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ABSTRACT: For a specific action supporting z = 2 Lifshitz geometries we identify the Lif-
shitz UV completion by solving for the most general solution near the Lifshitz boundary.
We identify all the sources as leading components of bulk fields which requires a vielbein
formalism. This includes two linear combinations of the bulk gauge field and timelike
vielbein where one asymptotes to the boundary timelike vielbein and the other to the
boundary gauge field. The geometry induced from the bulk onto the boundary is a novel
extension of Newton-Cartan geometry that we call torsional Newton-Cartan (TNC) geom-
etry. There is a constraint on the sources but its pairing with a Ward identity allows one
to reduce the variation of the on-shell action to unconstrained sources. We compute all
the vevs along with their Ward identities and derive conditions for the boundary theory
to admit conserved currents obtained by contracting the boundary stress-energy tensor
with a TNC analogue of a conformal Killing vector. We also obtain the anisotropic Weyl
anomaly that takes the form of a Hofava-Lifshitz action defined on a TNC geometry. The
Fefferman-Graham expansion contains a free function that does not appear in the variation
of the on-shell action. We show that this is related to an irrelevant deformation that selects
between two different UV completions.
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1 Introduction

1.1 Scope and motivation

Ever since the birth of the AdS/CFT correspondence [1-3] there has been a continuous
effort to find more examples of holographic correspondences. In recent years this has re-
ceived an extra boost due to the growing interest in using holography as a tool to study
strong coupling physics of potential relevance to phenomenology such as holographic QCD,
quark-gluon plasma physics, far from equilibrium dynamics, thermalization, high-T, super-
conductors and many other condensed matter systems (see [4-11] for reviews). Apart from
the obvious phenomenological interest, this development provides a field theory inspired
guidance to look for interesting problems on the gravitational side of the duality. In fact,
very often the dual field theories are not known explicitly and one (quasi) defines them
in the appropriate regime of the coupling constant at large IV via the holographic duality.
These developments have led to a tremendous activity in the field of applied hologra-
phy leading e.g. to many new interesting asymptotically AdS black holes solutions and
the construction of new types of holographic dualities involving non-asymptotically AdS
space-times such as Schrodinger, Lifshitz and hyperscaling violating geometries.

The motivation of the present paper lies in understanding the basic ingredients of
holographic dualities for scale invariant field theories with dynamical exponent z > 1.
Such theories are of relevance to condensed matter theory (CMT) where one frequently
finds effective field theory descriptions of a system near some quantum critical point that
is invariant under the Lifshitz symmetry group (z-dependent scale transformations t — A\*t,
¥ — A\Z, space-time translations and spatial rotations). Lifshitz geometries [12-14] together
with hyperscaling violating geometries [15-19] as well as more general Bianchi type space-
times [20] have occurred as effective IR geometries that could furnish as a groundstate
geometry of some CM system. Depending on one’s interest one can then consider either an
AdS (with or without hyperscaling violation) or a Lifshitz UV completion (again with or



without hyperscaling violation). In this work we will see an example where a z = 2 Lifshitz
IR geometry becomes either z = 2 Lifshitz in the UV or AdS with hyperscaling exponent
0 =-—1.

The study of scale invariant (or covariant as in the case of hyperscaling violating) ge-
ometries provides furthermore a great opportunity to extend our understanding of holog-
raphy beyond the familiar AdS/CFT context. There are many interesting open problems
regarding the precise holographic nature (already at the level where a gravitational ap-
proximation applies) of Schrodinger, Lifshitz and hyperscaling violating geometries. Many
such questions are in one way or another related to the precise properties of the analogue
Fefferman-Graham (FG) theorem which so far is only known when contact with an AdS
space-time can be made (e.g. by dualities such as TsT in the case of z = 2 Schrédinger
holography [21-28] or by dimensional reduction as in the case of z = 2 Lifshitz holog-
raphy which will be elaborated on further below). As a result, many properties of the
holographic dictionary such as the boundary geometry, holographic renormalization, and
one-point functions including the boundary stress-energy tensor are currently ill under-
stood.

Extending the holographic paradigm to space-times that go beyond the original AdS-
setting has thus received a great impetus in recent years. As remarked above, this has
been motivated in part by applying holographic ideas to the study of strongly coupled
condensed matter systems, which often exhibit non-relativistic scaling, and thus necessitate
the consideration of bulk space-times with asymptotics different from AdS. Moreover,
beyond the success of holography to study different types of strongly coupled quantum
field theories, it is interesting to examine more generally to what extent holography is
applicable in spaces with different asymptotics. This may shed further light on the nature
of quantum gravity and elucidate puzzles in black hole physics.

From now on we will focus our attention on holography for Lifshitz space-times. By
far the majority of work on Lifshitz holography has been within the context of the massive
vector model [13, 14] because it is simple in matter content and because it can account
for all values of z by suitably choosing the cosmological constant and mass parameter.
For a holographic study of this model see [29-34]. From an analysis of the linearized
perturbations [29-31, 35] it is known that one must separately study the following three
cases: 1). 1 < z < 2,1ii). z = 2 (see also [36-38]) and iii). z > 2. For a perturbative
approach to values of z close to one see the recent works [39, 40]. Black hole solutions of
the massive vector model have been studied in [35, 41-43]. For related work on solutions
such as Lifshitz black holes in other models for Lifshitz holography see e.g. [14, 44-48].
Probe fields and correlation functions have been studied in [13, 14, 49-54].

As an alternative approach one could give up generality and study a specific model
where z is fixed but with the advantage that one controls the asymptotic expansions to
the equations of motion. Such a scenario is known to be possible when z = 2 for the
following reason. A Lifshitz space-time with z = 2 can be uplifted to an asymptotically
AdS space-time in one dimension higher [55, 56]. This observation has motivated the
search for Lagrangians that in 4 dimensions admit z = 2 Lifshitz solutions and that can
be uplifted to 5 dimensions where they admit asymptotically AdS solutions [57-59]. The



central idea is then to construct the FG expansions of the solutions in 5 dimensions and
to reduce this to 4 dimensions. A first step in this direction was taken in [60] where the
focus was on deriving the counterterms in 4 dimensions. Using this philosophy, we have
presented in [61] the basic ingredients of an explicit holographic dictionary for Lifshitz
holography at the level of the supergravity approximation. The aim of this paper is to give
the details of the calculations that underlie the results of [61] and to present a number of
other important properties of this holographic correspondence. In particular we explicitly
address the holographic dictionary, including the corresponding boundary geometry, the
identification of sources+vevs and the computation of Ward identities as well as many
other important properties of the boundary stress-energy tensor such as the anisotropic
Weyl anomaly and conserved boundary currents, as will be detailed below.

1.2 Summary and outline

As an aid to the reader, we present here an outline of the paper, along with a summary of

the main results.

Section 2. We begin in section 2 with a brief summary of the model that we use. The
starting point is the 5-dimensional (renormalized) action (2.1) of Einstein gravity with a
negative cosmological constant coupled to an axion-dilaton system. Note that throughout
the paper we use the following notation: 5-dimensional quantities/indices are hatted while
4-dimensional quantities do not have a hat. Further, a, b-type indices refer to the bound-
ary space-time and underlined indices denote tangent space. Our input will be the FG
expansion of the solution to the equations of motion of the 5-dimensional action near the
boundary (see [60, 62]), along with the identification of the sources and vevs in this model
and the Ward identities satisfied by the vevs. The reduction from 5 to 4 dimensions is a
Scherk-Schwarz reduction which we choose to perform such that the 5-dimensional axion
has the form y = ku+ x with x a 4-dimensional axion and where u ~ u+ 27w L parametrizes
the reduction circle. The reduction ansatz for the remaining fields is of the standard Kaluza-
Klein (KK) form. This Scherk-Schwarz reduction gauges the axion shift symmetry with
the KK vector leading to a massive vector in 4 dimensions via the Stiickelberg mechanism.
This is a consistent reduction meaning that all solutions of the 4-dimensional theory can
be uplifted to solutions of the 5-dimensional theory. When k # 0, which we will always
assume, the 4-dimensional solutions split up into two classes depending on the asymptotic
behavior of the KK dilaton. We will mostly focus on solutions belonging to the class for
which there exists a Lifshitz UV completion. We show that this requires a certain constraint
on the sources.

The reduction is spacelike everywhere in the bulk of the 5-dimensional space-time but
must remain null on the boundary (which is the origin of the constraint just mentioned).
There are two scales involved, k and L and we will be working in the regime where kL < 1.
We show that this is compatible with the usual requirements of weak curvature and type
IIB string coupling. In this situation we can ignore the KK tower of massive states and
we obtain a 3-dimensional boundary theory. The weak coupling description of this theory
has not been worked out in detail. Some general comments can be made about it. The



axion in the bulk sources a theta angle in N'=4 SYM and its reduction will give rise to a
Chern-Simons term in 3-dimensions. Further since the reduction is along a null circle (from
a boundary perspective) the theory will have a z = 2 dynamical exponent. It has therefore
been dubbed a Lifshitz-Chern-Simons gauge theory [63, 64]. Hence a specific subset of the 5-
dimensional asymptotically AdS solutions can be reduced to 4-dimensional asymptotically
Lifshitz geometries [60] while maintaining a well-defined low energy approximation of type
IIB string theory. The 4-dimensional action is given in (2.9).

Section 2.3 gives a preview of our results for the sources that are obtained upon dimen-
sional reduction. We discuss a sequence of boundary conditions: asymptotically Lifshitz,
asymptotically locally Lifshitz and UV Lifshitz which is such that the next item is weaker
than the previous one. For each of these boundary conditions we list the corresponding
boundary geometry in table 1. The reduction suggests (see also [65]) that the 4-dimensional
asymptotic expansions are naturally formulated in a non-radial gauge. The section con-
cludes with a discussion of the issues one faces when trying to transform to radial gauge.

Section 3. We obtain the most general boundary conditions that determine the z = 2
Lifshitz UV completion in section 3, which we denote by Lif UV. Due to the constraint
mentioned above, namely that the reduction circle must remain null on the boundary, the
Lif UV boundary conditions are most conveniently implemented using a vielbein formalism.
This is the subject of section 3.2. In fact if we demand that the sources appear as the
leading components of bulk fields then it is mandatory to use vielbeins. By relating the
4-dimensional bulk frame fields to those in 5 dimensions (3.2)—(3.6) we obtain a simple
relation between the 4- and 5-dimensional sources as given in (3.38)—(3.41). We notice the
appearance of two special combinations (3.5) and (3.6) of the bulk gauge field with the
bulk timelike frame field. The leading component of (3.5) will be the boundary timelike
vielbein 7(g), while the leading component of (3.6) will be the boundary gauge field A ),
With these ingredients at hand, we can then compute the boundary geometry along with
the variation of the on-shell action and obtain the Ward identities.

Section 4. In section 4 we obtain and study in detail the boundary geometry of the z = 2
Lifshitz space-times of our model, and the resulting torsional Newton-Cartan structure is
one of our central results. The appearance of Newton-Cartan structures is expected, since
in our case the boundary geometry is obtained by null-reduction of the 5-dimensional
asymptotically locally AdS boundary geometry. To study the metric structure of the
boundary we start by obtaining the transformations induced on the boundary vielbeins
by bulk local Lorentz transformations that leave dr/r invariant. The result is that the
boundary vielbeins transform under the contracted Lorentz group consisting of local SO(2)
rotations and Galilean boosts (see (4.22)—(4.25)). The construction of covariant derivatives
containing two types of connections, one for local tangent space transformations and for
coordinate transformations together with the corresponding vielbein postulates is discussed
in subsection 4.2. Here we will see for the first time the important role played by torsion.
The vielbein postulates relate the two types of connections.

In section 4.3 we choose our connection Fgo)ab for covariant derivatives of tensors that
are inert under local tangent space transformations. The choice is naturally suggested



by the null reduction of the 5-dimensional asymptotically locally AdS boundary geometry
and amounts to taking Ffo)ab to be of the same functional form as in Newton-Cartan
geometry but with the important difference that we do not set to zero a specific torsion
tensor. Hence the name torsional Newton-Cartan (TNC). Even though we obtained the
boundary geometry for a specific model admitting a z = 2 Lifshitz UV completion, nothing
depends essentially on z = 2 but rather on the fact that the local tangent space group is a
contraction of the Lorentz group. Since this will be the case for any z > 1 we expect the
TNC geometry to be generic for Lifshitz holography.

In section 4.4 we discuss two important special cases namely twistless torsional Newton-
Cartan (TTNC) obtained by taking 7(g), to be hypersurface orthogonal and Newton-Cartan
(NC) obtained by taking 7o), to be closed. For the case of TTNC (and thus automatically
also for NC) we work out the geometry induced on the hypersurfaces to which 7(g), is
orthogonal in section 4.6. It turns out that this is described by Riemannian geometry
(there is no torsion in directions tangential to these hypersurfaces). The geometric notions
defined in section 4 enable us to write the Ward identities of our model in a covariant form,
and furthermore play an important role in the study of the anisotropic Weyl anomaly.

Section 5. The vevs are calculated in section 5. The variation of the on-shell action is
given in (5.35). The Ward identities for the vevs can be readily obtained by reducing the
5-dimensional PBH transformations. This is done in section 5.3 and gives rise to a set of
algebraic and differential relations for the vevs and sources. The differential expressions
will be written in a covariant form using the TNC geometry in section 5.7. The vevs
appearing in the variation of the on-shell action (5.35) can be related to the 5-dimensional
vevs by dimensional reduction. This is done in section 5.4. The relation between the
5- and 4-dimensional vevs shows a number of interesting features: i) it implies various
additional Ward identities in 4 dimensions, and ii) the relation given in (5.59)—(5.61) is
not invertible, i.e. we cannot express all 5-dimensional vevs in terms of 4-dimensional ones.
The implications of this are discussed in section 6.3 which we will summarize shortly below.

As regards to point i), namely the extra Ward identities, some of these are to be
expected and are simply related to the fact that we work with a vielbein formalism so that
there will be Ward identities related to the local tangent space transformations, i.e. the
Galilean boosts and the SO(2) rotations and this is indeed what we find. However we find
one more Ward identity (5.63) whose origin we explain in section 5.5 and we show that
it is intimately connected with the constraint that the reduction circle on the boundary
is null. The relation (5.63) allows us to remove the term proportional to d®() in the
variation of the on-shell action (5.35) leaving us with only unconstrained sources. Further
sections 5.5 and 5.6 discuss the various transformation properties of the sources and vevs
under the various local symmetries. This leads us to define the unique gauge and local
tangent space invariant boundary stress-energy tensor 72‘6)1) as given in (5.86). We derive
the scale dimensions of its tangent space components which in [29, 30] have been referred to
as the energy density, the momentum density, the energy flux and the stress. Interestingly
the energy flux appears to be a dimension 5 operator. Nevertheless we are able to compute
it because it should really be viewed as a contraction of a dimension 3 vev with a dimension
2 source.



Section 6. The last section 6 is a collection of various physical properties of the boundary
stress-energy tensor. The Ward identity for the boundary stress-energy tensor is not of the
form of a conservation equation. This is common for stress-energy tensors defined by
variation with respect to vielbeins whenever there are vectors in the theory [66]. The
main difference between T(((l))b and the HIM [66] boundary stress-energy tensor is due to the
TNC boundary geometry, i.e. the fact that we cannot raise/lower indices and the presence
of torsion. In section 6.1 we derive necessary and sufficient conditions for there to be
conserved currents obtained by contracting the boundary stress-energy tensor with some
vector K (ao). This leads to a set of conditions on K (ao) that can be thought of as the analogue
of the conformal Killing equation in the context of TNC. In section 6.2 we evaluate the
anisotropic Weyl anomaly density A ) and show that it takes the form of a Hofava-Lifshitz
(HL) action but with the important difference that it is defined on a TNC geometry as
opposed to a Lorentzian geometry as is the case for HL theories. An important role here is
played by the boundary gauge field which is necessary to make kinetic terms appearing in
A(py invariant under local Galilean boosts. The expression for A contains three different
types of terms: those that are zeroth order in derivatives, second order kinetic terms and
fourth order spatial derivative terms. In section 6.3 we come back to the issue that not
all components of the 5-dimensional vevs can be rewritten in terms of 4-dimensional vevs.
In fact we show that there is a specific component of the 5-dimensional boundary stress-
energy tensor that decouples from all the Ward identities upon reduction and that appears
in the 4-dimensional FG expansion without a dual sources. This is due to the fact that
we have turned its source off. This is once again related to the constraint coming from
the fact that the reduction circle must remain null on the boundary in order to have a
Lifshitz UV completion. From the point of view of perturbations around the z = 2 Lifshitz
space-time this corresponds to turning off an irrelevant deformation. If we were to allow for
this irrelevant deformation we would obtain a UV completion that is of the hyperscaling
violating type with § = —1 and z = 1 as is shown in appendix E.

Discussion and appendices. In the discussion section 7 we further elaborate on some
of our findings and suggest future directions for research. Appendix A contains background
material on the details of the 5-dimensional theory where section A.3 can be used to con-
vert our results to any 4-dimensional boundary ADM gauge. Appendices B and C contain
calculational details that have been omitted in the main text regarding the transformation
to radial gauge and the reduction of the 5-dimensional Weyl anomaly, respectively. Ap-
pendix D collects the 4-dimensional Fefferman-Graham expansions written in metric (i.e.
non-vielbein) language. Finally as already mentioned appendix E deals with the second
UV completion obtained by taking the reduction circle spacelike on the boundary.

2 Background

As this work is a continuation of earlier work [59, 60] we briefly summarize the model used
there. This also allows us to introduce notation and to motivate more precisely our interest
in the structure of the sources and vevs of the theory, the corresponding Ward identities,
and the boundary geometry.



