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1 Introduction

Extending holography to settings that go beyond the original AdS-setup has received con-
siderable attention in recent years. This has been motivated in part by applying holo-
graphic 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 [1-4]. These include in particular Schrédinger, Lif-
shitz and hyperscaling violating geometries, which have in common that they exhibit a
dynamical exponent z characterizing the anisotropic scaling ratio between time and space
on the boundary.

Besides the interest in such space-times in view of their application to non-relativistic
field theories, examining to what extent holography is applicable in spaces with different
asymptotics is also of intrinsic importance. It may provide hints towards flat-space hologra-
phy and, more generally, shed light on the nature of quantum gravity and elucidate puzzles
in black hole physics. Moreover, generalizing holographic techniques to non-AdS settings
has the potential to reveal novel geometric structures on the boundary, which are inter-
esting in their own right and at the same time present new perspectives on field theories
when coupling to these structures.

There is thus an extra, perhaps unusual, but rather important motivation for studying
exotic theories for gravity, including those that we consider in this paper. This stems
from the fact that such theories can be viewed as the Schwinger source functionals of
non-relativistic quantum field theories (e.g. those used in condensed matter systems). The
sources in question are the various components of the metric and the relevant operator is
the (non-relativistic) stress tensor. Once the symmetries of the quantum field theory above
are specified, the symmetries of the relevant gravitational theory follow, and constraint the
form of such source functionals. The usefulness of this procedure, beyond the realm of
holography (which is a concrete realization of this idea), has been recently emphasized also
in [5]. This paper is a direct implementation of these ideas in a specific class of examples
characterized by Lifshitz scaling symmetry and extended Schrodinger symmetry.

In particular, it was recently found that the boundary geometry for Lifshitz space-times
is described by a new extension of Newton-Cartan (NC) geometry! with a specific torsion
tensor, called torsional Newton-Cartan (TNC) geometry. This was first observed [13, 14]
for a specific action supporting z = 2 Lifshitz geometries, and generalized to a large class
of Lifshitz models for arbitrary value of z [15, 16]. These works identified the Lifshitz UV

We refer to [6-12] for earlier work on Newton-Cartan geometry.



completion and resulting boundary geometry by solving for the most general solution near
the Lifshitz boundary using a vielbein formalism along with well-chosen linear combinations
of the timelike vielbein and bulk gauge field. By considering the coupling of this geometry
to the boundary field theory the vevs dual to the sources were computed, and moreover
their Ward identities were written down in a TNC covariant form. In parallel, in [17] it
was shown in detail how TNC geometry arises by gauging the Schrodinger algebra. The
coupling of non-relativistic field theories to TNC geometry was also considered in [18] from
a non-holographic perspective.

The work of [17] was used in the holographic context to show [15, 16] that for Lifshitz
space-times there is an underlying Schrodinger symmetry that acts on the sources and
vevs, strongly suggesting that the boundary theory can have a global Schrédinger invari-
ance. This observation was supported in the Letter [19] by a complimentary analysis of
bulk versus boundary Killing symmetries (employing the TNC analogue of a conformal
Killing vector [14]), by considering the conditions for the boundary theory to admit con-
served currents. Crucially, it was shown that for field theories on a TNC background the
interplay between conserved currents and space-time isometries is markedly different from
the relativistic case. The purpose of the present paper is to provide an in-depth analysis
and discussion of this new mechanism, which, in its most general sense, shows that Lifshitz
holography describes a dual version of field theories on TNC backgrounds.

Our results are of relevance to understanding the holographic dictionary in case of
tractable examples of non-AdS space-times, first and foremost for Lifshitz space-times [13—
16, 19-27], but possibly also for other cases, e.g. Schrodinger and warped AdSs3 space-
times [28-35]. While this is interesting in its own right, there are also concrete direct
applications to condensed matter type systems. In particular, there is a growing body of
recent work on using TNC geometry in relation to field theory analyses of problems with
strongly correlated electrons, such as the quantum Hall effect (see e.g. [36-40] following the
earlier work [5] that introduced NC geometry to this problem). See also the works [41-43]
for a different approach to NC geometry.

