quantum Lifshitz Model, JHEP 1207 (2012) 099, [arXiv:1112.6416].

[60] I. Papadimitriou and K. Skenderis, AdS / CFT correspondence and geometry, hep-th/0404176.

[61] I. Papadimitriou and K. Skenderis, Correlation functions in holographic RG flows, JHEP 0410 (2004) 075, [hep-th/0407071].

[62] S. de Haro, S. N. Solodukhin, and K. Skenderis, Holographic reconstruction of space-time and renormalization in the AdS / CFT correspondence, Commun.Math.Phys. 217 (2001) 595–622, [hep-th/0002230].

[63] K. Skenderis and S. N. Solodukhin, Quantum effective action from the AdS / CFT correspondence, Phys.Lett. B472 (2000) 316–322, [hep-th/9910023].

[64] I. Papadimitriou and K. Skenderis, Thermodynamics of asymptotically locally AdS spacetimes, JHEP 0508 (2005) 004, [hep-th/0505190].

[65] K. Skenderis, M. Taylor, and B. C. van Rees, Topologically Massive Gravity and the AdS/CFT Correspondence, JHEP 0909 (2009) 045, [arXiv:0906.4926].

[66] H. Braviner, R. Gregory, and S. F. Ross, Flows involving Lifshitz solutions, Class.Quant.Grav. 28 (2011) 225028, [arXiv:1108.3067].

[67] J. Jeong, O. Kelekci, and E. O. Colgain, An alternative IIB embedding of F(4) gauged supergravity, JHEP 1305 (2013) 079, [arXiv:1302.2105].

[68] L. Romans, The F(4) gauged supergravity in six-dimensions, Nucl.Phys. B269 (1986) 691.

[69] L. Romans, Gauged N=4 supergravities in five-dimensions and their magnetovac backgrounds, Nucl.Phys. B267 (1986) 433.