2.1 The model

The model that we use can be obtained by dimensional reduction of the following 5-
dimensional action [57, 58, 62]

Sren = 2%2 Pa/—g (R +12— %aﬂéa% — ;e%aﬂxaﬂ;z) + le/ d4x\/jﬁk+sct,
5 J M 5 JOM

(2.1)
where /ﬁ}g = 875 with G5 the 5-dimensional Newton’s constant and where h denotes the
determinant of the metric on dM. The action (2.1) can be obtained by a Freund-Rubin
compactification of type IIB supergravity. The AdSs length has been set equal to one.
Throughout this paper we will denote 5-dimensional quantities/indices by putting a hat
on them. The action Sc contains all the counterterms (see (A.14)—(A.16) for their explicit
expressions). The equations of motion are

o = Gao — 690 — T =0, 2.2
€5 =00 03)° =0, (2.3)
& = Vi (¥0m%) =0, (2.4)

where the bulk energy-momentum tensor is
ok — 19,0056 + Le%0,50,% G 209 2.5
B = 200050+ L 005% — 350 (90 + ¥(0%)?) (2.5)

Dimensional reduction of the action (2.1) can be performed using the ansatz

ds* = gupdrlda” = e ® g, datda” + €*® (du + A, dat)? (2.6)
X =X+ Fku,
b=10,

where the four dimensional unhatted fields are independent of the fifth coordinate u which
is periodically identified u ~ u + 27w L, giving

oL 3 1 s , 1 1
&m_.22 #\ﬁg<R—2%®W¢—4?}%E“—2;@W¢—2éﬂhﬂyx—v>
2rL 3
+=5 [ d oV—hK + S, (2.9)
5
where
Dyx = Oux — KAy, (2.10)
Fu = 0, A, —d,A,, (2.11)
2
V=:%€4QH¢—1%7®, (2.12)



and we take k # 0. The reduced counterterm action was obtained in [60] and is given
in (5.1). The corresponding equations of motion of the reduced theory are then given by

1 1 1 1
Ew = Gy + gegq)gWFngpo — §e3q>Fuprp + Ze%g,prxDpx — §€2¢DMXDVX

3 3 1 1 1

+ 5 9m0p@0°® = S0, 0,0 + £ 9 0p$0° G — 50,00, + 59V, (2.13)
& =V, (**F") + ke** D"y, (2.14)
Ep = 300 — Zem’F,wF“” + gk%*?"“% —12¢7%, (2.15)
£y = Op — 2*D, xDFx — ke 3120 (2.16)
E =V, <62¢D“X) . (2.17)

2.2 Lifshitz space-times

The equations (2.13) to (2.17) admit the pure z = 2 Lifshitz space-time as a solution,

y ar? d? 1
ds* = g drtde” = e*© (7‘2 —e 2‘1’(0>r—4 + 2 (d:c2 + dy2)> , (2.18)
A= Audet = 6—2‘1’@%, (2.19)
r
k
o = (I)(O) = (]5(0) + log 5 s (220)
¢ = gf)(o) =cst. (2.21)
From a 5-dimensional perspective this solution is a z = 0 Schrodinger space-time [55-57]
and reads
. dr? 1 k2
ds® = = + = (2dtdu + dae? + dy2) + ngdﬁ , (2.22)
b = d() = (o) = log gs = cst, (2.23)
X = ku + cst. (2.24)

For the remainder of this subsection we find it convenient to reintroduce the AdSs
length parameter [. The supergravity approximation, i.e. small curvature and weak string
coupling, requires

l
f>>1’ gs < 1. (2.25)
S
The first condition is the usual limit of large ‘t Hooft coupling I/l; = A\}/4. The radius of
the circle over which we compactify from 5 to 4 dimensions is given by (in units of string

length)

2mLonws 1 [27F 1 lkgs
7 Liphy :/ dur/Gus = (27 L) 295 (2.26)
lS ls 0 ls 2
where "
e — 295 . (2.27)



In order not to have any light string winding modes we demand that

Lphys - iLkgs

1. 2.2
L. L2 > (2.28)

Hence in order for the 5-dimensional supergravity approximation to hold (on a background
with a circle) we need (2.25) and (2.28). We will always assume these conditions to be
satisfied. We conclude that the circle is spacelike everywhere in the bulk and can be
taken large in units of I;. Despite this, the circle on the boundary metric obtained by
rescaling (2.22) by 72 and setting » = 0 is null. This will have important consequences that
will be discussed below.

In type IIB string theory the axion shift symmetry is broken to a symmetry under
integer shifts (which here follows from single-valuedness of the axion wavefunction along u)
so that

2rLk € Z. (2.29)

It follows from (2.28) that the physical size Lyhys of the compactification radius in units of

the AdS length is given by
L

s kgs
plhy L g : (2.30)

so that the decompactification limit corresponds to

L

% > 1. (2.31)
Next we consider the opposite regime with @ < 1 (with [/l sufficiently large

such that (2.28) remains satisfied) and argue that this is the range in which the boundary
theory becomes 3-dimensional. To this end we look at a probe scalar ¢ on the 5-dimensional
background (2.22) described by the equation

(E - m2) $=0. (2.32)

Decomposing .
p=> ™lyp,, (2.33)
n

where the ¢,, are complex valued we obtain for each ¢,, the equation?

(D,.D" — miif) on =0, (2.34)
where
.n
Dy =0y — iz Ay, (2.35)
and
2 ;) 2 -2 n’
mie=e %0 (m? e (O)ﬁ ) (2.36)

"We incidentally note that a good probe equation of motion for a charged scalar field on Lifshitz involves
a minimal coupling term to the background gauge field.



Using that the Lifshitz radius Ip; is given by (see equation (2.18))

[fi = 17O, (2.37)
we have ) 5
4dn *n
2 2 _ 922 _ 25
miliy = ml" + ez " "+ 2. (2.38)

In order to stay well below the KK mass scale we thus need

@ <1. (2.39)

Above the decompactification scale kL > g;! the theory is 4-dimensional N' = 4 SYM
in the background of a nontrivial theta angle (sourced by the axion). For kL ~ g;' we
cannot ignore the KK modes and the theory is a DLCQ of N' = 4 SYM but where the DLCQ
is deformed by the axion flux. When kL < g;! the boundary theory is a 3-dimensional
Lifshitz-Chern-Simons non-Abelian gauge theory [63, 64]. Of course throughout we need
l/ls sufficiently large and g5 small.

2.3 AlLif space-times and beyond

It is instructive to look at (2.22) from the point of view of a 5-dimensional Fefferman-
Graham expansion. Since this was already done in [60] we shall be brief. To this end we
write the 5-dimensional metric as
. ar? . 6o b
ds? = pes + hypdr®dx” (2.40)
and using the general metric expansion (A.1) we conclude by comparing with (2.22) that
we have

h(oyuu = 0, (2.41)

- kg2
by = == (2.42)

The latter condition implies via (A.5) that for the z = 0 Schrodinger space-time

~

R gy = 0. (2.43)

Using that 9, is a null Killing vector and thus tangent to a null geodesic congruence it has
been shown in [60] that provided (2.43) holds 9, is hypersurface orthogonal.

In the pure Lifshitz solution of the previous subsection the two dilatons ® and ¢ were
constant and related via ® — ¢ = log%. When considering more general space-times a
natural generalization of this would be to consider ® and ¢ such that they asymptote to
something of order °. We would thus demand that we have

B =D+, (2.44)
b»=0¢0)+.., (2.45)

~10 -



where the boundary values ® ) and ¢ are arbitrary functions of the boundary coordi-
nates. The reduction ansatz (2.6) tells us that

e = hy, . (2.46)

In order that ® asymptotes in general to something of order 7 we need that (2.41) holds.

The case where (2.41) is dropped is discussed in appendix E. For a large part of the
paper we do not consider this case because it does not contain the Lifshitz space-time of
the previous subsection.? From the lowest order in the expansion of (2.46) we obtain

290y — _lR 112 2¢(0) 2.47
€ 9 (O)uu+ A € ) ( : )

where we used (A.5). It is therefore not possible for both the boundary values @y and
®(0) to fluctuate arbitrarily. This constraint can be viewed as a 4-dimensional analogue of
the condition that the reduction circle, which is spacelike everywhere in the bulk, is null
on the boundary, i.e. (2.41). As discussed in the previous subsection this is not equivalent
to a standard DLCQ reduction of the boundary theory. We showed that there is a well-
defined parameter regime in which the reduction is well-defined (consistent and within
suitable parameter ranges in order for the low energy approximation to apply) and we can
truncate the KK tower of massive particles with the boundary theory being described by
a Lifshitz-Chern-Simons gauge theory.

Since from the point of view of the boundary of the 5-dimensional AIAdS space-
time the reduction is along a null circle we expect that the boundary structure of the
4-dimensional space-time shows non-relativistic structures. Indeed we will see later that
we obtain Newton-Cartan boundary geometries as well as generalizations thereof. To this
end it is very useful to introduce frame fields.

From the reduction ansatz (2.6) and (2.40) we learn that the 4-dimensional metric can
be written as

2 o dr? ag.b
ds“ =e o + hgpdz®dx”, (2.48)
where 7 is the 5-dimensional radial gauge coordinate and where

hab = (ﬁuu)l/Q (Bab —~ Baf‘ﬁ’”> : (2.49)

uu

We write the 4D metric h,, in a frame field basis as follows

hap = —ef;ei + 5@-6%6%. (2.50)
Here and in the following we use the notation that underlined indices are (flat) tangent
space indices and a = {t,i} with i = 1,2. Since we impose (2.41) it follows that the second

2In appendix E we show that our 4-dimensional model does contain geometries that asymptote to a
hyperscaling violating geometry with # = —1 and z = 1. However in 4-dimensions one cannot continuously
deform (while staying close to the UV at 7 = 0) the class of solutions containing asymptotic § = —1 and
z = 1 space-times to the class of solutions containing asymptotic § = 0 and z = 2 space-times. We discuss
the role of these two different UV theories further in section 6.3.
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4

term in (2.49) starts at order r~*. Hence we have for the frame fields

el — 7«*26*‘1’(0)/27-(0)&613;“ +..., (2.51)

et = rlet Oy da® + ... (2.52)

We have included specific powers of e®© that will prove very convenient® in the analysis
of the vevs in section 5.
It can be shown that (see section 3.3),

» 1 abe 2
Royuu = ) (5(0) T(0)aOb T (o)c> ) (2.53)
where
5?5)0 = 6@6?0>g6?0)9650)g = %ﬁeabc’ (2.54)

with €2¢ and €®¢ the Levi-Civita symbol in flat and curved indices, respectively and
where e(g) is the determinant of e%o)a. We take €2 = —¢. It follows that hypersurface
orthogonality of 74, i.e. the vanishing of 8?(?)CT(O)aabT(O)C is equivalent to hypersurface
orthogonality of the null Killing vector 9, with respect to the AIAdS boundary metric,* i.e.

the vanishing of R(O)w. Using the expression (2.53) we can rewrite the constraint (2.47) as

1 2 k2
PO = -2 (8'(13)C T(0)aOsT (o)c) + e (2.55)

Next we turn our attention to the KK vector of the 4D theory, which takes the form

A, =0, (2.56)
ITL(Z’U‘
Ag = —, 2.57
P (2.57)
using the reduction ansatz (2.6). We thus get the expansion
Ay =172 Or0, + ..., (2.58)

after using the relations (2.46) and (2.49). We see that asymptotically the bulk gauge field
is proportional to the timelike frame field ek

We have so far discussed the sources that are the leading components of the frame
fields and scalar fields and we observed that the leading term in the expansion of the KK
vector is given in terms of those. There are two more sources that will play a role later on,
and that are given here for completeness

Ag— e 32t = Agya+..., (2.59)
X = X0t (2.60)

3The reason for this is explained below eq. (5.79) under the heading “local dilatations”. This choice is
therefore justified a posteriori.
4We note that boundary metrics of 5-dimensional AAdS space-times that admit a hypersurface orthog-

onal null Killing vector also played a key role in the construction of 5-dimensional z = 2 asymptotically
Schrodinger space-times by using TsT transformations [25]. This could be easily generalized to the case of
AlAdSs space-times whose boundary metric admits a hypersurface orthogonal null Killing vector.
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Asymptotics | 7oy A d7g) | d7p) | Boundary Geometry
ALif 0 0 NC
AlLif 0 #0 TTNC
Lif UV #0 #0 TNC

Table 1. Indicated are the 3 different boundary conditions discussed in the text depending on the
behavior of 7). The last column indicates the type of boundary geometry.

where A (), is the boundary gauge field and x(g) the boundary axion. We will define AILif
and their deformations independently of what happens with Ag), and X(g). The notion of
boundary gauge field as defined in (2.59) has to the best of our knowledge been overlooked
in the Lifshitz literature. It forms an essential part of the boundary geometry. This
boundary geometry, as will be explained in section 4, will turn out to be Newton-Cartan
geometry extended with a certain torsion tensor. The geometrical role of the boundary
gauge field will be further discussed in section 5.5.
Consider the following two types of asymptotic structures:

1. AlLif: @) — ¢o) = log 5.
2. Lifshitz UV: no extra conditions other than (2.47).

The condition that ) — ¢y = logg is via (2.55) equivalent to the hypersurface orthog-
onality condition
T(O)[aagﬂ'(o)c] =0 (2.61)

for 7(g),- In section 4.4 we will see that the boundary geometry is torsional Newton-Cartan
geometry with torsion proportional to 9,70y, — OpT(0)a-
A special subclass of AILif boundary conditions is obtained by setting

8aT(0)b - 8b7—(0)a =0. (2.62)

As shown in section 4.4 this gives rise to Newton-Cartan boundary geometry (i.e. without
torsion). We can then without loss of generality choose coordinates such that 7(g), = Oat.
It also corresponds to a class of space-times for which the Lifshitz scale transformation
is still an asymptotic symmetry. We will refer to this subset as asymptotically Lifshitz
space-times (ALif).

The proper time between two events connected by some path ~ is given by f7 T(0)-
When 7g), is hypersurface orthogonal we can choose a coordinate system in which 7(g); = 0
so that 7(), = 7(0):0st- This is an ADM decomposition in which surfaces of constant ¢
describe absolute simultaneity. If furthermore (2.62) is satisfied ¢ becomes absolute time.

We summarize the various asymptotic structures in the table 1. In the last column we
have indicated the type of boundary geometry that corresponds to the boundary conditions
where NC denotes Newton-Cartan, TNC torsional Newton-Cartan and TTNC twistless
torsional Newton-Cartan. These concepts will be defined in section 4.

In the remainder of this paper we will use the most general boundary conditions, i.e.
the ones we call the Lifshitz UV. These include all deformations that take one away from
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AlLif boundary conditions. The goal will be to study the boundary geometry and compute
the vevs and their Ward identities for this most general case. We will in particular focus
our attention on computing the boundary stress energy tensor as defined by [29, 66] and
its Ward identities.

The definition of an AlLif space-time as given in [30] uses a radial gauge. Here we find
it more convenient to work in the gauge (2.48). In the next section we will consider the
problem of transforming to radial gauge.

2.4 Radial gauge

It is common practice to study solutions to the equations of motion admitting Lifshitz
solutions in Einstein frame in radial gauge. To this end we will study the problem of
rewriting our non-radial gauge Einstein frame metric (2.48) in radial gauge, i.e. we wish to
perform the following coordinate transformation

ds? = e‘bdﬁ + hapdz®dz® = 12 d - —— + hlyda"dz” (2.63)
=¢ 3 ab = ULif ab@T AT ) :

where 12, is the Lifshitz radius. To do this in full generality is prohibitively difficult so
we will restrict ourselves to infinitesimal coordinate transformations. To this end we will
assume that ® can be approximated by

® = 2loglrie + 0P, (264)
1
00 = ed® + S e*0p® + O(e") (2.65)

where € is some small expansion parameter similar to the expansion parameter that would
be used when studying perturbations around a Lifshitz background. To achieve the desired
coordinate transformation we transform the left hand side of (2.63) using

r=r S0 4SS O, at = ) + € BE T O(E), (266)

where we expand &£ as
&= eﬁﬁ} *525[2] O(e ) (2.67)

For further details we refer the reader to appendix B and we proceed by stating the end
result of the calculation presented in that appendix. Expressing the radial gauge metric
h!, in terms of hq, and the functions appearing in the expansion of {# we obtain

L =l <hab — e (&0 + L, hab) e (&0rhas + Ly has = &40 (10

—£[0r (Lsm hab) — Lg, (5[”1]6rhab> — Lgy, Ley, hab> + 0(63)) : (2.68)
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where L£[1] and Lﬁ[z] denote the Lie derivative along f[“l] and 5&], respectively. Here the
generators of the infinitesimal coordinate transformation admit the following r expansions

=7 <log r€hj0,1) + 5{1](0)) +O0(rlog?r), (2.69)
gﬁ] = f[al](o) + O(T2 logr), (2.70)
=7 <log r€00,1) + 5{2](0» +O(r3log?r), (2.71)
ﬁ&] = S[CLQ](O) + O(T2 log 7‘) , (2.72)
where

1 T

55[1]‘5(0) = &j0,1) (2.73)

1 , u .

55[2]@(0) = &y00,) T €10)%aE00,1) - (2.74)

Constructing k!, by using (2.68) we find that at second order in € there is a term of
the form 7~*log?r coming from the f{l]&n (5{1]8rhab> term. At first order in € we find a

term of the form r~*logr. More precisely at each order €” we find a coefficient which is
a polynomial in logr of order n. This means that we cannot use the r-expansion of the
metric in radial gauge as a near boundary expansion as long as we work perturbatively
in € since each higher order in € leads to a more dominant near boundary term. Hence
in order to know the radial gauge expansion of the metric of a AlLif or a Lif UV space-
time with 9,®p) # 0 we need to be able to sum to all orders in € or alternatively be
able to construct the expansion directly in radial gauge without reference to the expansion
obtained by dimensional reduction from a 5-dimensional radial gauge.

Summing the € expansion has been done for purely radial perturbations in [37, 38| in
the context of the massive vector model where it is shown that the resummation leads to
negative powers of logr in agreement with what has been observed in [36].°

It is important to stress that the variation 6® in (B.7) is non-constant. All constant
terms at order ¥ have been absorbed in the Lifshitz radius. This means that §® is either
a non-trivial function of the boundary coordinates and starts at order ¥ or it goes to zero
as r goes to zero and starts at some higher order in 7. In the latter case the leading r—*
terms in the e expansion of A/, do not receive logarithmic corrections. We therefore expect
that the situation here is qualitatively different from [36, 37] as we see no log deformations
of the 7~ term by going to radial gauge in the case of purely radial solutions.