1.1 Outline and summary

An outline and summary of the present paper is as follows. Our presentation below al-
ternates between short summaries of the sections and putting the results in context along
with presenting the main conclusions.

One of our key points is that in order to understand holography for Lifshitz space-times
one must understand field theories on torsional Newton-Cartan (TNC) geometries. This is
one of the reasons we spend a large fraction of this paper, sections 3 and 4, entirely on that
subject. The evidence for this is by now rather substantial. We have the null reductions
on the AdS boundary of [13, 14], the general structure of the sources for asymptotically
Lifshitz space-times as discussed in [15, 16] and in section 2 of this paper and finally we
have the discussion of exact (vacuum) Lifshitz space-times given in [19] and section 5 of
this paper that in the appropriate coordinates reflects all properties of flat NC space-times
from a bulk point of view.



Summary of section 2. We start in section 2 with a brief review of the definition of the
sources for asymptotically Lifshitz space-times in the Einstein-Proca dilaton model. This
includes a derivation of the action of local bulk transformations such as diffeomorphisms,
etc. on the sources. The resulting local transformations of the sources are given in (2.43)
which is in agreement with the way background fields transform in TNC geometry [17].
In [17] it shown that the transformations (2.43) can be written such that they make a
local Schrodinger algebra acting on the sources manifest. In order to do this one must
choose certain Schrodinger covariant curvature constraints that make local time and space
translations equivalent to diffeomorphisms. The resulting TNC geometry on the boundary
is discussed in subsection 2.4 and readers who are not interested in the holographic origin
of this geometry may immediately jump to this subsection.

TNC geometry. TNC geometry was found for the first time in [13, 14] and a geometrical
foundation for it has been given in [15, 17, 19] which appeared simultaneously with [18]?
(how [18] fits into our framework will be commented on below). It is well-known that the
geometrical framework on which general relativity is based can be obtained by gauging the
Poincaré algebra and imposing so-called curvature constraints to make local space-time
translations equivalent to diffeomorphisms. In much the same way it is shown in [17] that
TNC geometry can be seen as arising from gauging the Schrodinger algebra and imposing
suitable curvature constraints, following the earlier work [45] that showed how to get NC
geometry from gauging the Bargmann algebra. The resulting geometrical framework pro-
vides us with various connections such as the affine connection which carries torsion and
is TNC metric compatible (see eq. (2.48)), but also for example the spin connections for
local rotations and Galilean boosts (see section 2.4.1) and finally a dilatation connection
(see section 3.3). As an aid to our discussion below, we remark here that the relevant ge-
ometric structures in TNC are a time-like vielbein 7,,, space-like vielbeins ej; and a vector
field M,,, that will play an important role. The fields transform under local tangent space
transformations, namely local spatial rotations and Galilean boosts (Milne transformations
in [18]) and diffeomorphisms and local scale transformations. Crudely speaking we need
the vector field M,, because mass and energy are not equivalent and M), can be thought as
the source for the mass current while 7, sources the energy current. The precise definition
of the energy-momentum tensor which contains the energy and momentum currents and
the definition of the mass current will be given in section 3.

TNC geometry and its coupling to non-relativistic field theories. The natural
framework to consider the covariant coupling of non-relativistic field theories to a space-
time background is TNC geometry. Thus, armed with these geometrical tools we can write
down actions for field theories that are coupled to a TNC background (section 3) and in
particular study their global space-time symmetry properties on a flat NC background
(section 4). The coupling should be done with respect to the so-called geometric invariants
that are invariant under the local tangent space transformations® as discussed in [18, 19]

2See also the recent work [44], where the relation with relativistic field theories was revisited using
non-relativistic limits.
3These are called Milne boost invariants in [18].



and further elaborated on in section 3. These are certain combinations of 7, ej, and M,
that are invariant under the local tangent space transformations. Essentially all of M,
disappears into these geometric invariants with the exception of one scalar combination

that we denote by ®, which is closely related to the Newtonian potential.