3 The Lifshitz UV completion

In this section we will obtain the most general boundary conditions compatible with the
constraint (2.47), which will determine the Lifshitz UV completion, denoted by Lif UV.
This will be accomplished by working with frame fields and relating the 4-dimensional ones
to those of the 5-dimensional theory. In particular, we will see that it is only in terms of

5We thank Kristian Holsheimer and Marco Baggio for useful discussions on this point.
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frame fields that the sources are always the leading components in the expansions. Later we
will see that they are furthermore very useful in order to describe the boundary geometry
and for the computation of the boundary stress-energy tensor.
3.1 Frame fields
Consider the following frame field decomposition of the 5-dimensional metric
dAQ_dTQ st 5— st 5— 6AZA1 d fld i) 31
S—TT—F —C € — € ¢; +oi¢¢ | dxtda, (3.1)

where i = 1,2. Using the reduction ansatz (2.46), (2.49) and (2.57) and the 4D frame field
decomposition (2.50) we can relate the 5- and 4-dimensional frame fields via

1
é,j = —é; = ﬁeq), (32)
e =0, (3.3)
oL = e~ %261 (3.4)
1
el = ﬁe (Aa + e_3q>/26f1) , (3.5)

. L a2 _30/2 ¢

U= - A, —e et ) el (3.7)
A et

A L a2 < —3D/2 t
el = —— A, +e e)e?, (3.8)

V2 4=

e = e®/2 A el e®/? (Aa e S(I’/zet) e (3.9)
~a sa 1 ®/2 a

ey = e =—e e, 3.10
+ VR (3.10)
&r = e/ (3.11)

hay = —et ey —éf ey + 0yyékel, (3.12)
ilau = éx (Ajl_ - ég) ) (313)

for the 5D metric expressed in terms of the 5D frame fields.

3.2 Boundary conditions

We now turn to the boundary conditions obeyed by the 5D frame fields. It will be conve-

nient to choose
NSNS e

¢a = 30)a +.... (3.15)
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Then we must take

~ —

€. =€ T o (3.16)
in order that hgp in (3.12) is O(r~2). It also implies that we must take

by =€y = €0y T (3.17)

in order that he, in (3.13) is O(r~2). This implies using (3.14) that hy, = O(1) so that

We furthermore take 1.
el = ;é’@a +..., (3.19)
to preserve manifest tangent space SO(2) rotation invariance at leading order, where we

also used that hgy, in (3.12) is O(r~2).

We thus see that the boundary condition (3.15) is well suited for arbitrary boundary
metrics obeying (3.18). From (3.14) and (3.17) this in turn has the consequence that we
get the following constraint on the sources

14 k2

260,80y = h(2)uu = —5 R0 + Ze2¢<°> , (3.20)
where we used (A.5). We will assume that
E(Q)uu > 07 (321)

so that éEB)u # 0. We note that because R(O)uu > 0, as will be shown in the next subsection
(equation (3.62)), the condition (3.21) is in general non-trivial.
Including subleading terms we thus have for the 5D frame fields the expansions

&F = ey T logrel,, + 176l + Ot log?r), (3.22)
o = gl 10870 1, + 6y + O 087 T), (3.23)
Ca = €y + 17 logré, + 170G, + O(rt log?r), (3.24)
é% = %é%o)a + Té%2)a +O0(r3logr), (3.25)

where the coefficients can be computed by using (3.12)—(3.14) and the expansions given in
appendix A.1.
The expansion of the inverse frame fields starts as

ef =1t (3.26)
ep = et =rel, + ..., (3.27)
&=yt (3.28)
& =rély+ o (3.29)
&8 = rély; ..., (3.30)
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with the relations

€ = ~(Eop) (3.31)
€0y = (€)™ €0+ €0y (3.32)
€0y = (AZB)UV €0)i0)a (3.33)
¢0+6(0)a = 1+ (3.34)
€00y = 0 (3.35)
o)+ (00 = 0, (3.36)
€lo)sE0)a = 0 (3.37)

3.3 The 4-dimensional sources

To obtain the 4D sources, we now use the expansions for the 5D vielbeins and their in-
verse (3.22)—(3.30) along with their relations (3.2)—(3.11) with the 4D vielbeins, to write
leading components of the 5D frame fields in terms of 4D quantities. For the vielbeins this

gives
oy = \}ie% , (3.38)
Elya = V26 POT), (3.39)
Eo = —\}Qeq’<0>A(0)a, (3.40)
€0y = €0y (3.41)

Cloy+ = —éeq}(“)f‘l(om (3.42)
&y = —V2e %0, (3.43)
ey = —Aw©)i (3.44)
&y = —ie%vgo), (3.45)
&y = €y (3.46)
where

T(0)a%0) = —1 (3.47)
T(0)aC0yi = 0 (3.48)
e%o)avao) =0, (3.49)
e%o)ae?o)l- = 51 (3.50)
A = AT00a + A0)i(0)0 - (3.51)

Focussing on the inverse vielbein relations, the equations above then define the corre-
sponding 4-dimensional sources to be ”Ezo)v e((lo)v ® 0y, A(0)t, A(0)i- For boundary vectors and
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frame field components W? use the notation X = —X(O)av?o), Xy = X(O)ae(g)i and
7
X©a = X700 T Xi¢0)a- )
Using these results we can then write the 5-dimensional boundary metric® h(o)&é in
terms of the 4-dimensional sources as

7 ~ A N A Al AJ
hoyas = €010 — €0plo)a T 9180)aC0p = TaA©p + TOpA )0 + Mo)as, (3.52)
hoyau = €0y 0ya = T(O)a> (3.53)

Likewise for the inverse boundary metric we can write”

7 au i a a ab
©) = —{0) — 97€(0)A0); = (o) — oy Aoy (3.56)
(0) = —2A40) + 87 Aw)iA); = 240avfo) + {5 A0 A - (3:57)

In these expressions we have defined

oyap = 9ij e(o)ae(o) (3.58)
H?O) = 5Z 6(0) el()o) (359)

We have thus identified the most general boundary conditions compatible with (2.41)
using the relation between the 4- and 5-dimensional frame fields given in section 3.1. In
other words, we have obtained the most general 4-dimensional boundary conditions corre-
sponding to the Lifshitz UV as defined in section 2.3.

As we will see in the next subsection there is no Lorentzian boundary metric to raise
and lower indices. This means that 7(g), and U?o) are two unrelated quantities apart from
the condition that T(O)Q’U?O) = —1. This is especially clear from a 5-dimensional perspective.
Comparing (3.52)—(3.57) with the parametrization (A.31) we obtain

T0)a = H(0)a - (3.61)

We conclude by expressing R(O)uu in terms of the 4-dimensional sources. To this end
we compute R(O)w using the metric (A.31) giving

B 1 abe 13 2 2
R(O)uu = 5 (6(0) H(O)aé?bH(O)c) , (362)
where ,
W = g = < elnaclonio: = G0 (3.63)

H(O) y/det E(o)

SWe warn the reader that because of our vielbein boundary conditions the 5-dimensional sources é?{nu

and é%)a do not transform as components of a 5-dimensional vector.

"Below (2.59) we remarked that A(g), is the leading component of A, — e 3%/2ek Tt can also be viewed
as part of the leading component of A** = e (h“bAaAb + 673(25) which starts at order 72 with a coefficient

given by fALEﬁ‘) whose value is determined by Ag)q.

~19 —



with € totally antisymmetric, €/*¥ = —1 and det Y (o) the determinant of ¥(g);;. Us-
ing (3.61) we obtain for R(O)uu the expression

. 2
R(O)uu = % <€?(I])§7—(O)aab7—(0)c> . (3.64)
We thus see that ]A%(O)uu = 0 is equivalent to hypersurface orthogonality of 7(g), and since
nothing depends on u and one has that H g, = 0 it follows that Hg)30;H 0y = 0.

Now that we have defined the boundary conditions for the Lifshitz UV completion and
we have obtained all the 4-dimensional sources it is possible to compute the variation of
the on-shell action (using the reduced counterterms) and study the Ward identities. This
analysis will be performed in section 5. We will first study the boundary geometry in the
next section.

4 Boundary geometry

In this section we examine in detail the boundary geometry of the z = 2 Lifshitz space-
times of our model (2.9). This will enable us to identify for example a boundary covariant
derivative so that we can write covariant expressions for the Ward identities. The boundary
geometry will also play an important role in our expression for the anomaly. In particular,
we will show that in the case of a 7(g), satisfying 9,70y, —hT(0)a = 0 the boundary geometry
is Newton-Cartan [67-69] (see also [70]) and that a nonzero 0u7(0), — Oy7(0), corresponds
to adding torsion.

The appearance of Newton-Cartan structures is expected as the boundary geometry
is obtained by null-dimensional reduction of the AdS boundary geometry. The relation
between null dimensional reduction along a circle parametrized by u of a space-time with
a parallel (covariantly constant) 9, and Newton-Cartan geometry has been studied in [71-
73]. The covector B(O)&B(au)f’ is equal to §27(), as given by (3.53). Since the 5-dimensional
boundary metric ﬁ(o)aé is only defined up to conformal rescalings we naturally need to be
able to deal with various 7(g), that are all locally proportional to each other. Since the
condition 9,79y, — T (0)e = 0 is not invariant under rescalings of 7(g), in such a way that the
rescaled 7(q), is also curl free we are naturally confronted with studying geometries obtained
by dimensional reduction along a null circle generated by a hypersurface orthogonal null
Killing vector which is not necessarily parallel. Such cases have been looked at in [74-76]
and from the work of [77] it is expected that the connection on the reduced 3-dimensional
boundary will have torsion. We will also study the more general case where 9, is a null
Killing vector but not necessarily hypersurface orthogonal.

4.1 Contraction of the local Lorentz group

i

To get an idea about the boundary geometry described by 7g), and €0)a We study how
bulk local Lorentz transformations act on the leading components of the frame fields. To
this end we consider local Lorentz transformations transforming the e§ into each other, i.e.

3 = ,0/2dr
.

the group of SO(2,1) rotations leaving e invariant. Here e? is the radial part
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of (2.6). The local Lorentz transformations on the 4D vielbeins read

6% - Aitleg + Aiz/elal 5 (41)
6%1 = A%/eg + Aiz-/eg s (42)
where

ALy ALy + A Ay =0,
—ALy Atl., + 655 A%y Ail., = dyjr -

The r-expansion of the 4D vielbein is given in (2.51) and (2.52) and after the local Lorentz
transformation we have the same expansion, i.e.

el = r 2 02 (4.6)
el = rfleq%m/?el("o)a ..., (4.7)
ef; = 7’7267(1)(())/27'(0)@ +., (4.8)
ek =rle0l2ed 4. (4.9)

where we note that @) does not transform. From (4.1)—(4.2) it follows that we need to

require
ALy = A%O)t, +..., (4.10)
t —1t
Ay = A(o);” + ..., (4.11)
Ay = T‘A%O)é, + ..., (4.12)
Alé/ = A%O)l/ + cee . (4.13)

Plugging this into (4.3)—(4.5) we get the following conditions

t t
Moo =1, (4.14)
Ay =0, (4.15)

i J
5iZAE0);"Af0)1’ = Oyrj (4.16)

on the leading components of A%O)Q' We will choose

t
AEO)E’ =1, (4.17)

so that we can recover the identity.
We thus find the following transformation of the leading components of the frame field
expansions

T(0)a = T(0)a s (4.18)
€0 = Moy 00 T Moy Co)a (4.19)
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where A%o) » are two free parameters.® The corresponding transformation acting on the
leading components of the inverse frame fields reads

vy = V(o) * €0y Moy oy -

(i = €0y A%o);‘ : (4.21)

(4.20)

For use below, we also note the infinitesimal versions of the transformations (4.18)—(4.21),

(also denoted by A () with the notation AL

o = A%O)) yielding

0700 = 0, (4.22)
i b i i
€00 = T)al\(0)€0y + A(0);€(0)a > (4.23)
000y = Aoy » (4.24)
a l a
0€(o); = _A(O)@e(o)i’ (4.25)
where |
Aoy = A%o)e((lo);'v (4.26)
and
Ayij = —A)i - (4.27)

The flat index i can be raised and lowered with ¢;;.

We can build two degenerate metrics out of these vielbeins that are invariant under
the local tangent space group. These are 7(g),7(o), and H%’). On top of that we have that
the boundary determinant ey as defined in equation (3.63) is an invariant as well.

The fact that we see a contraction of the local Lorentz group can be understood
by observing that the vielbein boundary conditions (4.6)—(4.9) lead to a flattening of the
tangent space light cones as one approaches the boundary so that the effective speed of light
approaches infinity, leading to a contraction of the tangent space Lorentz transformations.
A similar analysis which also leads to a contraction of the local Lorentz group was performed
in the case of 3-dimensional asymptotically locally Schrodinger space-times in [28].

4.2 Covariant derivative and vielbein postulate

We will now construct covariant derivatives that transform covariantly with respect to
the local tangent space transformations (4.22)-(4.25). We will denote these covariant
derivatives by Dg;)). The meaning of the superscript T’ will become clear later. By covariance
we mean that the following transformation rules must be obeyed

0 <D(75>a7(0>b> =0, (4.28)
o <Da’)ae%0)b> = TopAo) (D%)a€%0)c) T A%O)l' (ng)ae%o)b> ) (4.29)
6 (Dfyyarl) = 0, (4.30)
0 (D%Mel()o)i) - _A%O)z (Dg))aelgmz) : (4.31)

8The three generators of these transformations are J, G1, G2 whose nonzero commutators are [J,G1] = G2
and [J,G2] = —G1. We can think of this as the contraction of the Lorentz group SO(1,2) in which the G;
play the role of Galilean boost generators.
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In order to construct Dgg)) . We introduce the connections F%E)%b . (not assumed to be

symmetric), z,u(o)bi and W(O)bii in the following way”

Dlyato = Dat0)p — T (gjabT0)c (4.32)
D%)a&@b = 8116%0)1; - F%E)c)abe%o)c + wo)a' (o) + w(o)aif%o)b ; (4.33)
D(T())aelgo)z - aae?o)z + F{o%acef()); - W(O)aliel()())l’ ) (4.34)
D(To)a”é)o) = 8a”?o) + F%E)%acvfm + w(o)aiel()on : (4.35)

We will denote by V%)a the covariant derivative containing only the connection F%C)ab. In

order that (4.28) is obeyed we need that Fgf)ab is SO(2) invariant and that under boosts it
transforms such that

T(O)Cél“%c)ab =0. (4.36)

In order that (4.29) holds we need that W(O)ail transforms as

Suoyaty = —0alfg); + Afg(oa™s — W) EAfy); - (4.37)
under local SO(2) transformations and as
5w(o)aii = —A%O)efo)iv(%)af(g)c + efo)ieio)délﬂg)‘fac, (4.38)
under local boosts while w(o)ai must transform as
&u(o)ai = A%o)iw(O)ai (4.39)

under local SO(2) transformations and as
i_ ac T i i i AL i b T i ¢ spTd
dw(o)a" = Aoy Pl0)ab(0)e ~ Pal(0) ~ @ (0)a"iN0) T A0)%0) V(0)aT(0) ~ €(0)a?(0) O (0)ac> (4-40)
under local boosts. With these transformations one can then show that we have
T b b T ¢ _ J T b b T ¢
J (D(O)ae(O)z ~ Y0 <V(0)a7(0)0> e(O)z’) = =Ny (D(O)ae(o)l' — V(p) (v(O)aT (0)c> e(o)z) (4.41)
T b b T c
(S (D(O)av(o) — U(O) (V(O)QT(O)C) ’U(O)> = 0 . (442)
Hence in order to obey (4.30) and (4.31) we need that
VioaT©)e =0- (4.43)

This equation implies that in general we need a connection with torsion, hence the super-
script T'. We split F%’;)C)ab into a symmetric and an anti-symmetric part as

F%E)C)ab = EO)ab + T(C())ab ) (444)

The appearance of the w(),* and w(oy,’; connections correlates with the transformations (4.22)—(4.25).
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where we denote torsion by T(Co)a,b and where F?O)ab is symmetric. We will denote by
V(0)q the covariant derivative containing the connection FfO)ab' Taking the symmetric part
of (4.36) we see that under boosts

700 gy0p = 0. (4.45)

The vielbein postulate!® that we will impose on top of (4.43) is

Dloyeiop = 0 (4.46)
Doyl = 0. (4.47)
Digya¥(o) = 0- (4.48)
These conditions imply that
w(O)ai = _Q%O)bv%;))av?()) ) (4.49)
Wi = €lop ¥ 0ac(0); (4.50)

which are compatible with the transformations (4.37)—(4.40).
It follows from the vielbein postulates above, as well as the specific tangent space group
and the symmetry of Ffo)ab that the F?O)ab connection must satisfy

H?O)bH?O)cv(O)aH(O)de =0, (4.51)

where we defined the projector Hl()o)a via

b b b cb
)a = 90 + T(0)a?(0) = H0)acL(g) - (4.52)
If we differentiate the completeness relation
H(0>ale()5) — T(0)a%0) = % (4.53)
we obtain from (4.51) the relation
b c de
(0)all{o)e V(0)allig) = O- (4.54)

4.3 The choice of Ffo)ab
Our choice of F?O)ab will be inspired by the null dimensional reduction of the boundary ge-
ometry. Consider the Christoffel connection of the non-degenerate 5-dimensional boundary
metric lAz(O)dI; possessing a null Killing vector 9,, and take all its legs in the directions of the

three non-compact directions. Using (3.52)—(3.57) we decompose this quantity as follows

a a 1 a
Eloe = Tlope = 511%) [(Bam0p — 070)a) A)e + (dam0)c — Dem)a) Aqop) - (4.55)

10We thank Matthias Blau for useful discussions on the meaning of the vielbein postulate in relation to
demanding covariance with respect to local tangent, coordinate and frame-to-coordinate transformations.
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where F((Lo)bc is given by

. 1 -
(e = ~5%(0) (9670 + FeTopp) + 5TIG) (96T 0)ca + Ol (0ypa — allopne)

1

=510y (Floasmo)e + FoyeTow) - (4.56)

with Floyay = daA(oyp — ObA(0)a- This choice for F?o)bc is such that it takes the same
functional form as in Newton-Cartan but with the important difference that we do not

impose any properties on 7). The connection F? 0)be satisfies the following properties

Toyee = €(0)%c0) 5 5V(0) (GaT0)c = OeT0)a) » (4.57)
VouTop = % (Ouaopp - 3bT(o>a) : (4.58)
Vot = 5ttt (uroe — o) + 31 Lo e

—%H?S)v?o) (Flo)eaT(0)a + Floyea(0)a) » (4.59)
VoIl = % (9u7i00a = du0a) (o)) + Wiiyeley) - (4.60)

1 1
Voallope = 570pLv0) L0)ac + 57(0)cLog) Loyay

1 e e (& e
+§ [ (o)cF(O)eaT(O)b + H(o)bF(O)eaT(o)c + H(O)CF(O)ebT(O)a + H(O)bF(O)eCT(O)a
= (T 0)ed + T0) L (0)pa) V(0)a¥() - (4.61)

where £v(0) is the Lie derivative along v( 0y Equation (4.58) implies that F(o) , 18 compatible
with (4.43) while the last equation implies that Ig)qp is compatible with (4.51).

The connection (4.56) is not boost invariant. To see this we need to first know how 4 q),
transforms under boosts. This follows from (3.52) or (3.56) and the boost transformations
of the boundary vielbeins given in (4.22)—(4.25). This leads to the transformation

6A0)a = —A0ya s (4.62)

where we remind the reader that UE’O)A(O)& = 0. It then follows that under a boost F((l())bc
transforms as

a 1
Ol (0)pe = gﬂl(lg) [Ao)e (Bs7(0)a — Dalhoyp) + Aoy (OeT0)a — Dal0)e)] - (4.63)

Taking for example I' ?0) be = f‘?o)bc would be boost invariant, but it would not be compatible
with (4.51). What this means in other words is that the vielbein postulates do not impose
that the connection I'fy), . is boost invariant but only that it obeys (4.45) and (4.51).

4.4 Newton-Cartan

The boundary geometry becomes Newton-Cartan [67-69] (see also [70]) if and only if 7(g),
is taken to be closed. With this additional assumption we get using the Ffo)ab as given
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in (4.56) the vielbein postulates (dropping the superscript 7" as there is no torsion) [78]

D(0yaT(op = 0, (4.64)

Doya¥() = 0 (4.65)

Doyacioy = 0 (4.66)

D(O)aefgo)Z = (4.67)
This implies

Voll(§ =0, (4.68)

Va0 = 0. (4.69)

Provided we have 0,79y, — Ob7(0)a = 0 the F((lo)bc is of the form given in [78, 79] and of the
form used in [80] if furthermore Fgy,, = 0.

We remark that one should not confuse Newton-Cartan geometry with Newtonian
gravity.!! This requires additional conditions such as the so-called Ehlers [69] conditions.
In the next subsection we will discuss the deformation of Newton-Cartan geometry by
adding a specific torsion tensor to it that is proportional to 9,7(0), — OpT(0)q- This will turn
out to be a very natural extension of the Newton-Cartan framework.

4.5 Torsional Newton-Cartan

When 7(g), is not closed we find a more general structure which is torsional Newton-Cartan.
To see this we define a torsion tensor T(CO)ab as

C 1 C
Tioyab = —5%(0) (GaT(o)p = H7(0)a) - (4.70)
Next consider the covariant derivative V(To)a of section 4.2 which is defined as
T b b b c
VX = VouX0) + T(0)acX(0) (4.71)
ViouXow = VouX©p ~ ToaX o). (4.72)

The relations (4.58)—(4.61) of section 4.3 can then be written as

VioaTop =0, (4.73)
1 C 1 C

Vi) = §Hl()0)£v(o)n(0)ac - 51_11(’0)0?0) (FoyeaT0)d + FloyeaT(0)a) »  (4.74)

Vil =0, (4.75)

vT II _ 1I 11 VT d 4.76

©allope = (T 0)ed + T0)cI(0)6d) V(0)a¥0) - (4.76)

where (4.73) is compatible with (4.43). Equations (4.73) and (4.75) are the defining equa-
tions for the torsion of torsional Newton-Cartan geometry.'> We note that with this defi-

nition, equation (4.57) implies that V{O)GX (“0) is not a total derivative.

10On the boundary of our Lifshitz UV completion the Newton-Cartan geometry is not dynamical. If we
however consider it as a dynamical theory it becomes equivalent to Newtonian gravity when we impose the
Ehlers conditions.

12T,00sely speaking one can think of torsional Newton-Cartan geometry as the non-relativistic analogue
of a Riemann-Cartan space-time. One could consider more general torsion tensors but we have no need for
that here.
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Twistless torsional Newton-Cartan. An important special case of torsional Newton-
Cartan (TNC) geometry is obtained when we impose 7(g) A d7(g) = 0 but drg) # 0. This
allows us to write

aT(0)p — HT(0)a = T(0)aT(0)b — T(0)bT (0)a 5 (4.77)

where
U(O)a = —’U(CO) (8c7'(0)a — 8ar(0)c) = _‘CU(O)T(O)a- (478)

We define the twist tensor w(g)qp as

1 (&
W(0)ab = §H(0)aH((i0)b (acT(O)d - 3dT(o)c) . (4.79)

This quantity vanishes for the case where we impose (4.77) . We will refer to this as twistless
torsional Newton-Cartan geometry (TTNC). This explains the last column in table 1. The
property (4.79) can also be used as a definition of TTNC as 7y A d7) = 0 follows from it.

C
o
temporal in the sense that projecting all its components with H?O)b gives zero. Hence

Since the torsion tensor T(C(J)ab is proportional to v ) when it is twistless it is also
there is no torsion in the spatial directions and one could read TTNC equally as temporal
torsional Newton-Cartan.

We will see later in section 5.3 that we can rescale 7, and e%o)a by a bulk diffeomor-
phism (known as an anisotropic Weyl transformation). Hence in the case of TTNC there is
always a boundary structure in the class of anisotropically conformally equivalent bound-
ary geometries that is Newton-Cartan. However to treat the whole class of anisotropically
conformally equivalent boundary geometries in a unified way we need to add torsion.

We will later see in section 6.2 that TTNC as a dynamical theory (hence moving away
from our setting in which the geometry is non-dynamical, see also footnote 11) has striking
similarities with Hofrava-Lifshitz theories of gravity with one very important difference
namely that the underlying geometry does not admit Lorentzian metrics which is assumed
to be the case in Hofava-Lifshitz theories. For further comments we refer the reader to
sections 6.2 and 7.

4.6 Curvature

Now that we have defined two notions of covariant derivatives V q), and V%)a it is natural
to consider their associated curvature tensors. We define the Riemann tensor R((lo)bc g as

usual by
[V ©)as V(o)) Yo = R?O)daby(c(l))’ (4.80)
[V Vo) Yore = —R{gyeasY(0)a - (4.81)

It is then given explicitly in terms of I'(g) as

R(ovdab = 0al"(0)pa — O (0)ad + T0)ael (0)pa — L0ypel (0)ad - (4.82)

Note that because one cannot raise and lower indices it is useful to have (4.80) and (4.81).
Moreover, this Riemann tensor does not have all the usual symmetries that one normally
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associates with a Riemann tensor. A property that might appear unusual is the non-
vanishing of R(Co)wb due to the fact that the curl of Ffo)ca does not vanish in general, as
follows from (4.57). Another direct consequence of (4.57) is that the Ricci tensor defined
as Rgyap = REO)acb is not symmetric in general. It can be seen from our definition of the
Riemann tensor (4.82) and (4.57) that the combination Rg)a + %V(o)ba(o)a is symmetric.

We define the extrinsic curvature tensor K(g), in analogy with its definition in
Lorentzian geometry as follows

1
K©)ab = 5Ly Ho)ad (4.83)

By contracting equation (4.51) with v( the extrinsic curvature tensor can also be writ-

0)’
ten as

1 c c d
K ©)ab ﬁvm)H( e = 5 (Toyallopa + W Hioyaa) Vioyevfhy (4.84)

We will use the convention that whenever a tensor X(q), is orthogonal to ’UEIO) we raise its

index with H‘(lb) and whenever a tensor X (a) is orthogonal to 7y, we lower its index with
I(g)ap- So we will write for example

Ky = ) TG K 0yed (4.85)
and also
alyy = T{oop (4.86)

where o(g), is defined in (4.78). The extrinsic curvature scalar K, (0) is given by
K(o) =TI Koya - (4.87)

We can also define a curvature tensor for the connection including torsion. We denote
this Riemann tensor by R%)Cdab and it is defined via

[%)w%)b] ©) = Bloy aabY(5) — 2160V (0)aY 5 - (4.88)

The relation between this Riemann tensor and the one in (4.82) is

Ry dab = Rpyaap + 5 (F(T)adK( 0be — Fr)pa K (0)ae T Fl0)aeF(r)pd — FloypeF(7)ad
f ce
+E0)et F(rpaT(0)aV (o) ~ F0)es Fir)ad 000 )) 116y — v(0) V() [ (r)pja » (4-89)

where F(7)q5 = 0aT(0), — ObT(0)a- Note that (4.89) can also be obtained by replacing Ffo)ab —

T00a T Tiopap 0 (4.82) (with T

R%)Cdabr(o)c should vanish as follows from (4.73) and this can easily be verified. The

the torsion tensor (4.70)), as it should. By construction

corresponding Ricci tensor is given by

1 N1 1
R(O)ab = R(O) ach = B(oyap + §V(0)c (F(T)abv(o)> - §v(0)b0(0)a + 17©a% () (4.90)

and is also not symmetric in general.
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We often work with projected quantities using our projector Ht(lo)b =0y + ’U?‘O)T(O)b and

so it will be useful to define projected covariant derivatives and their curvatures. This
will play an important role later in the discussion of the anisotropic Weyl anomaly in
section 6.2. We define the projected covariant derivative acting on vectors of the form
b _ 170 d <
X0 = Moy o) 2

b — 170 b T d _ T71¢C b d
D(O)GX(O) = H(O)aH(O)dV(O)CX(O) — H(O)aH(O)dv(O)CX(O) . (491)
We can then define an associated projected Riemann tensor R g)“dqs from the equation

c c d e f
[D(0)a> Pioys] X{oy = Ri0)“dabX (o) — 21{g), 1T

(01 T(‘f))e V©0aX) - (4.92)

(0)g (0)
From (4.92) it follows, after computation, that actually
c — TT¢ f c h T
R(0) dab = {0y 110, 0y 0ya B0y et - (4.93)
For the associated Ricci tensor we obtain
_ f c h T _ f T

R0)ab = o) 0) 0y M0ya B0y e = Moyallioy Rioyer - (4.94)

using that R%E))cdabT(O)c = 0. The relation among the Ricci scalars is

1
ab T a
R0y = o) R(o)ab = L) = F(o) — §V(0)a0’(0) . (4.95)

We note that R g)4 is in general not symmetric either but it will be in the case of TTNC

which we turn to next.

Riemannian geometry for simultaneity hypersurfaces in TTNC. By construction
TTNC has no torsion in the spatial directions (see equation (4.79)). We therefore expect
that the projected geometry in this case has the usual properties of Riemannian geometry.
The first indication for this comes from the property

Régyear =0 (4.96)

The Ricci tensor is symmetric since we have

R0)[at) = N{o)aIL{0) 010 (0)a) = 0- (4.97)
Then one can show that
c c d a b
Ro)yghes = ©0)cgRioynes = Wo)gM(0)n1L(0)e L (0) £ S0)cdab (4.98)

where
1 1
S(O)cdab = iaaadH(O)bc - §aaacn(0)bd

R
+1H(g) (8alL(0yde + 0all(0)ae — Dell(0yaa) (O6ILi0)er + Oellioyny — Ofll0)e)

1 1
+§K(O)ad (8};7’(0)0 + 807'(0)(,) + §K(O)bc (aa’l'(g)d + 8d7(0)a) - (a d b) . (499)
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Hence it follows that S(g)cqep and thus Rg)gnes has all the usual symmetry properties of
the Riemann tensor. In particular (a only takes three values)

Royighjesr = 0, (4.100)
R(0)efgh = R(0)ghef - (4.101)

Since U?o) contracted with any component of R(g)gney gives zero there is only one free
component R gygnes as expected for a 2-dimensional Riemann tensor. This implies that
the projected Ricci tensor satisfies the property

1
Royab = §R(0)H(0)ab- (4.102)

We conclude that in TTNC the hypersurfaces orthogonal to 7(g), which describe surfaces
of absolute simultaneity are still described by ordinary Riemannian geometry.

5 Boundary stress-energy tensor and Ward identities

In this section we turn our attention to the boundary stress-energy tensor and the associated
Ward identities of our model. To this end we will employ again the relation between the
5D and 4D theory, the identification of the sources in section 3 along with the structure of
the boundary geometry that was described in the previous section.

5.1 The action with counterterms and its variation

The complete 4-dimensional action is given by (2.9) where the counterterm action is ob-
tained by dimensional reduction of the 5-dimensional counterterm action (A.14). This was
done in [60] and the result is

_2rL

_ 1 3. .1 .
Sev = —5- d3zv/~h [—36 ®/2 _ Z6‘1’/2 (R(h) — 50,00 — Zei"‘I’FabF b
5 JOM

1 a, 1 oo o K 9y 30 2rL 3
~5 O — 3¢ D xD% — >e —|—logr7 { d’>zv/—hA, (5.1)
5 JOM
where
A=e"?24 (5.2)
with A given in (A.16) in which the reduction ansatz should be substituted. The resulting
expression is given in [60].
The total variation of the (renormalized) action can be written as

2L
0Sren = 22 |\, d*a/=g (Ew0g" + EMS A, + EabP + E40¢ + £,0X) (5.3)
2L 3 b . s
T2 Joma @ uv/=h ( Tudh™ + 2T Aq + 2Tp0® + 2T,0¢ + 2Ty0x —2--A ) |
5

with the equations of motion given by (2.13)—(2.17) where Ty, T°, Ty, Ty and T, can in
principle be computed straightforwardly. However we will prefer to relate them to their
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5-dimensional counterparts given in (A.18)—(A.20). This can be done by dimensionally
reducing (A.17). We write

Vi i =R (T + 2776 A, + 2530 | (5.4)
and thus we obtain

Tapy = (ha) ™ | (o) Tats = Prashan T = o T + e T (5.5)
T% = —(huu) V02T, (5.6)
T = () RO~ 2 () T (57)

This implies that we also have
To = (hu) ™ (haui = huTou ) (5:8)
Ty — TyAq = (hu)™*/* (huuTab - AbuTau) (5.9)

Ty = (hua) ™'y, (5.10)
Ty = (M) AT, (5.11)

in terms of Tq;, T % appearing in (A.17). We also note that in the variation of the 5-
dimensional axion dx = dx + kdu = 0’y we have absorbed the gauge transformation kdu
into the variation of the 4-dimensional axion and dropped the prime.

As we will see, a more useful quantity to compute in our case is the HIM boundary
stress-energy tensor [66]. In order to compute this, we vary the action with respect to the
inverse frame field ey, defined via

het = n“—begez. (5.12)
We thus have
TR + 276 Ay = 28%,0€% + 2T%5 Ay , (5.13)
where A, = Aaeg and
5%, = (Typ — TyA,) €. (5.14)

5.2 Variation of the on-shell action

Since we have observed that we need frame fields for a proper definition of the 4D sources
we now write the total variation of the action (5.3) in a frame field basis, yielding

ol . . 5
§Sen = ——= [ de (sgaeg + Sg0ef + TH0A; + Tpop + Tyoyp + Tdp + Tydx — A:) )
K5 Jom - -

(5.15)
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where

© = (Aa — 6_3@/26(%) et (5.16)
b = (Aa n 6—3‘1’/%3) et (5.17)
T, = %T%L %634’/2T¢,, (5.18)
Ty, = %Té— %e”/QT@, (5.19)

where we left out the equations of motion since we are going to put the variation on-shell.
Using the expressions (3.7)—(3.11) and the boundary conditions (3.26)-(3.30) as well
as (3.42)—(3.46) we find that the 4D fields have the expansions

ef = —r2e®o/h (5.20)
el = 7"6_@(0)/26?0); +o, (5.21)
Ay = re 20240, + ..., (5.22)
o = 12?02 Ag, + ..., (5.23)
= 2e3%0/2 4 (5.24)
¢ =00+, (5.25)
X = X0+ (5.26)
along with
e=V—h=r"120en +..., (5.27)
where e(g) = det e%o)a with e%o)a = T(0)a- Further, using equations (5.5)-(5.11), (5.14), (5.18)
and (5.19) and the results of section A.2 we have
St = 120 S%O)a +..., (5.28)
St =S+ (5.29)
Tt = 7«3T(10) +..., (5.30)
T, = r2e_q><0)T(%) ..., (5.31)
Ty = —%7"46@(0)((’)@ + ..., (5.32)
Ty = rie ®0/2(0,) + ..., (5.33)
T, = e 2O/2(0) + ..., (5.34)

where we indicated the first non-vanishing component. This allows us to put the variation
of the action on-shell giving

2L 3 t coa i sa ¢ i
8Seen = -~z L, e (—S(O)aév(o) + S{pya8¢ly; + Tigy 0 Ay + Ty 6 Ay + {O3)3X(0)
1/t i t i or
+O4)d¢0) + 5 (5(0); =Sy T AT o) = Ail(o) + 2<0<1>>) 5P (o) — A(O)T) ;

(5.35)
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where
Ay = A » (5.36)
with fi(o) given in (A.27).

5.3 Ward identities

We will next study the Ward identities by varying the action with respect to local symme-
tries of the theory. In the 5-dimensional theory the local symmetries are those diffeomor-
phisms that preserve the radial gauge choice for the metric, also known as PBH transfor-
mations (see section A.4). The 4-dimensional Ward identities result from the 4-dimensional
versions of the 5-dimensional PBH transformations as well as the local symmetries acting
on the frame fields given in (4.22)—(4.25).