Summary of section 3. In section 3 we first discuss the definition of the energy-
momentum tensor T, and mass current T* that result from our coupling prescriptions
and derive various Ward identities such as local scale and diffeomorphism Ward identities.
There are also Ward identities for the local tangent space transformations, i.e. the local
spatial rotations and Galilean boosts. These reduce the number of independent compo-
nents of 7", and T#, e.g. the only independent component in T is the mass density 7,7%
that couples to ® whereas T*, contains the energy and momentum currents as well as the
symmetric spatial stress tensor.

The diffeomorphism Ward identity will also enables to define the notion of TNC Killing
vectors K" by demanding that K¥T*, is a conserved current. For scale invariant theories
this leads to the notion of a TNC conformal Killing vector. In order to gain some intuition
about field theories on TNC geometries, in particular with regards to global space-time
symmetries, we introduce a number of field theory toy models. The lessons learned from
these toy models will be insightful when discussing global space-time symmetries in the
holography setting. In particular, we introduce the z = 2 Schrodinger model (see sec-
tion 3.3.1) and a deformation of it (see section 3.3.2). Then we will show that these models
realize some global space-time symmetries in a manner that has no relativistic counterpart
and that crucially depends on the coupling to the background field M,,. We show that M,
can become a gauge connection making a global U(1) invariance into a local symmetry,
and we discuss how this is done in the deformed Schrédinger model (see section 3.4.1) and
how this allows for global space-time symmetries. The important role of M, is further
commented on in section 3.5 (see also below). We also show in section 3.6 that, again by
choosing the coupling to M, in a special way, namely such that we do not couple to the
invariant ®, one can couple the z = 2 Lifshitz scalar field model to TNC geometry, which
is interesting to contrast to the Schrodinger model. We also comment there on how TNC
structures can be used to describe other situations, including the case considered in [46] as
well as actions that only couple to a Lorentzian metric.

We end section 3 with some remarks concerning the use of local tangent space Galilean
boost invariance in cases where one deals with non-Galilean invariant field theories such as
Lifshitz field theories.

Summary of section 4. Section 4 specializes to the case of flat NC space-time. We
start by defining what we mean by flat NC space-time in section 4.1 and show in particular
that this implies that the vector field M, is a total derivative of a function M. We will
define the notion of a flat NC space-time in what are called global inertial coordinate
systems. We subsequently compute the residual coordinate transformations that preserve
the choice of global inertial coordinates up to local scale transformations in section 4.2.
The analogous calculation for a flat Minkowski space-time would give us the conformal
group. Here we show that the resulting set of transformations forms a realization of the



Schrédinger algebra on M. The flat NC space-time conformal Killing vectors are computed
in the later section 4.5 and shown to agree with those residual transformations that leave
M invariant. We show that there are three different functions M for which the conformal
Killing vectors span the Lifshitz algebra and that there does not exist an M for which they
generate the Schrodinger algebra. These three families of M are related by the action of
the Schrodinger group on M.

Global symmetries in non-relativistic field theories. We study scale invariant field
theories on a flat NC space-time and the role played by M in section 4.3. The two toy
models that we consider are: i). the deformed Schrédinger model and ii). the Lifshitz
model. Both these models are scale invariant but due to the way M appears in these
models they have various degrees of additional global space-time symmetries. The deformed
Schrodiger model comes with two parameters a and b and we show that on a flat NC space-
time with ¢ = b = 0 the model has full z = 2 Schrodinger symmetry which for a # 0 and
b = 0 gets broken to Lifshitz plus Galilean boosts and when b # 0 it gets broken to
Lifshitz. The real scalar Lifshitz model on the other hand is just Lifshitz invariant and
differs from the deformed Schrodinger model in that it is higher order in derivatives (2nd
order time derivatives as opposed to 1st order ones). Another important difference between
the Lifshitz model and the deformed Schrédinger model with b # 0 is that the former has
no notion of particle number, ie. 7,7* = 0, whereas the latter has a particle number
current T* whose conservation is explicitly broken by the b term.