The PBH-transformations of the 5-dimensional frame fields are

66(0) - 28 é?o + 5(0 0a 6(O)jL - é aé(o) ) (5.37)
0€{(p)— = 0€(o)4 = 25(0)6(0)+ + 5(0)817 O+~ €(o)+3b5?0) , (5.38)
8¢y = €{0)Datipy— - (5.39)
6e(oy; = Eloyeloyi + €0y Palloy — €(0)iBatlyy - (5.40)
8¢{0) = &(0)€(0y + &0 vy — €(0)i 008 (o) - (5.41)

Using the map between the 4- and 5-dimensional frame fields that is given at the beginning
of section 3.3 the PBH-transformations of the 4-dimensional frame fields are

5”?0) = 2§ +§ abv(o) v o)abfgo): ( )
defo); = f(o) {0y T €0)Pe{o0yi — €(0)iDE (o) (5.43)
3 A1) = 2€(0) A0y + §lo)%adi0)r — V(0)aB(0) - (5.44)
5 A0y = €Ay + EloydaA (o) + €fy0a50) - (5.45)

(5.46)
(5.47)
)

0%(0) = £{0)0%a®()

0d(0) = £(0)%a®(0) >

5X(0) = 5?0)6@( (0) + k‘E(O) , (5.48
where we defined 52” 5(0), § éa and X § for u-independent PBH trans-
formation geAneraAtors Wei thus see that there Wlll be Ward identities associated with the
generators, 5(0), f?o) and §26), corresponding to anisotropic Weyl [81], boundary diffeomor-
phisms and gauge transformations, respectively. The Ward identities are

0= 25(*0) (O)A(O)t + S( 0)i + T(ZO)A(O)Q- — A (5.49)
1
= ——0, T4 k .
0 6(0)8 (6(0) (0)> + k(Oy) (5.50)

. 1 .
— t b a b b t i
—S(o)ba“v(o)+S(0)baae(0)z' + e( )3{, (6(0)5(0)a> + T(O)(%A(O)L + T

0 9aAi + (Ox) GaX(0)

1
+(Oy) a®(0) + B ( (0%t S(O) + A(O)ET(t 0) — Ay T(O) +2 <O<1>>> 9a®(0) , (5.51)
a _ _mt a i a b 13
where Ty = T vy, + T efoy; and Sfy), = =S(g),000) + S(gyaloy
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5.4 Dimensional reduction of the vevs and additional Ward identities

By considering the relation between the 4D and 5D vevs, a number of additional Ward iden-
tities can be found, as we now show. Using (5.28)—(5.34) and the expressions of section 5.1
as well as (A.23)—(A.25) we find the following expressions for the 4-dimensional vevs

o 1., . o
e O Sy, = TRt = PO o, (5.52)
7 ~bi 7 AUL P ib p A
Szo)a = e(a)tab + e(d)tau = ezo)tab — AZo)tfw , (5.53)
_ ¢ 1 ., - —Po

TP OTly = iyt = e Ot (5.54)
Ty = —€oytun — €gytau = Afg)tuu — €(gytau , (5.55)

I V2. 1, 1., -

—3¢"0 (Os) = —?e(%)ut at Ee(OHtw + Ee(mtw
14 1 .1 .

= —5¢ © Ay — ¢ © Aoyetun — ¢ (O)U?O)tau, (5.56)
(0s) = (0), 5.57)
(Ox) = (0g), (5.58)

in terms of the 5-dimensional vevs £.;, <O$>’ <O¢> Hence using (5.52)—(5.54) it follows that

7 t
touw = S(O)a’ (5.59)
ib 7 i A t
ezo)tab = S(O)a + A(O)Szo)a , (5.60)
r t
tuw = =T - (5.61)

Substituting these relations in (5.55) and (5.56) we obtain

_ At gt ia at i
0= A(O)T(O) + 6(O)S(o)a + Ty (5.62)
t 1 t i
0= Sy =Sy T ATy = AiT{g) +2(0a), (5.63)

where we used (5.49) to remove A(g) from (5.56). Further by contracting (5.60) with 6%(;1)
and antisymmetrizing in (i, j) we obtain the relation

0=57

i tj . .
6+ A0S0 — @ 4, (5.64)

(0)=( =T

where Sz%) = el'aSi

tj ja ot
© 0 24 5q) = €0)S(0)a-

( )

5.5 Local tangent space transformations of the sources and vevs

To see where the relations (5.62)—(5.64) come from, consider the inverse boundary metric
h%’) written in terms of the 4-dimensional sources, equations (3.55)—(3.57). We now look
for transformations of the sources that leave these expressions invariant.
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Local Galilean boost transformations. The first such transformation is the boost
transformation (4.24)

Svilyy = Aoyeoyi» (5.65)
04 = ~Aoyi (5.66)
A = —Ag)Aw)i - (5.67)

Using (5.35) the associated Ward identity is (5.62). These transformations imply that the
boundary gauge field A ), transforms under local tangent space boosts as

5A(O)a = _A(O)a7 (5.68)
where U?O)A(O)a = 0 and the UEIO) transformation (5.65) can be written as
6'[}?0) = ?0) N (569)

where A?o) = H?S)A(o)b (see also section 4.1). The parameter A(g), is such that Ag); =
e‘(lo)iA(O)a and hence is only defined up to shifts by terms proportional to 7(),. This is

required in order for iL(O)ab in (3.52) to remain invariant when using the fact that IIg)q
transforms under boosts as

6 0yar = M0)aT(0)p + A(0)6T(0)a » (5.70)

as follows from (4.23). Using the expressions (5.52)—(5.58) it is straightforward to work
out that the vevs transform under Galilean boosts as

380ya = AoyS(oye (5.71)
0Tf) = Mgy Tl (5.72)
5(0) = —SA@))T(OE, (5.73)
where we left out those vevs that are inert.
Comparing (3.52)—(3.57) with the parametrization (A.31) we obtain
Ay = —Noya- (5.74)

This means that in the parametrization (A.32) the spatial components of A ), have been
put equal to zero. This can be understood as fixing the freedom to perform a boost.
Because of the restriction U?O)A(O)a = 0 there is one component in A, that cannot be

uu

removed. This component is essentially B(o) = 2A(0)av?0) + H?S)A(o)aA(o)b-

Some of the geometric definitions such as the connection (4.56) and the extrinsic cur-
vature (4.83) are not boost invariant. For the extrinsic curvature we will later in equa-
tion (6.32) define a manifestly boost invariant expression. Regarding the covariant deriva-
tive not being boost invariant one has to treat separately derivatives along U?o) and H((lo)b
and build boost invariant objects out of them as for example done in section 6.2.
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Local SO(2) rotations. The next symmetry leaving ﬁgg’) invariant is given by

a l a
56(0)1 = _A(O)i€(0)17 (5.75)

0A©: = —Nido)

; i (5.76)

where A(O)ij = —A)j;- This symmetry gives rise to the Ward identity (5.64). In sec-

Jir
tion 4.1 we have shown that these are the local SO(2) transformations that together with

the Galilean boosts that we have just discussed are induced by bulk local Lorentz trans-

formations acting on the boundary frame fields e%o)a. The vevs transform in the obvious

way as
i il
0S(0y0 = ;S 0)a (5.77)
i i
0Ty = —Do); Ty (5.78)

with the other vevs remaining inert.

Local dilatations. There is one more local transformation leaving ﬁ‘gg) trivially invariant.
It is given by'3

leading to the relation (5.63). This transformation takes the form of a local dilatation shift-
ing ® (). We have defined the 4-dimensional sources in section 3.3 and the vevs in (5.28)-
(5.34) such that they all have zero weight with respect to these local dilatations.

In distinction to the other local symmetries, this dilatation symmetry is only there
at leading order. For example E(Q)UU which is given in (3.20) is not invariant under it.
Since the A (g rescaling is not a local symmetry of the full Fefferman-Graham expansion
we are not able to use it to remove a source component such as ®(). It does however
produce the additional Ward identity (5.63) which can be used to remove d®y) from
the variation of the on-shell action (5.35). This is very convenient as after doing so the
variations in (5.35) are unconstrained while in the case in which we do not remove the
term in front of 0®(g) the variations are constrained by (2.55). We will always choose
to remove the term proportional to 6 so that the variation of the on-shell action is
now given in terms of 14 sources and 14 vevs. Of either set we can remove 8 by local
symmetries (diffeomorphisms, anisotropic Weyl, gauge and local tangent space boost and
SO(2) transformations) and their associated Ward identities. The boundary field @) is
no longer a source and is simply given by (2.55). We thus count 6+6 sources and vevs. In
section 6.3 we will see that the full 4-dimensional Fefferman-Graham expansion obtained
by dimensional reduction of the 5-dimensional Fefferman-Graham expansion contains on
top of these sources and vevs one additional free scalar function.

13The transformation acts on the 5-dimensional vielbein sources as follows 5é?6)a
+

©)a’ 6é$)u = A(0>é(0>u, 56%0)(1 = 0 leaving iL<0>&5 invariant.

_ s+ =
= —AN0)€(0)ar 9€(0)s =

A(O)é
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5.6 Gauge transformations and scaling dimensions of the vevs

Using the transformations of vf, and e? under local boosts, rotation and dilatations

0) 0)i ,
we find that the quantity S( = _S(éo)av?o) + S%O)ael()O)i appearing prominently in (5.51)
transforms as

—~

0)a

55000 = 0. (5.80)

We conclude that Sé)o)a is invariant under the local tangent space transformations. In

this subsection we ask how the quantity Sé’o)a as well as the other vevs transform under
gauge transformations with parameter 3(g) and anisotropic Weyl transformations gener-
ated by 52"0) where we take 5(0) to be constant in which case they are referred to as scale
transformations and we compute the associated scaling dimensions of the vevs.

Gauge transformations. The gauge transformation is described by the PBH transfor-
mations of (5.42)—(5.48) with the parameter Xp). This gauge transformation only acts on
the source A(p), and transforms it as

6"4(0)(1 - aaZ(O) . (581)

To work out the gauge transformations of the vevs we use that the action of the PBH
transformations on the 5-dimensional vevs is given by

Otyp = é(éo)aéfai, + 5&88&550) + faaagé(é + d¢ " tap - (5.82)

Taking 5?0) = 632(0) and fa)) = 0 and using (5.52)—(5.56) we obtain the following gauge
transformations of the vevs

t

55k, = Ty 0Z(0) (5.83)
T _ ib ot i i

5{ya = (€l Sto + Al Thy)) 2B = ~Ti5) 02 0) (5.84)

with the other vevs gauge invariant and where we used (5.62) in (5.84). With these trans-
formations one can show

5S€O)a = _T(bo)aaZ(O) ) (5.85)

so that we find that Sé’o) is not gauge invariant. If we define the shifted vev

1
TO)a = ) +T( )kaaX(0)7 (5.86)

it follows that the quantity ’T . 1s both gauge invariant as well as invariant under local
tangent space transformatlons

Scaling dimensions of the vevs. If we consider PBH transformations with é?o) =0

and é(o) = cst the 5-dimensional boundary stress-energy tensor f&i) has scaling dimension
two meaning that it transforms as

Sto = 2600t - (5.87)
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t 2
S | Soa | To) | Tioy | (Oa) | (0s) | (Ox)
scaling dimension 2 3 2 3 4 4 4

Table 2. Scaling dimensions of the 4-dimensional vevs.

1t i it 1) b a
Tor | 7oy | T | Ty | Ty | Ty
scaling dimension | 4 3 5 4 4 4

Table 3. Scaling dimensions of some derived vevs.

Using the scaling dimensions of the 4-dimensional sources given in (5.42)—(5.48) and the
relation between the 5- and 4-dimensional vevs given in (5.52)—(5.58) we obtain the set of
scaling dimensions given in table 2. These are the vevs as they appear in the variation
of the on-shell action (5.35). Other vevs that we encounter such as ’72 o)t and 'T have

the scaling dimensions given in table 3. Following [29] we call ’T the energy den81ty, 7'(0)

the momentum density, 74 the energy flux and T the stress. We point out that even
though the energy flux has scahng dimension 5 and Would thus appear to be an irrelevant
operator'® this is not a problem since the operators in table 2 are all either relevant or
marginal and it is these that we source. Necessary and sufficient conditions for the existence
of conserved boundary currents such as continuity equations are discussed in section 6.1.

5.7 Covariantizing the Ward identities

We conclude this section by presenting the Ward identities in a covariant form with respect
to the boundary geometry that we described in section 4. Using our vielbein postulate and
choice of I'fy , the gauge Ward identity (5.50) can be written as

1
k(Ox) = V0)aT{0) = 5(0) (G000 = BaTi0)p) Loy » (5.88)

where T(%) =

rewritten as

fo

%0 T T( 0)€(0): while the diffeomorphism Ward identity (5.51) can be

b 1 b c t b T
0= V©opSioa * 550)av(0) (P06 = 7(0)e) = SV ©0a¥(0) T Sy V 0)aC(0)i
(0)8 A(O)t + T(O)a A( 0)i < ¢> 8a¢(0) + <OX> 8ax(0) . (5.89)

Expressing the Ward identities (5.49), (5.62)—(5.64), (5.88) and (5.89) in terms of gauge

HMSince e(0) has dimension -4 (which is z = 2 plus 2 spatial dimensions) an operator is irrelevant when
its dimension is larger than 4.
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invariant vevs we find
Aoy = 2T T QB(O)tT + 72%) + B(o)i (0), (5.90)
1
k{0x) = Vo)aT(o) = 5(0) (Bb7(0)a — BaTi0)p) T(py » (5.91)

c z 1 c
VT e = ~Topw (—T(O)cV(O)aU?O) + e(o)cvw)a@l(’o)z) + 5T0)a?(0) (%70 = B7(0)c)

T(O)‘9 By T(ZO)aaB@)z —(0¢)0ad(0) » (5.92)
Ty + BioTo) = T(ow (5.93)
0= To) R ~ BlyTipy = (i 4). (5.94)
(Oa) = (T + BTl ~ Toys — BTl ) (5.95)

where we wrote
By = Ay + 1v< 19aX(0) » (5.96)

k

By = Aoy — %6?0)10“(0) : (5.97)

If we use the torsional covariant derivative of section 4.5 we can write the Ward iden-
tities (5.91) and (5.92) as

k(Ox) = Vo) = 2T T(0) » (5.98)
vIEJ)bTO)a = _726)1) (_T(O)cva))av?m + G%O)CV(T)G (0)i ) + 2T(0 TC + 2T(0)bc 0)a
t %
_T(o)aaB(O)z - T(O)aaB(o)z —(04)0a9(0) - (5.99)

The form of the diffeomorphism Ward identity (5.99) is similar to the one given in [66]
with the differences that here i) the vielbeins do not transform under the Lorentz group
but rather under the contracted Lorentz group, ii) we cannot raise and lower indices and
iii) in general we have a torsion term T(b(])ac'

6 Further physical properties

In this section we continue our analysis of the physical properties of the boundary theory
described via our holographic prescription. We first consider the construction of conserved
boundary currents for the case of a boundary geometry described by TNC and define the
corresponding conserved charges for the case when 7(g), is hypersurface orthogonal, i.e. for
TTNC. Then we turn to a detailed analysis of the anisotropic Weyl anomaly density Ag).
Finally, we comment on the appearance of an undetermined function in the Fefferman-
Graham expansion and the interpretation of this in terms of a second UV completion of
our IR theory.
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6.1 Conserved boundary currents

To construct conserved boundary currents from our gauge invariant stress-energy ten-
sor (5.86) we start by contracting equation (5.92) with a vector K Elo)' The resulting equation
can be written as

- 1
a b b a 4 o o
Vo (Kl Tira) = T (T@bﬁ’%”w) ~ €K 0 T QK(O)[’”(O)T(O)IJ>
t
_T(O)EK(O)B( 0)t T()‘CK(O) ©)i — (Op) LK 5,P(0) - (6.1)

where EK(()) denotes the Lie derivative along Kélo)' Let us next subtract the term
_T(bo)ch (“0)76)& = %’T(l(’))aK (ao)ﬁv(o)T(o)b from both sides. We thus find the conserved current

(o>ab( K(O>To>a>=V(> (K(O)To)a> Th6e K oy T (6.2)

if and only if

b a i a a
0= 720)11 (T(O)b»CK(O)U( 0) ~ €0y ‘CK(O)G(O)i + K(o)ﬁv@) T(o)b)
t
~T{o) Loy Bioye — ToyLx 10, B0 ~ {08)Lxci0)B(0) (6.3)

We will not impose any conditions on the vevs other than the Ward identities.
To find the necessary and sufficient conditions for the right hand side of (6.3) to vanish
upon use of the Ward identities we proceed as follows. We use equation (5.93) to remove ’T(%l)

and the SO(2) Ward identity (5.94) is used to eliminate the antisymmetric part 72[(:;)1]. This

leaves us with an equation involving the following vevs: 7'(%1) + B(%)T(%)), T(%) . T B(o);T(%)’

(0), T 0) (2) and (Ogy). We have by now used up all the Ward identities except for (5.90)
which we then use to remove T(O) .+ B(O)ET(%)' We finally demand that each term in front

of these remaining vevs vanishes by itself, in order for (6.3) to hold without imposing any
constraints on the vevs other than the Ward identities. This gives the following set of
conditions for the matter fields

EK(O)QS(O) = 0’ (64)
V0)£K 0 Bo)a = 0,
H((lo)cﬁKm)B(O)a = _H(O)acﬁK(mU?O) + B(O)aK?O)U(O)c’ (6.6)

resulting from the terms proportional to (Og), () and T: (o) respectively, and

0= 1_II()O)C <£K<O>T(0)b - T(O)aKEIO)U(O)b> ) (6.7)
0 = Aw)¥(0) LK) T(0)a> (6.8)
0 = o) LK) T(0)a — %H(O)abﬁK(m 1) — K{p)o0)a (6.9)
0= (H(O)acH(O)bd - ;H(o)abﬂ(o)cd> L’K(O)Hfg)

N (H(O)abg( 0e ~ H0)ebT(0)a — H(o)eaU(o)b) Ky (6.10)
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for the boundary vielbeins where we recall that o), = —£U<O)T(o)a. Equation (6.8) comes
from the term proportional to 7}%) t+B(0)§T(t*O) and equation (6.7) from the term proportional

to 7'(%). The last two equations result from the trace part and the trace free part of the term

proportional to T(é?) +B(%)T(lo)). From equation (6.8) we see that if the anomaly density A )

is non-vanishing we get an extra condition on the boundary vielbeins. The term Ev(o) T(0)a

appearing at various places is related to the presence of torsion. Note that equation (6.6)

also contains non-trivial information about the existence of a boundary conserved current

from the point of view of the boundary vielbeins through the term II(g)4.L K(O)UE‘O).
Equation (6.7) implies that there is a function A(g) such that

LK) T0)a = MN0)T0)a T 700K (0)T(0)a (6.11)
which via equation (6.8) is constrained to satisfy
Aoy = 0. (6.12)
Continuing like this we find from (6.9) that we have
Lx o Iy = = </\(0) + K)o (O)c) TG, + v{oy X {oy + 00y X0y » (6.13)
for some vector Xy It follows that (6.10) becomes
(M0)ab(0)e — H(0)eb(0)a — M(0)ea(0)p) Koy = 0, (6.14)
which implies upon contraction with K (“0)
(o) K (o) K (0)(0)c = 0. (6.15)
so that we either must have
0y =0, or K{o) = K0)v(0) - (6.16)

for some function £ g).
To summarize, the conditions for the existence of a boundary conserved current split
into two cases depending on whether o), = 0 or o(g), # 0. When o(q), # 0 the conditions

become
Koy = £0)%0) » (6.17)
LK®w0) =0, (6.18)
LK Boya = Bo)cK0yo(0)a > (6.19)
Jaki(0) = —A0)T(0)a s (6.20)
0= Ao » (6.21)
Lo gy = =0Ty + 2oy X{o) + v X{o) (6.22)
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where we used Lk, T0)a = —0ak(0) — £(0)0(0)a foOr Ky = K@)V n (6.11) and when
o(0)a = 0 the conditions become

LK P0) =0, (6.23)
Lk Boya = ~0)acL K (o) - (6.24)
LK T0)a = A0)T(0)a (6.25)

0= A0)A0) (6.26)

LK) 1_[((l(l))) - _)‘(O)H?g) + U?o)Xl()o) + U?{))X((lo) ; (6.27)

where in both cases we also solved for £ K B(0)a- In general 0(g), = 0 does not imply that
the torsion is vanishing, but in the case of TTNC it does via equation (4.77).

When 7(g), is hypersurface orthogonal which can happen for both o (), # 0 and o(g), =
0 a natural definition of a conserved charge Q[K )] is

where X is the hypersurface to which 7(g), is normal and with , /(o) the metric induced on
this hypersurface. For example if we choose coordinates such that 7p); = 0 we can write
T(0)a = \;—%&lt and ¥ will be the surface ¢t = cst.

It would be interesting to study further the possible choices for K (“0), the algebra of the

vectors K, and charges Q[K(g)] and how K

6.2 Anisotropic Weyl anomaly

) and Q[K (0)] transform under local boosts.

In this subsection we will express the 4-dimensional anomaly density A in terms of the
natural curvature objects of torsional Newton-Cartan. The 4-dimensional anomaly density
is simply equal to the 5-dimensional anomaly density fl(o) and was computed in appendix C
by dimensional reduction (see equation (C.18)). For simplicity we restrict ourselves to the
case of TTNC in this subsection, i.e. we assume hypersurface orthogonality for 7(g),. Our
goal is thus to take (C.18) and rewrite it using the geometry worked out in section 4.6. It will
prove convenient to use the projected Riemannian geometry on the hypersurfaces to which
T(0)a 18 orthogonal and their extrinsic curvature. The main challenge in rewriting (C.18) is
to identify an appropriate total derivative term such that the remaining terms take a simple
form that are furthermore invariant under the anisotropic conformal rescalings generated
by 52’0). Without giving any further details we find that for TTNC the anomaly can be
written as

Loa agg 2 , Li2o ac yibd L rab rred

Ap) = ke 2O Ity + ghe 0 K gy K {(0yea | T T1(G) — 5100

L R D01y 0% Lygab (0O 2k%e2%0 [ i
t15 (R0 = P0)ao(0) — 50 0a(0) b (0) + 2570 L g)

5 k,2 2(15(0) a 9 Hab B ) 2
+E € (U(o) a¢(0) + 0)(0)a b¢(0))

1 2 2 cd cd
_51{3 e ¢(0) I(O) (D(O)c (H(Q)8d¢(0)) + H(O)acgb(o)adgb(o))

+ % <D<O)a (H?§)3b¢<0)))2 + é (H?8)8a¢(0)8b¢(0)>2 + €0y da (e(O)J(%)> , (6.29)
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where
ac 11bd __ 1T1ac T7bd c c
H(O)H(O)Kzo)ab - 1_[(O)H(O) (K(O)ab - ‘7(0)(aH(0)b)B(o)c + D(0)(a (H(O)b)B(O)c>> , (6.30)
a 1 ab
Ty = v(0)B(oya + §H(O)B(o)aB(o)b- (6.31)

Equation (6.31) for a constant axion is equal to H‘(IS)HI(’(‘J{)K(O)QI, where K, (0)ab 18 the boost
invariant extrinsic curvature given by

~ 1

Kab = 5L0, 11158 4000 ()b + T A0 + T A(0)a) - (6.32)

- 15
The current J(%) is

1 2 2 a ab 1 d e a bf
J&)) = gk e ¢(0)I(0) (0'(0) + 2H(0)ab¢(0)) + gHEO)U(O)dH(O)cH(O)fv(O)eH(O)O-(O)b

1 ad c be 1 ac 11bd
—3 116700V @116y 0 0)e = 56 (0)70)ads(0)9cb(0)

1 a c 1 c a a
+EH(3)HI(’O)U(O)CI8(,¢(O)8c¢(0) + §k262¢(0)K(/)CHl()O) <U(0) + H((%B(O)d)

1 a c ac e
—§k262¢(0> ('U(O)Hl()o) — U?O)H(O)> <28{,¢(0)H(0)CB(0)6 + V(O)cB(O)b>

L.2o d a be ef Lo ac b
RO M), Vi (1165 Bore) TG Boys + g1 Voo (v Boe)

1 2.2 ac
— K20V o). (TG o)) - (6.35)

We have written the result for e)A) — 0 (e(O)J(%)) in a manifestly boost invariant
manner. This requires some work as the reduction discussed in appendix C breaks manifest
boost invariance. We did not bother to do the same for the current term because we expect
that the term 9, (e(o) J&))) can be removed by adding finite counterterms to the action just
like in the context of the AdS/CFT correspondence [82].

As remarked at the beginning of this section the only assumption that we made was
that 7, is hypersurface orthogonal. This means that in the language of section 2.3 this
result applies to the case of AlLif boundary conditions. If we take ¢ () = log gs equal to a
constant and furthermore take D)X (o) = 0 we find

Lio o roab L. 1 a b \2
Ao = gh9s (K(O)K(O)“b R0 ) T35 (R(O) - H(o)bv(o)a0(0)>

+eonda (e Tl (6.36)

as the equivalent vielbein way of writing the result found in [60].

“In deriving the expressions for A(g) and J{, many identities from TTNC have been used that can all
be derived using the formulas of sections 4.5 and 4.6 including, to mention a few,

1
316 D©ax(© Doyex () Reo) = Wiy Wioya DoyeX0) [V(0yer Vi) (16 Poexo) - (6.33)

{05V (0)a0(0) = €(0ya (€(0)(0)) + 0(0)a0{0) - (6.34)
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The terms contained in e)A) — 0a (e(O)J(%)) are all invariant under anisotropic
conformal rescalings. This can be seen by noting that the combinations

R — H((ZO)bV(O)aU?O) ) (6.37)
1

K(0)av 5 (0)ca <H?5)Hl<’g> - 2“?3>Hf3)> : (6.38)

H?(I;)V(O)a (Hfo)bacﬁb(o)) , (6.39)

transform with weights 2, 4 and 2, respectively (e(o) has weight —4) under anisotropic Weyl
rescalings.

Interestingly, the part e)A) — (e(o) J(ao)) takes the form of a Lagrangian. Let us
entertain the possibility that we can read it as an actual Lagrangian. The boost invariant
kinetic terms are

L) L16) K (gyea (6.40)
k(o) 0ad(0) — Hl()ﬁ)D(O)bX(O)accb(O) ) (6.41)

and appear in the action as second order in time derivatives. Note that these terms are
proportional to k% so that it is crucial to perform a Scherk-Schwarz reduction in order
to obtain them. We read the term ’U?O)B(O)a + %H‘(lg)B(o)aB(o)b as a non-derivative term
because d,X (o) has been eaten by A(g), via a Stiickelberg mechanism. There thus appears
a non-derivative term at order k* in the action. This term is essentially fAL%L) made gauge
invariant, which is already there for AILif boundary conditions. It has not appeared in the
literature so far because of too restrictive parametrizations of the various ADM gauges that
have been used. In all cases one simply took A, = 0. At order kY the action contains
fourth order derivative terms built out of curvatures and projected covariant derivatives.
These are thus gradient potential terms.

This Lagrangian has striking similarities with Hotava-Lifshitz (HL) type La-
grangians [83, 84]. For example pushing this analogy we would call TTNC with furthermore
9aT(0)p — ObT(0)a = 0 projectable Horava-Lifshitz and TTNC with nonzero du7(0), — IbT(0)a
non-projectable HL gravity. Furthermore, the object J?O) corresponds to the acceleration
vector of the foliation defined by the hypersurface orthogonality of 7(y,. The action (6.36)
is precisely of the form of a 3-dimensional z = 2 conformal HL gravity with nonzero
potential term [33]. However, in the most general case we notice one absolutely crucial
difference. In HL gravity one assumes the existence of an underlying Lorentzian geometry.
In other words the tangent space is described by Minkowski space-time. Here, on the other
hand, this is not the case since we have a non-relativistic metric structure and the tangent
space group contains Galilean boosts, which is the origin of the boundary gauge field A(g),-
Ultimately the action is therefore, despite its functional form, not of a HL type. It is
nevertheless an interesting question to ask what kind of dynamics is described by an action
of a HL type defined on a TTNC geometry.

Going back to A(g) being an anomaly density, based on anisotropic conformal symmetry
arguments, one expects in general two different types of central charges for Lifshitz field
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theories [33, 34]. One is proportional to the coefficient in front of the extrinsic curvature
term and one to the coefficient in front of the spatial curvature term. In the notation of [34]
these are denoted by C; and Co, respectively (see [60] for their appropriately normalized
values). For other examples of Lifshitz anisotropic Weyl anomalies see [34, 85, 86]. When
I gy # 0 there is one more term in the anomaly density. This is the term at order k4 It
would be interesting to understand better the role of this non-derivative term.

6.3 Irrelevant deformations and a second UV completion

In section 5.4 we wrote the 4-dimensional vevs in terms of the 5-dimensional ones. If we
try to do this the other way around we find for 4,

~ 7 I3 t

c ,d ¢ it it
fap = (”(0)”(0)t0d> T(0)aT(0)p — (S(o) T A(O)S(O)) (e)iaT(0) + €©)ibT(0)a)
+ (S<6> +4p) 5(6)) €(0)ia®(0)5b - (6.42)

Due to equation (5.64) the right hand side of #4, is symmetric in a and b. Because of
the appearance of the function Ufo)”?o)fcd it follows that i, is not fully determined by
the 4-dimensional vevs. It can be shown that when reducing the 5-dimensional Ward
identities (A.28)—(A.29) the term v(co)vflo)fcd drops out and is after reduction not in any
sense coupled to any one of the sources and vevs. This is consistent with the fact that
it does not appear in the variation of the on-shell action (5.35). Nevertheless, it appears
in the 4-dimensional Fefferman-Graham expansion that we give in appendix D, where it

2. The Fefferman-Graham expansion

shows up in the expansion of the metric at order r
thus contains 6+6 sources and vevs and the free function Ufo)vgo)fcd‘

We have noted before that the same theory also admits another branch of solutions
that are briefly discussed in appendix E. These solutions are asymptotic to a hyperscaling
violating geometry with # = —1 and z = 1. The UV expansions (E.7)—(E.21) are controlled
by 7+7 sources and vevs (we omitted the expansions for the axion-dilaton field). This is
the same number as in the 5-dimensional theory without the constraint that iL(O)uu = 0.
Hence, in this case all components of the 5-dimensional boundary stress-energy tensor after
reduction of fai; have a dual source.

We also noted that the solution (E.22)—(E.24) asymptotes to a z = 2 Lifshitz space-
time in the IR. This means that when studying linearized perturbations around the z = 2
Lifshitz space-time we expect to see one mode going like er 2 where e controls the linearized
perturbation. Going to higher orders in € means that we are going to see a series in er—2
and in order for this to remain small 7 runs large. In other words this corresponds to a
mode that is sourcing an irrelevant operator. Indeed if we expand (E.24) around r = co we
notice a perturbation going like 2. Hence the spectrum of linearized perturbations around
the z = 2 Lifshitz space-time of our 4-dimensional model contains (after removing gauge
redundancy) 747 parameters with one of them corresponding to an irrelevant perturbation.
If we switch off this mode (our constraint il(o)uu = 0) and turn on the remaining relevant
perturbations we flow to the UV that we referred to as the Lif UV. If we turn on this
irrelevant perturbation (the case il(o)uu > 0) and then additionally turn on the relevant

perturbations we flow towards the other UV that is asymptotic to a hyperscaling violating
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geometry with § = —1 and z = 1. The presence of the extra free function in the expansion
of the Lif UV theory thus signals that there is an irrelevant operator whose source has been
turned off.'¢

A similar phenomenon has been observed in the context of § = 1 and z = 3 hyperscaling
violating geometries that can be uplifted to 5-dimensional z = —1 Schrodinger space-times.
These are asymptotically AdS solutions of AdS gravity without any matter added. This
reduces to an Einstein-Maxwell-dilaton theory in 4-dimensions. There is a similar issue
there in that the solutions depend on whether the reduction is along a circle that becomes
asymptotically null or one that is asymptotically spacelike leading to two different UV
completions from a 4-dimensional point of view [87, 88]. It would in fact be interesting to
work out the details of the computation of the sources and vevs in that case.

The fact that for our Lifshitz UV completion we count in total 64+6+1 free functions is
in strong contrast with what one has observed for the massive vector model (2 scalar fields
less than our model). In that model for z = 2 we have 5+5 free functions in the expansion.
The way we came to this answer is as follows. Using the equations for the linearized
perturbation analysis'” of [89] (setting the parameters a and b defined in [89] equal to
zero and truncating the scalar field) we observe by looking at purely radial perturbations
around Lifshitz that there are 4 integration constants in the tensor modes, 8 in the vector
modes and 4 in the scalar modes (in the radial gauge of [89] one actually encounters 5
parameters but one can be removed by a rescaling of the radial coordinate). One can
remove 6 parameters using diffeomorphisms (3 off-shell and another 3 on-shell) leading to
10 parameters. One of these constants corresponds to a marginal deformation. It turns
out that this deformation is marginally relevant [35-38] and hence we do not set it to zero
(see also the discussion at the end of section 2.4). Our point of view is that in order to get
the full Lifshitz UV completion one should allow for all deformations around Lifshitz that
are not irrelevant. The main difference between the massive vector model and our model
is that in our case there is an irrelevant deformation of the Lifshitz geometry that is absent
in the massive vector model.

7 Discussion and outlook

We conclude by summarizing some of the main points and lessons.

The 2z = 2 model and a second UV completion. We have discussed holographic
properties of a specific model admitting z = 2 Lifshitz solutions that can be obtained
by dimensional reduction from AdS. This circumvents having to work out a Fefferman-
Graham expansion for the massive vector model which is currently still lacking beyond
results obtained using linearized perturbation theory. The limitation of our approach is
that it works only for z = 2. However, it should be stressed that this is a special value,
which must be treated separately anyway. From what we know about the z = 2 case in the

16We thank Elias Kiritsis for useful discussions on this point.
"Linearized perturbations of z = 2 Lifshitz solutions of the massive vector model have also been studied
in [29, 31, 35-37].
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massive vector model we see from our analysis that having additional scalars in the theory
can markedly change many qualitative features such as the UV structure of the theory.
In our case, starting at an IR Lifshitz fixed point there are two possible UV completions
depending on whether or not we turn on a certain irrelevant operator. From the higher-
dimensional perspective this corresponds to performing a reduction with a null or spacelike
circle on the AdS boundary. In the bulk the circle is always spacelike. In the case where the
boundary circle is null, we get a Lifshitz UV with no hyperscaling violation and z = 2 and
in the case where the circle on the AlAdSs boundary is spacelike we get the # = —1 and
z = 1 UV completion of appendix E. This should be contrasted with the massive vector
model for z = 2 where there is just one UV completion which allows for a marginally
relevant deformation. In this paper we focussed our attention on the holographic setup
for the case of the Lifshitz UV completion. In general whenever one studies Kaluza-Klein
holography [65] there are typically assumptions concerning the leading components of the
KK dilaton. Interesting additional branches of solutions may occur when different choices
are made for the fall-off of the KK dilaton.

Vielbeins, sources and torsional Newton-Cartan. In order to identify the sources
and in order for these sources to be the leading component of some field it proved very
convenient to use a vielbein decomposition of the metric and vector field in the model. By
the vector we mean here the field that transforms under gauge transformations and thus
not the massive vector that has eaten the axion. Since the vector and the timelike vielbein
are proportional to each other at leading order it was useful to consider specific linear
combinations of these two quantities, such that for the new field variables the leading terms
are independent sources. This allowed us to identify the boundary gauge field Ag),. The
boundary geometry is thus described by the sources appearing in the vielbeins and the bulk
gauge field. This geometry turns out to be torsional Newton-Cartan (TNC) with a specific
torsion tensor that is zero if and only if 7(g),dz®, the leading component of the timelike
vielbein, is closed in which case the boundary geometry is ordinary Newton-Cartan. To the
best of our knowledge this geometric structure has not been studied before. An important
special case is where 7(g),dz” is hypersurface orthogonal but not exact. In this case we
call the boundary geometry TTNC for temporal or twistless torsional Newton-Cartan. An
added bonus of using vielbeins is that one does not need to resort to a specific gauge choice
on top of radial gauge such as the ADM gauge that is often used in the Lifshitz literature.
Such a gauge choice can of course always be made but one must be careful not to miss any
sources such as the boundary gauge field Ay, and not to make too strong assumptions
such as imposing hypersurface orthogonality of 7(g), before starting to solve the equations
of motion if one’s goal is to find the most general solution. We expect that when studying
other holographic models for Lifshitz invariant field theories with some z > 1 the boundary
geometry will always be described by TINC. This is because for any z > 1 the local tangent
space group induced from the bulk onto the boundary will be the contracted Lorentz group
and subsequently there will be a degenerate metric structure. It is then natural to choose
the same connections as here.
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Boundary gauge field. The boundary gauge field A ), transforms under boosts such
that only the combination QU?O)A(O)G + H?g)A(o)aA(o)b is boost invariant. Further it trans-
forms under gauge transformations but not in such a way that one can gauge this boost
invariant combination away. Associated with the gauge symmetry we have the Ward iden-
tity Oq <e(0)T(%)> = e(0)k(Oy), where T(%) is a boost and gauge invariant current whose
(non-) conservation is controlled by the vev of the axion. Associated with the boost sym-
metry we have the Ward identity (5.93). The boundary gauge field differs from what one
usually encounters in AdS/CFT (or from what we would find for the other § = —1 and
z =1 UV completion) because it transforms under boosts whereas this would not happen
for z = 1. It would therefore be interesting to get a better understanding of the nature of
the currents in the boundary theory that A, is sourcing. It could for example be infor-
mative to add a second Maxwell term to the bulk Lagrangian and to study the sources for
this additional gauge field and contrast it with our A g),. We expect this second gauge field
to behave qualitatively different from A ), as only one boundary gauge field will be part
of the boundary TNC geometry. In more general 4-dimensional models supporting Lifshitz
geometries than the one studied here it is known that one always needs one Maxwell term
to support the Lifshitz geometry. Here we see from a boundary perspective why this is
so. The bulk Maxwell field together with the bulk vielbeins are both needed to describe
the boundary TNC geometry. This gives a rationale for why one usually separates out one
Maxwell field from the others in solutions of charged Lifshitz black holes as in [43, 46].