Elimination of M. The different amounts of global space-time symmetries thus ranges
for scale invariant from Lifshitz to Schrodinger and this is controlled by M. In section 4.4
we define the notion of the orbit of M. This is defined to be all M related to M = cst that
upon some M-dependent field redefinition lead to the same action. These field redefinitions
‘eat up M’ in that they remove M from the action, so that it is no longer a background
field. For example we will see that for the scalar Lifshitz model all M lead to inequivalent
actions while for the Schrédinger model any M related to M = cst by a Schrodinger
transformation leads to the same action. In general, the size of the orbit of M depends on
the couplings to the background fields.

As remarked above, one cannot view all elements of the Schrodinger group as confor-
mal Killing vectors of a flat NC space-time. The global space-time symmetries that are
outside a Lifshitz subalgebra of the Schrodinger group become global symmetries only in
situations where we have a non-trivial orbit of M. This is because there are space-time
diffeomorphisms that act on M), as a gauge transformation, i.e. 0M,, = 0,0 which takes
one from element of the orbit to another one and this transformation gets compensated
by a local phase rotation of some complex scalar field, say. This is the basic mechanism
by which field theories are Galilean boost and/or special conformal invariant. The special
conformal symmetry requires also a local scale transformation of the scalar field.

Summary of section 5. After this long detour on field theory on TNC geometries we
return to the subject of holography for Lifshitz geometries in section 5. We first show
in section 5.1 that the Lifshitz vacuum in a coordinate system such that the boundary



geometry is a flat NC space-time also comes with a function M which on the boundary
corresponds to M, = d,M. The M dependent Lifshitz metric is given in equation (5.8).
This is not written in the same gauge in which we defined the boundary conditions (sources)
in section 2.2. We show that one can perform a coordinate transformation that does
not affect the sources which brings (5.8) into radial gauge. In deriving these coordinate
transformations we use a coordinate independent definition of a Lifshitz space-time given
in appendix A. We then continue to show in section 5.3 that the bulk Penrose-Brown-
Henneaux (PBH) diffeomorphisms are exactly the same as those of section 4.2, i.e. the bulk
PBH transformations realize the Schrodinger algebra on M. Hence the Lifshitz vacuum is
the holographic dual of flat NC space-time.

We therefore have the right structure for the dual field theory to show global
Schrédinger invariance. Just like in the toy models of section 4.3 this requires fields living
on a Lifshitz space-time to have a local symmetry that can be used to remove M from the
equation of motion. We will demonstrate in section 5.5 that one can indeed construct such
probes on a Lifshitz space-time.

Particle number symmetry. The existence of a local Schréodinger symmetry by which
M gets shifted, as it does under the bulk PBH transformations, can correspond to a particle
number symmetry of the dual field theory. This is shown in section 5.4. Put another way
we show that the residual bulk diffeomorphisms that realize a Schrodinger algebra on M
can lead to a conserved particle number current that relates to T* by an improvement.
This is quite an uncommon feature. The bulk Einstein-Proca-dilaton theory has no local
gauge symmetry, still the dual field theory can have a conserved particle number current.
This can happen because M, plays a double role: it is part of the geometry through its
appearance in the geometric invariants but it also sources the particle number current.
Hence it can happen that bulk PBH transformations act non-trivially on M,, which in turn
has implications for the properties of TH.