Properties of the boundary stress-energy tensor. Omne of the central results of
this paper is derivation of the boundary stress-energy tensor and its corresponding Ward
identities, including their covariant form in terms of the non-relativistic boundary geometry
that we uncovered. We also note that we have computed the scaling dimensions of the vevs
(see table 2) demonstrating that these correspond to relevant and marginal operators.
From these one can compute the scaling dimensions of the energy density, momentum
density, energy flux and stress all of which are composite operators in terms of the vevs
and sources. In particular, this showed that even though the energy flux has dimension 5,
and thus appears to be an irrelevant deformation, this is not a problem since it is a product
of a dimension 2 source with a dimension 3 vev.

Conserved boundary currents and anomaly. The Ward identities for the boundary
stress-energy tensor, namely the diffeomorphism Ward identity and the z = 2 trace Ward
identity due to anisotropic Weyl symmetries are not generally of the form of a divergence of
some current. We have studied the existence of boundary conserved currents in section 6.1
by postulating the existence of some kind of TNC analogue of a (conformal) ‘Killing vector’.
It would be interesting to study further the conditions for the existence of such conserved
currents and the associated conserved charges. In particular this might be useful for a
general study of Lifshitz thermodynamics in terms of the boundary charges. The z = 2
trace Ward identity contains an anomaly related to the z = 2 anisotropic Weyl anomaly.
We observe that even though it takes the form of a Hofava-Lifshitz action this analogy is
not perfect because the underlying geometry is TNC and not Lorentzian. Furthermore the
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anomaly contains zeroth order derivative terms involving the boundary gauge field which
have not been observed before. These terms become second order in derivatives if we set
A)e = 0 in which case they can be seen as axion kinetic terms. When A, # 0 it is
more natural to read them as zeroth order in derivatives for the massive vector B, =
Aya — %%X(oy It would be interesting to understand their origin better, e.g. by using the
techniques of [34].

Constraint on the sources. Another noteworthy aspect is that in the reduction from
five to four dimensions a constraint on the sources appeared, but that we could deal with
this constraint explicitly since it is paired with a leading order symmetry. By this we
mean that this additional symmetry, which corresponds to local dilatations, is only there
at leading order in the FG expansion. By appropriately redefining the boundary vielbeins
(involving rescaling with a power of e®©) we were then able to use the Ward identity
corresponding to this additional symmetry to remove the constrained source from the
variation of the on-shell action, leaving a variation with respect to unconstrained sources.

Radial gauge. We also note that, motivated by the dimensional reduction, our analysis
naturally involves a non-radial gauge in which the holographic expansion seemingly takes
its simplest form. It is possible, in principle, to go to radial gauge, but the results could be
much more difficult to obtain. One may thus wonder whether going to an appropriate non-
radial gauge may be likewise preferred in other models. In general a recipe for obtaining
a FG expansion in radial gauge could be the following. Consider purely radial linearized
perturbations in radial gauge and distill from this an asymptotic expansion by looking
at the r-dependence of the higher order e terms where € is the perturbation parameter
describing the Lifshitz perturbations. With this information one can trade the e expansion
for a radial asymptotic expansion. Ignoring marginally relevant/irrelevant perturbations
this works provided we turn off the sources for the irrelevant deformations so that higher
order in € correlates with more subleading terms in the radial expansion. The next step
would be to turn the coefficients into functions of the boundary coordinates. For this to
work the corresponding sources must remain relevant after doing so. In section 2.4 and
appendix B we have studied the question of constructing a radial gauge expansion by a
coordinate transformation from our non-radial gauge. We have investigated this problem
by looking at pure gauge perturbations around the non-radial gauge solution to second
order in €. It was observed that one cannot trade the € expansion for a radial one precisely
because of the boundary dependence of the sources. This may suggest that radial gauge is
not always the preferred choice to study asymptotic expansions for Lifshitz holography.

Open directions. We conclude by mentioning a number of interesting open directions.
First of all, it would be interesting to study the probes in the Lifshitz space-time that
we have briefly considered in section 2.2 and the associated two-point functions. Using
the relation between AdS and Lifshitz probes one may get another perspective on the
interesting results of [53]. An interesting generalization of our setup, which we leave for
future work, will be to add charge to the five-dimensional theory and to compute the effects
in the reduced theory. We also note that further insights into the holographic model we
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studied are likely to be gained by studying the reduction at the weak coupling side, i.e. by
reducing the boundary D3-brane world-volume theory with an axion coupling. We expect
this to be described by a non-relativistic deformation of the D2-brane world-volume theory.
Another point worth pursuing, motivated by the analysis of the anomaly in our model, is
the connection of our results to Hotava-Lifshitz gravity. In particular, one may wonder
what the dynamics is of a Hotava-Lifshitz type action, defined on a TTNC geometry.
Finally, we remark that it would be very interesting to use our results in the context of
Lifshitz black holes and Lifshitz hydrodynamics. In particular, it would be interesting
to obtain a fluid/gravity type derivation of Lifshitz hydrodynamics [90, 91] which has
potential applications to holographic realizations of Son’s model for the effective theory of
the fractional quantum Hall effect that relies on Newton-Cartan geometry [80].
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A Holographic renormalization of the 5-dimensional theory

In this appendix we summarize the relevant results in the 5-dimensional model of AdS
gravity coupled to an axion-dilaton system and review the holographic renormalization
carried out in [62]. However, instead of using the Hamiltonian formalism of [62], we will
work within a Lagrangian framework. We will give the solutions of the equations of motion
up to NNLO and discuss the local and anomaly counterterms as well as the one-point
functions for asymptotically locally AdS (AlAdS) boundary conditions [94, 95].

A.1 Fefferman-Graham expansions and counterterms

The solution to equations (2.2)—(2.4) expressed as an asymptotic series in radial gauge, i.e.
as a Fefferman-Graham (FG) expansion [96, 97], reads'®

dr?

- T P ag,.b
Gppdatdz” = T + h;dadx”, (A.1)
2 2 27 4 2 43 6
h;, = ) h(o)ai) +7r h(z)ai) + r*log rh(471)d5 +r h(4)&l; +O(r°logr)| , (A.2)
b = by + ) +rtlogrd 1) + rdy + O(rlogr), (A.3)
X = Ry + X2 + rilogria + 'R + O(rllogr), (A.4)

18We will denote here and further below by a(n,m) the coefficient at order 7" (logr)™ of the field r®a
where 7~ is the leading term in the expansion of a with the exception of the Q(n,0) term which we will
simply denote as a(y).
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where the coefficients are given by

> L[ 1. -
Mo = 75 (R(OW’ = 3000290 2%)3 aX(©)%X(0 >)
1. . R 1 .- )
KO (R(O) - 5(%(0))2 - 262¢<°)(8X(0))2> ; (A.5)
~ 1 /4 N N .
P = (D(0)¢(0) — %P0 (ax(o))Q) : (A.6)
- 1 /-
X@ = g (D(O)X( +26a¢ )8 X( )) (A7)

at second order and by

haas = haach(y; + v(o> (Vorhic + Vit~ Vorh )ai,) - Zv(o)év(o)i)h@)@
1y 2 L 95 . 1 A .
5900V 0y 92) — 560Uk 0)V iy X — 570Dy %a X050
) 1
éd
~hoyab ( h( )h(2)cd + ¢>(2 62¢(°’X(2)> ; (A.8)

i~ 2 3a Doy Loasr & 2 b 2 ab & 7
dun = =31 [D@)%) + 20 ke = 4O G + 50°00) Y 0)ah y; — M) V(009 0)

aj b 5 . o pab D aag Sa o
~0"h(0)Viy) higyas + €27 0aX o) (az,X(o)h(Q) —2¢2)0"X(0) — QV(O)X(z)()%Q)

. 1 A -
Xy = =3 [8X 9@ + 28 hla + Doke) = b Vioadiko + 2V 0ixe " do

i (Yo b b 7 b
+0 X(0) (QV(O)&h@)E — V(O)h( 2ab 20 ¢ (2 Yab + 2V a¢ ):| , (A.10)
at order r*logr. We note that the quantity il( 4,1)ab is traceless. Indices of the expansion

coefficients are raised and lowered with the AdS boundary metric B(O)d?)' At order r* we

have that fL( 0)ab is constrained by

hia = ik(zméﬁ?g) - %q%) - %6%(0)*?2) ) (A.11)
@(}0)73(4)&5 — —¢*0 A%g 8ad(0) + (090 +€2"3(0)>2(4)5a>2(0) + 6%(0)&3(2)2(2)3&)2(0)
Lo onde — 2R Y onte - T Ve
eVl SHEY b+ e Vo) (A12)

Following [94] we write the coefficient iL( 1yab A8

~

hopai = Xap (A.13)

[\')\H

(4)ab —

where f&i) is the boundary energy-momentum tensor defined in (A.23). The trace and
divergence of 5&5 will be given below together with the explicit form of X&B' In the expansion
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for the scalars we have that <z3(4) and X(4) are fully arbitrary functions of the boundary
coordinates.

A counterterm action that cancels all divergences of the on-shell action Sy + Sau is
given by [60, 62]

Set = — d4 \/> ( % ()\—l—logr)) : (A.14)

where A is some scheme dependent parameter (minimal subtraction corresponds to A = 0)
and where

~ AAT A ~ ~

1.~ 1 o5 o .
thadeg, Q. = R(A)Ag - *5a¢5g¢ - §€2¢3axag><, (A.15)
R N o 2
(@@b@ab—QQ 5 (Bd = e@0%)?) + 3¢% (O X +20:60°%) ) (A.16)
A.2 One-point functions

To compute one-point functions, we write the total variation of Sien = Spuk + Sgu + St as

5Sren = L / d535\/ —Q (éﬂﬁégﬂﬁ + (SA‘J)(;(,Z; + (C:}((S)A()
M

2r2
1 N R .
—o [ dtey =i (Tyah™ + 21556 + 2730% ) | (A.17)
2/‘?5 OM

where éﬂl), é’q;, éx are the equations of motion (2.2) to (2.4) and where

. . 1. 1. . (A
T, = (K —3)hy; — K; + §Q&I; - Zh&BQ + (A +logr) T;g‘) , (A.18)
R L L (A
5= 51 b+ (D38 = €*(0%)) + (A + logr) TV, (A.19)
1,5 1 55/ - (A
Ty = 5l ox + 3¢% (% +2000%9) + W+ log ) TV (A20)
Here we defined
2 A A 2 A A 2 A
P - 265 04 g s 04 gy s 04 (A.21)
ab /_h Shab ¢ _h 5¢ X /—h 5X
with
o 1 I
A=— d*z\/—hA. (A.22)
K5 Jom

From the expansions it follows that \/ —h = r—* —ﬁ(o) +O(r 2, Shib = r25ﬁ?§) +
O(rt), 6¢ = 5g5(0) + O(r?) and 60X = 0x(0) + O(r?), which is used to obtain the following
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one-point functions (we take the cut-off boundary at r =€)

9 ng §.§on- shell

Tioyan) = — s (;;I%b) = lim e T, = 2hiyq) — 2X5; = fy (A.23)
—0) 0
2 on-shell
<@¢> .- 65:;% = lirr(l) 6_4T¢3 =
7 €—
~hg) 090
—2¢(4) - *¢ z)a +é? %0 )X(z) -5 (3 4X) $(4,1) ) (A.24)
R HZ 5son—shell R
(Og) = — 5 on = lim 674T§< =
7 1) e—0
\/T(o) X(0)
N R 1 N . R R .
_262¢(0)X(4) - §eQQb(O) (X(2)h( 2)a + 4X gZ) (3 — 4)\))((471)) , (A.25)
where
. 1. - 1.0 - 1. A 1 “
Xap = §h(2)&éh(2)g - gh(z)eh@)az} - Zh(o)&B‘A(O) T4 (3—4X) h(4,1)a13’ (A.26)
with ) ) A
Ay = lim A = 3 (hgg)h(z)d,; _ (h?z)a)Q) + Gy + P02, (A.27)

All the contributions to the one-point functions from the r4logr terms in the FG
expansions can be removed by choosing A = %. The boundary energy-momentum tensor is
identified with f&l% in (A.13). Using equations (A.11) and (A.12) we can compute for any
choice of A its trace and divergence

i, = A(O), (A.28)
Voat"s = —(0,)60) — (Ox) 0% o) (A.29)

We thus have t,;; (10 components) plus (O 3 and (Og) vevs minus the 5 con-
straints (A.28) and (A 29) leadlng to 7 independent vevs. These correspond to 7 indepen-
dent sources coming from h( ab; (;5 and Y(g) (12 in total) minus the freedom to perform
coordinate transformations that preserve the FG gauge removing 5 components (1 because
of local Weyl rescalings and 4 coming from diffeomorphisms acting on B(o)&é)'

A.3 Boundary foliations

We now choose a parametrization for B(O)d?) such that there is a coordinate u with the

property B(O)uu = 0. To this end we first use a null bein basis

~

hoyas = —H©0)alV 05 — By Noya (A.30)

(0)b (o)ai) J

Consider the following parametrization of the boundary metric with iL(O)uu =0
7 ag,.b 2 2 i f N N
hoidatda® = 2 (At + By (da' + Hio Nigydt) ) (du — Hig) Nigdt)

+S0)35 (d;gi + ﬁ(O)Ngo)dt) (dxj + ﬁ(o)z%)dt) : (A.31)
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where N(O) =0& EE‘& = 0. The gauge choice can be obtained by taking

Ny = (1, Hp)Nyg),0), (A.32)
Hgya = (0, Higy(1+ I:I(O)z‘N(io))7f{(O)i) : (A.33)
0 0 | 0o |
M = | O Ay 20N Ny HoZ0iNoy | = 0oty (A34)
0 Ho)%(0)ij V(o) X (0)ij
0
Eya = Hio)é(0)i Ny | - (A.35)
€0y

We then have

~No) 1
Noy=|~Ho | Hy=|0]. (A.36)
N(ZO) 0
A €0y
€0 = | Coyi | - (A.37)
620)1
where the components are given by
. . =1 . ,
€y = N (1 + Ho); V (]0)) Hg)i€(g); » (A.38)
¢y = —H) (1 + ﬁ(O)jN(Jb)) 1ﬁ(0>¢é20)g : (A.39)

and where é’@i satisfies

siieh (61— (14 HoulE)) Hopi, ) = o A40
lonicloy (0 = (1+ Honlly)  Hoully ) = o (A-40)

The null bein H ?0) is chosen such that it is given by the Killing vector 9.

A.4 Five-dimensional Ward identities

It is of interest to know which boundary diffeomorphisms and conformal rescalings of
the boundary metric preserve this foliation. Conformal rescalings of the boundary metric
ﬁ(o)ai) and boundary diffeomorphisms are generated by Penrose-Brown-Henneaux (PBH)
transformations [98, 99], i.e. diffeomorphisms that preserve the gauge choice of the FG
expansion. Infinitesimally these transformations act on the 5-dimensional fields as

090 = Ledpw » (A.41)
06 = Lo, (A.42)
5% = Lex, (A.43)
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such that ﬁégrr = ﬁggm = 0 so that the radial gauge of the 5-dimensional metric (A.1) is
preserved. The solution to these equations gives

gr = Té€0)7 (A'44)

. s d 1
g / Thababg(o én - 2h“b)8b§(0 +Oo(rY, (A.45)

where é(TO) and f?o) are independent of r. Acting with such diffeomorphisms assuming

f(o) # 0 on the 5-dimensional solution leads to

5Ba1} = ééaéildi) + hégaaéé + ildéaggé + érarﬁ&i) , (A,46)
56 = €%9,6 + €0, (A.47)
0% = 0 + £ 0X (A.48)

At leading order this leads to conformal rescalings and reparametrizations of the boundary
metric h(o)aiy via

Sh0yah = £ 106l )45, + h 0480 + h0)aed3E0) — 2600 0y » (A.49)
80y = €)0ad o) (A.50)
oX(0) = é(o)aaX(o)- (A.51)

The relations (A.28) and (A.29) are Ward identities for the local gauge transformations
that preserve the radial gauge of the FG expansion. To derive the Ward identities we use
the variation of the on-shell action, obtained by taking (A.17) on-shell,

R -~ or
st = by [ dtey[=h ({45008 + 200550 + 20515510 240 T )
5
(A.52)

where the last term comes from the variation of logr in the counterterm action (A.14). We
next take for the variations equations (A.49)—(A.51) writing 5h( 0)

rab . Sa ) bro 7 ab
Skt = —Vin o) — Vin o + 260kl (A.53)

as well as or = £ = ré(o) where we used (A.44). The terms proportional to é(o) give (A.28)
whereas the terms proportional to 5?0) give (A.29).

B Transformation to radial gauge

We address here how to write the 4D Einstein frame metric in radial gauge, i.e. as
d 2 d 2
ds? = e‘br% + hapdz®da® = 12, < U h;bdx’“dx’b) , (B.1)

where l%if is the Lifshitz radius. We will study this problem infinitesimally. To this end we
write for the metric on the left hand side (wa + 59,“,) dx*dz¥ while we have on the right
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hand side g:“,dw’“dx”’ . We thus need to find an infinitesimal coordinate transformation
such that
Gudatds” = (g;“, + 0gy) dztdz” = gy datda’ . (B.2)

For our purposes (see the discussion in section 2.4) it will prove convenient to work up
to second order by which we mean that we expand the pure gauge perturbation dg,, as
follows 1

09w = €d1guw + 5626[219,“, +0(e%). (B.3)

To achieve this we transform the left hand side using (see e.g. [100])
1 1
P €0 ) e FOWE),  at = a0 ) + €O+ (), (BA)

where we expand &£ as
1

The metric in the primed coordinate system gl’w is related to the metric in the unprimed
coordinate system g,, = g, + 09, via

1
09 = G = Gy = L = 5 LeLeguy + O(€), (B.6)

where everything is a function of the primed coordinates and where L denotes the Lie
derivative along . To be more explicit about what we mean by dg,, we write

® = 2logli+ 0P, (B.7)
hap = il + Shay (B.8)

where we use the following e expansions
1
00 = ed® + S0 ® + O(”) (B.9)

5hab

1
65[1]hab + 5626[2]]1(117 + 0(63) s (B.lO)

and expand the left hand side of (B.1) taking (dropping the prime on the coordinates)

12,
Ogr = 15 (5@ + %(5@)2 + 0(63)> : (B.11)
0gar = 0. (B.12)
In other words we have

i
(5[1]g7~7~ = 75(5[1}(1), (B.13)
o)gra = 0, (B.14)

12,
Opigre = 75 (0@ + (G ®)%) (B.15)
O29ra = 0. (B.16)
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Expanding the rr component of (B.6) up to second order in € using (B.5) as well
as (B.3), (B.13) and (B.15) we obtain

T 1 T
oy® =2 (&nfp] - r€[1]> ; (B.17)
T 1 T 12 T 1 T
Doing the same for the ar component of (B.6) we find
1
0= 0gar = €bj11gar + 5€ 02190 + O(€%). (B.19)
where
l%if r 271 b
O[1)gar = 2 <8af[1] +r habarfm) ) (B.20)

lzi T c T T T c r
Opigar = 5 (9 (& — &10:8y — Eu0r&hy) +r*hendr (& — S0l — Ehorehy)

202 i O Dokl + 20,€0utly ) - (B.21)
A similar analysis for the ab component of (B.6) tells us that
hap = liifh;b + €dpyhap + %626[2]%17 + O(é%), (B.22)
where
Sjhas = lEis <§f1]3rhéb + Lgy, hfzb) ; (B.23)
Sithab = 1 <ff2] Orhgy + Ly iy, + €[1)0r <ff1] 3rhfzb) + £ or (L£[1] hflb)
Ly (&0 ) + ey Leyy i) (B.24)

where Lf[l] and Lf[‘z} denote the Lie derivative along 5[‘11] and 45[“2}, respectively. We next
invert the expression for hgqy, in terms of hl, giving

— T 1 T T T
o = 12 <hab — ¢ (&yOrhab + Leyyha) = 5 (& Orhad + Ly hav = Ey0r (&fy0rhan)

—&hy0r (Lgm hab) ~Lg, (g(l]arhab) ~ Le, Le, hab> + 0(63)) : (B.25)
Substituting this expression in (B.19) we find (after contraction with l;—éfhab) at first or-
der in € )

! if pa T
gh P0alfyy + 0:E0 = 0, (B.26)
and

lzi a T c T T T T T r
0= %h b (aa (5[2] + 5[1]805[1] + 5[1](97{[1]) - 2@5[1]8@{[1] + 26[1]®aa§[1])
+0r (5&1 + € 0eLfy) + éﬁ@f{’”) — 20,£010:£] - (B.27)

at second order in e.
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The leading order behavior of §j;;® and dj9® is given by order r¥ terms that we denote
as 011 Py and d;y®P gy, respectively. We further note that h? starts at order 2 as follows
from the Kaluza-Klein reduction since A% = e~®h. From this we conclude that we have

=7 <log réhj0,1) + fﬁ](o)) +0(rlog?r), (B.28)
&y = o) + O(r?logr), (B.29)
g =7 <log r€00,1) T ffz](o)) +0(r’log’r) (B.30)
&) = &) T O logr), (B.31)
where

1 T

55[1]‘1’(0) = 5[1}(0,1)7 (B.32)

1 , “ .

56[2](1)(0) = &p20,) T &11(0) a1 (0,1) - (B.33)

These expansions for {ﬁ} and 5[‘;} solve equations (B.17), (B.18), (B.26) and (B.27) to

leading order in r.'9

C Reduction of the anomaly density

In this appendix we will express the anomaly (A.27) in terms of the 4-dimensional sources
by reducing it. For simplicity we restrict ourselves to the case where 7(g), is hypersurface
orthogonal. Using the expressions (3.52)—(3.57) for the A1AdSs boundary metric in terms
of the 4-dimensional sources we find for the Christoffel connection of the AIAdSs boundary

metric
Te = Tloyee + %0?0) (ApT0)e + A©)To0p) > (C.1)
fﬂ(lo)bc = f{(O)bc - % (T(o)bacﬁ%‘) + T(O)Cabﬁgg)) , (C.2)
f?())bu = %U?O)T(O)bv (C.3)
1Aﬂfto)ua = _% (U(O)a + T(O)aA(O)bU?0)> ) (C4)

fgo)w = f%o)w =0, (C.5)

where f((o)bc is the boost invariant extrinsic curvature defined in (6.32). The quantities

0(0)a and ofp) are defined in (4.78) and (4.86) respectively.

9This result supersedes and corrects the result for a similar calculation performed in section 3.5 of [60].
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It follows that the curvature components of h(o)aé are given by

~

1 C
Rio)ab = Royab + 5V (0)67(0)a  T0)aA©0)%) P(0)c(0)
1 c 7 un c 2
) (U(O)achm) - (A(mc"(o)) > T(0)aT(0)b

. . 1 3
+0(o) <V<0>cA(o>(b — K©ew = 54007006 — 20(o>cA<0)<b> T(0)a)

1
1% (0)a%(0)b (C.6)
5 1 b b
R()au = 57(0)a (D(O)bo'(o) - U(o)bU(o)) , (C.7)
Royuu = 0, (C.8)
N o 3 o
R(O) = R(O) + QD(O)(IU(()) - 50’(0)(10'(0) s (Cg)

where D), is the projected covariant derivative defined in (4.91). We repeat here the
convention mentioned in section 4.6 that indices of objects that are orthogonal to U?o) are

raised with H‘(lg) and likewise indices on tensors orthogonal to 7(g), are lowered with I o).
It then follows that

- 1. 1 1
h(2)ap = _iR(O)ab + Zaaéf)(o)azﬂf?(o) + Zew(“)aa)((o)ab)((o)
1

+EQ(O) (A)am0)p + A7)0 + L(0)as) > (C.10)
il(g)au = ike%(o) DaX(0) + <112Q(0) - iD(O)bU%) + i0(0)50?0)> T(0)a » (C.11)
R (C12)
@) = %%)a (15890 - i‘f?o)aa% - %kzez"b“)f@ ’ (C.13)

X@) = %D(ma (158 0x(0)) - %kff oa11(g) — %U?o)aam)
—%k (vfo) + 118 Bioy ) 0ado) (C.14)

where

Boya = Aoy — k1 9ax(0) » (C.15)
Ty = v{oyB(oya + %H?(?)B(O)aB(O)ba (C.16)
Q) = Rio) + 2D(0)a0y ga(o)aa&)) K220 1) — %H?g)aagb(o)@bgﬁ(o) . (Ca7)

We find that the full anomaly is given by
A 1 ac 11bd ab 1ycd 1 ab 2
Aw©) = gX©aX () <H(O)H(O) - H(O)H(o)) + 13 (3X(0)abH(0) - Q(o))

1 ab ,c L. a 2 o
— k€0 Boya X opell{g) ooy — 5h@uaYioat{o)vlo) + 0% + €O RGy) , (C18)

— 59 —



(0)adb (0)ad 2 (0)b9 (0)a 2 a¢(0) b¢(0) 2 € (0)at?(0)b > ( : )

1 1 c Tuu d d
X0yab = Y(0)ab — 100a%0p T 570 (3ch(0) — Flo)eavio) — A(O)cA(O)dU(o)) T(0)aT(0)b

1

+0o) <V(o>cA(o><b = K)etv = 5400000 — U<o>cA<o>(b> oy - (C.20)

N =

This result for the reduced anomaly density is so far not yet a very insightful expression.
In section 6.2 we will rewrite it using the natural curvature objects of torsional Newton-
Cartan as defined in section 4.6 for the case of hypersurface orthogonal 7(),, i.e. for TTNC
boundary geometry.

D Holographic reconstruction

The relations between the 4- and 5-dimensional fields are given by

hab = eq) (iLab - 6_2q>ibauilbu> > (D.l)

Ay = e ®hg,, (D.2)
1 A

o = Qlog Py, - (D.3)

Hence, for fl(o)w = 0, we have:

Q=2 + 2 log r® 1) + 7“2<I>(2) + 7 log? TPy 2) + rlog TPy 1) + 7"4<I>(4)
+701log? 7P (6,3) + r01log? r®(6,2) + r%log r®6,1) + 7’6(1)(6) + 0O (7’8 log* r) ,  (D.4)
Aq = 172Vg)0 +10g1Vio1)0 + Vigya + 12 10g” rVi4 2y + 77 10g 7Vi4 10 + 7°Viaya
+rtlog? mV(6,3)a + r*log? mVi6,2)a + r*log V6, 1)a + 7"4V(6)a + 0O (r6 log? r) , (D.5)
hab = T~ Y(0yap + 72108 (2, 10ab + T2V (@)ab + 1087 MY (4,2)ab + 108 TY(4,1)ab
TY(4)ab + r?log? T7(6,3)ab T r?log? T7Y(6,2)ab T r*log TY(6,1)ab T T2’Y(6)ab
+0 (r4 log* r), (D.6)

with the coefficients given by

220 — ﬁ@)uu _ _iegcb(o) (5((18)66%0)(181;6%0)6)2 i ]1262@0), (D.7)
Doy = %672@(0)3(4,1)%7 (D.8)
B(z) = %e%“’) (‘ieq)(O)T(tc)) +X“"> ) (D-9)
Dug) = —Plo1y (D.10)
Dy = %e%’w%(m)w — 209 Ppa1) (D.11)
Dy = %e—%m);}@w — 3y, (D.12)
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4

P63 = 3P01) (D.13)
L 2947
P2 = 5¢ @ hg 2y — 2Pu1)P2,1) (D.14)
L an; ,
P = 3¢ Ohe e~ 2200 — 220 Py 2262, (D.15)
1 —2@ 2 3
T = 5¢ A(S)un — g‘b(z) — 2049, D.16
ot

—3®P /2
e (0) (O)a’

(D.16)
(D.17)
Ve = —222,1)V(0)a » ( )
Vioye = e_Q(I)(O)h(Q)au = 2®9)Vio)a » ( )
‘/(4,2)(1 = 4q)%271)‘/(0)a7 (D20)
e 22O Ny 1)aw — 2@ (2,1)Vizya — 2241 Vi0ya (D.21)
1

—2¢ @ 2
‘/(4)a =e (0) (2 (0) S( 0)a + Xau) — 2(13(2)‘/(0)(1 — 2(1)(2)‘/(2)(1 — 2(1)(4)‘/(0)117 ( )
(D.23)
(D.24)

Vi6,3)a = _8(1)?271)‘/(0)(17
Vie.2)a = 4202 Pu,nV0)e — 2221 Vi41)a >
Vi6,1)a = 672¢(0>h(6,1)au =20\ Viu 10 — 2P2,1)Vwe — 42021 P02 V(2)a

—2®41)V2)a — 424, P2) Vi0)a — 2%(6,1)V(0)a » (D.25)
_ A 4
Vi = ¢ O hig)au = 223 Viaya = 22 Vizya = 22(0)Vizja — 3% Viopa
—4®(4)®(2) Vioya — 2%(6)V(0)a » (D.26)
t t
Y(0)ab = _ezﬂ)aezﬂ)b’ (D27)
Yenab = —P@,1)Y(0)ab » (D.28)
Yayab = €O (€1, A0p T o A)a) + 0ii{0)aClop + 32 0)a
(0) (0)b (0)a™(0)
RO (V aV »w T+ V )bV( 2)a ) (D.29)
3
Y(4,2)ab = (‘1)(4,2) - 2‘1’?271)> Y(0)ab » (D.30)
Yanyas = =€ (VigyaVia 1 + ViopViaa) + L2,V @)ab
+3 (R — L) P@) Yo, (D.31)

Y(4)ab = eq)(o)ﬁ@)ab — > (Vig)oViay + ViopViaya) — €2 Vi2)aVioy
—2e* 005 (VioyaViz + ViopViz)a) + 82 Y2ab

)
+ (34’(4) - 2‘5%2)> Y(0)ab » (D.32)
29
Yo = ( 263 ~ Pn®Puz — 5 Py ) Yo (D.33)

3
Y6,2)ab = —L2,1)V(4,1)ab T (q’(u) + 2‘1’%2,1)> Yyab + (P(6.2) + 44,1 P(21)

+3<1>%2’1)<1>(2)) Yoyab (D.34)
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Yo.yab = €T Ohia1yap — €O (Vioya Vi + ViowVie.ya) — 2637© @31y Vizya Voo
=260 @4 1) (VigyaVizyp + VopVi2)a) = > (VigyaViap + VizyaViap)
—2634)(0)‘1’(2) (VioyaVia 1o + VioVia)a) + @2,1)Y@ab + P@2) Y4, 1)ab

1
+ (®41) — P ®P@) V@) + <‘1’(4) - 2@?2)> Y(2,1)ab

7

+ (3(1)(6,1) + 3PP — 9P P21y — 2‘1’(2,1)‘13%2)) Y(0)ab » (D.35)

1. R
Y6y = €7 <2tab + Xab> — 30 (VipyaViey + VioyVieya) — 26> @(2)Vi2)aVioys

—e*0 (VigaVid + VipVizja) = 26" @2 (ViayaViopp + ViapVioya)
> i
—2e°© 0% (Vi Vo + Vi Vioa) — 267 @(ay (VizyaVioy + iz Vioa)

1 1
+2(2)V(4)ab + <‘1’<4> - 2‘%) V2 +3 <‘1’<6> Q)P + f’?z)) Y(O)ab »
(D.36)

where 4 is given in equation (6.42) and X, is given in (A.26).

E A hyperscaling 8 = —1 and z = 1 UV completion

In this appendix we discuss the consequences of having il(o)uu > 0 in the Fefferman-Graham
expansion, i.e. performing the reduction with a spacelike circle on the boundary. Consider
the following 5-dimensional solution

) 1 2 2y, dr° 1 K 2

ds® = T—Q(thdu—i-dx + dy?) —I—T—2+ ﬁ—i-zgs du”, (E.1)
X = ku, (E.2)
¢ = log g . (E.3)

This solution can be obtained from (2.22) by applying to it the following diffeomorphism
t — t —u/2. However this diffeomorphism does not correspond to a local symmetry of the
reduced theory so upon performing a reduction we obtain a solution that is not related to
a z = 2 Lifshitz space-time by some local symmetry. The 4-dimensional solution reads

2 1 2 2.2 2 1 kz 2.2 - 2 1 2 2 2
1 k2 o
o = —logr+§log 1+ng7“ , (E.5)
2 -

with the 4-dimensional axion-dilaton equal to a constant. If we put k& = 0 the solution is
a = —1 and z = 1 hyperscaling violating space-time where 6 is defined as in [18]. For
k # 0 it is asymptotically a § = —1 and z = 1 hyperscaling violating space-time (see [65]
for holography for space-times that are conformally AdS).
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In general, from the reduction ansatz (2.6) and the expansion (A.2) we find that the
4-dimensional expansions are given by

® = —logr+ @ + 7“2<I>(2) + r*log @41y + 7°4<I>(4) +0 (1"6 log 7‘) ) (E.7)
Aq = Vigya + r*Vigya + ' log 7Vig 1)a + 7' Vigya + O (rlogr) |
hab = T Y0)ab + 77 ¥@)ab + 7108 1Y (4 1)ab + TY(a)a6 + O (1P logr) | (E.9)

where the coefficients are given by

1
o) = 5108 hoyuu (E.10)
1 on -
Qo) = 3¢ 22O hg) g (E.11)
1 .
Cun = 5¢ 7 Ohuu, (E.12)
1 _ 1. N
By = 5 20 g (t s qu> — @%2) , (E.13)
Vioya = € 22O hg)00 (E.14)
‘/(2)11 = 6_2¢(0)h(2)au - 2(1)(2)‘/(0)(17 (E15)
Vig1)a = 672@(0)3(4,1)au — 224 1)V0)a s (E.16)
_ 1. 5
Viga = e 20 <2tau + Xau> —20(3)V(0)a — 2%(2) (P(2)V0)a + Vi2)a) - (E.17)
Yoyas = €Ok — €O V(0)aVioys (E.18)
Y2 = €*Oh)an + P20y — 26*7 O P2 Vig)aVioy
—e*%O (Vig)oVioy + ViopVi2)a) » (E.19)
Yy = €O 1yap — 26**O D4 1 VioyaViow + P(a1)V(0)ab
—e3*0 (Vigya Viaw + VoV ya) » (E.20)

1. R
Vayap = 7O (2tab + Xab) — 32O V(9), Vigyp — 26**@ @) (VioyaViey + VioyVi2)a)
=" (Vioya Vi + ViowVina) = 260 (@(0) + @y ) VioyaViop

1
+@2)V(2)ab T <@(4) - 2@%2)> Y(0)ab - (E.21)

So far we have focused on the UV near r = 0. The solution (E.4)—(E.6) can also be
written as follows

202 INY2T 1 /K2 1 1
it = () () e p @t ead) @)

4 r
k2 g2 1
29 S
= - E.23
e L T (E.23)
1 (k22 1\!
A:r?( 43+72) dt . (E.24)

Writing it like this makes it manifest that in the IR for large r the solution asymptotes to a
z = 2 Lifshitz space-time. We have thus found an interpolating solution from a § = —1 and
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z =1 UV to a z = 2 Lifshitz IR. We conclude that the two classes of solutions obtained
by dimensional reduction with %g),,, = 0 and h(g),, > 0 have very different UV behavior
but agree in the IR.
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