On the role of the Stiickelberg scalar x. We stress that in our formulation of TNC
geometry the massive vector M), does not by itself have any gauge transformations under
particle number. This only happens when we choose our couplings to the TNC geometry
appropriately. Formulating the construction this way is forced upon us by the holographic
dual model we are using which contains a massive vector field so that there is no local U(1)
in the bulk. One can go to a formulation with an internal particle number transformation
by making a Stiickelberg decomposition of M, via M, = m, — 0, where x is a Stiickelberg
scalar and where m, can be related to the gauge connection m, of the particle number
symmetry inside the local Schrodinger algebra under which the background TNC fields
transform [17] (for z = 2 we have m, = m,). In cases where the coupling to the TNC
background fields is chosen such that there is an additional local symmetry acting on M,
of the form dM,, = J,a (combined with some local transformation in field space) we can
fix the o gauge transformation to remove x and doing so our formalism becomes identical
to that of [18]. However we would like to emphasize that, independent of the holographic
setup, our way of describing TNC geometries allows for much more general field theories
than discussed in [18]. As discussed above it also allows us to study cases such as Lifshitz



invariant theories. In fact the conformal Killing vectors of flat NC space-time span just
the Lifshitz algebra and nothing more.

The enhancement to Galilean boost invariance is a property of the model just like it
is for the case of scale symmetries. Not every field theory on a Minkowski space-time is
scale invariant. In much the same way we see that not every theory on flat NC space-time
is Galilean boost invariant (scale invariance is likewise not guaranteed). If we restrict to
the class of scale invariant theories, TNC geometries form the natural habitat of Lifshitz
invariant field theories. The geometrical framework then must include y because there
is no notion of particle number and y allows us to deal with that kind of situations (see
sections 3.5 and 3.6). One should not conclude that when x appears in the formalism that
this implies absence of particle number symmetries as we can have either an extra local
shift symmetry that allows us to remove y or because we can perform an improvement of
the current T* sourced by M, such that we get a conserved particle number current (see
sections 5.4 and B).

In summary, our main results and findings are as follows

e Non-relativistic field theories coupled to TNC geometry, depending on the couplings
of the field theory, exhibit a new mechanism, tied to the TNC vector M, by which
a global U(1) becomes local with gauge connection M.

e We elucidate the role of the mass current T that couples to M, and its relation to
a conserved particle number current, in different field theory setups.

e We provide a characterization of flat NC space in global inertial coordinates that
emphasizes the relevance of the free function M (in M, = 9, M).

e We work out the residual transformations preserving our notion of flat NC space-time
and show that these realize a Schrodinger algebra on M, with a Lifshitz subalgebra
spanned by the conformal Killing vectors.

e When coupling a field theory to a flat NC space-time there can be a non-trivial orbit
of M, i.e. a set of M’s related to M = cst by the action of the Schrodinger group,
such that for each of these M we can write down the same action. This involves an
M-dependent field redefinition of the mater fields, i.e. the matter fields eat up M so
that it is no longer a source, i.e. background field.

e When there is a non-trivial orbit the theory exhibits extra global space-time sym-
metries (Galilean boost and/or special conformal symmetries) beyond the generic
Lifshitz symmetries, allowing for an enhancement to Schrodinger symmetries.

e In the holographic context, we find a general form of the (bulk) Lifshitz metric that
exhibits the source M. The bulk PBH transformations realize a Schrodinger algebra
on M. Those PBH transformations that leave M invariant form a Lifshitz algebra.
This is the same manner in which Schréodinger symmetries appear in field theories on
a flat NC background.



e We construct scalar probes on a bulk Lifshitz background that are invariant under a
global Schédinger group, supporting the claim that also in the holographic setup the
background field M can be eaten up by the bulk fields.

2 Holography for Lifshitz space-times

We will be working in the bulk with a gravitational theory containing Einstein gravity
and a massive vector field (and possibly a dilaton). In this section we will show that the
geometry on the boundary of asymptotically locally Lifshitz space-time is given by Newton-
Cartan geometry with torsion. This is essentially a summary of the results found in [15]
(see also [16]). The main results of this section that will be needed in the other sections
are the definitions of the sources (the boundary conditions) and their local transformations
(that preserve the boundary conditions). These are given in section 2.3. In section 2.4 we
will review the properties of Newton-Cartan geometry with torsion.

2.1 The Einstein-Proca-dilaton model

We will work with a bulk theory consisting of a metric gp;y, a massive vector field By
and a scalar ® (Einstein-Proca-dilaton (EPD) theory) whose dynamics is governed by the
following action?

1 1 1
S = /d4:r\/—g <R - 1Z(<1>)F2 - 5W(<1>)B2 - 5(a<1>)2 - V(<I>)> : (2.1)
where ' = dB. The equations of motion are

1
S —gZFMN) = wBN, 2.2
—0m (v ) (2.2)

1 1

O¢ = ZZ’F2 + 5W’B2 + V7, (2.3)

1 1 1 1
Ryn = §V9MN + §Z <FMPFNP - 4F29MN> + §WBMBN- (2.4)

The Lagrangian has a broken U(1) gauge symmetry signaled by the mass term of Bjy;. The
functions Z(®) and W(P) are positive but otherwise arbitrary functions of the scalar field
® and the potential V(®) is negative close to a Lifshitz solution.

This model admits Lifshitz solutions (with z > 1)

1 1 1
ds® = ——dt* + = (dr® + da® + dy?) , B = Ag—dt, o =7, (2.5)
re* r r?
where ®, is constant, A3 = 2(z — 1)/(2Zp) and
Wi
Vo=—(242+4), 70222, Vi = (za +2b)(z — 1), (2.6)
0

with a = Z1/Zy, b = W1 /Wy and Z;, W;, V; the Taylor coefficients of the functions Z, W,V
around ®,, the value of which, together with z, is determined by the first two equations
in (2.6). The third equation in (2.6) is a constraint on the potential making Lifshitz a
non-generic solution of (2.1).

4Capital roman indices M = (r, 1) denote four-dimensional bulk space-time, with boundary space-time
indices p. The boundary tangent space indices will be 0,a with a = 1, 2.



2.2 Boundary conditions

Because of the anisotropy of the Lifshitz metric, which is a property that will be retained
in the definition of asymptotically locally Lifshitz space-times, it is very convenient to
define the boundary conditions using bulk vielbeins [21]. Further we define a holographic
coordinate 7 by demanding that the metric is asymptotically (conformally) radial.> We
can always write for the metric

dQ—d—rQ—EOEOJrcS E°E" (2.7)

s = RTQ ab 9 .

where E? = E% = 0. We will think of r as the holographic coordinate with the boundary
at r = 0. By asymptotically locally Lifshitz we will mean the following metric boundary

conditions®
R =0(1), (2.8)
EB = O(r %), (2.9)
E: =00, (2.10)

where z > 1.
For the massive vector field B = B,dr + B, dx" we have

B, = 0(), (2.11)

where the leading order behavior of B, is determined by the metric and B, via the equation

O (V=gWBM) =0, (V=gWB") + 9, (V—gWB") =0 (2.12)
which follows from (2.2). Integrating over r we see that B, is determined up to a term of
the form 7021%/;/735)\/?9 where f is an arbitrary function of the boundary coordinates, i.e.

f(z) 1 / T
B, = g,+B" = dr'd, (v/—gWB") . 2.13
g R =t Ry ), @0 (VW) (2.13)

The f term contributes for the first time to the expansion of rB, at order r*T2. The
freedom of adding f(z) does not affect the leading order behavior of B,. The boundary
condition for B, is not a choice but enforced by the equations of motion. It is necessary
in order to support the leading order behavior of Eg. We will phrase this by saying that
there exists a function « such that

B, — aEg =o(r %), (2.14)

where « is O(1) near r = 0. By little o(1) we mean anything that goes to zero as r goes to
ZEro.

®The need for this was observed in [14] and will be further elaborated on in [16]. Tt plays no crucial role
in this work. We just keep R for generality.

SWe note that these boundary conditions differ from those in [21], which employs a radial gauge (R = 1)
and assumes that 7, in (2.16) is hyper surface orthogonal. When requiring the latter condition in our setup,
the boundary geometry is called twistless torsional Newton-Cartan (TTNC) [13, 14].



The boundary condition for the dilaton will simply be the statement that
D~ i, (2.15)

where A > 0. The symbol ~ refers to the leading order term in the near-boundary r-
expansion. Here ¢ is the boundary value of the dilaton which is an arbitrary function of x.
Going back to the boundary conditions for the metric we will impose

ES o~ r_zaéé)?’m , B ~ 7“_104(_0;/362, R~ R, (2.16)
where a(q) is the leading term in the expansion of a which is defined in (2.14), an equation
that will be made more precise later in equation (2.31). As derived in [16] for 1 < z < 2,
which is the range we will work with from now on, it turns out that the equations of
motion fix the form of R and «() either by fixing them to be specific constants or as
certain functions of the boundary field ¢ (this depends on z and the functions Z, W and
V), so these are not independent sources.” We will treat the functions R and « as scalars
depending on ®.

For the inverse vielbeins the boundary conditions read

EF ~ —rza(_(s/gv“, E¥ ~ ragé)?’eg, (2.17)
where we have the orthogonality relations
i, = -1, vel, =0, eht, =0, egez =60, (2.18)

The completeness relation is e el = S+ vhr,.

The boundary conditions for the vielbeins (2.16) tell us that the light cones flatten
out as we approach the boundary. The bulk vielbeins Eﬂ and E} transform under local
Lorentz transformations. If we ask that these respect our boundary conditions we find that
the boundary vielbeins transform as

61, =0, (2.19)
det = N7, + A%el,. (2.20)

This has been shown in [14] for z = 2 and is easily generalized to any value of z (see
also [16]). These transformations will be referred to as local Galilean boosts (A*) and local
rotations (A%). The boundary values of the inverse vielbeins transform as

ot = Nl , (2.21)
dett = \lel (2.22)

"The way in which () appears in (2.16) is explained in [16] and is not essential for what follows. They
are nothing but convenient rescalings of the boundary vielbeins that enable us to write expressions (see
the next subsection) for the transformations of the sources, that preserve the boundary conditions and are
independent of o).
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as follows from (2.18). All terms in the near boundary expansion of the metric when ex-
pressed in terms of the boundary vielbeins should be invariant under these transformations.

2

If we look at the expansion of (2.7) at order r~= we see that we get

—2/3

@) 5abeZefj +... (2.23)

where the dots denote contributions from the expansion of EBES. The complete term at
order 7~2 should be Galilean invariant. However the first term coming from the leading
term of 5abEﬁEfj is not invariant because

0 <5abeZe’;) = AaTpu€y, + AaTv€), s (2.24)
under (2.20). Hence it must be that there is a contribution coming from ESEB at order
r~2 that compensates for this non-invariance. In other words it must be that

Eg = r_zazg)gm +...+ rz_Qa(_O;XM +... (2.25)

so that the complete order r—2 term in the metric reads
—2/3
a(o)/ (5(11,6262 — 7 Xy — T,,X#) , (2.26)

with X, transforming as
0X, =€, (2.27)

under local Galilean boosts.?

What we are asking for is that for any configuration of sources we can write down
a vector X, that makes the metric at order r~2 Galilean boost invariant. The vector
X, must involve a new source because we cannot create such a transformation out of the
vielbein sources 7, and ej;. Thus there must exist a boundary vector field M, such that
X, = M, +1, where I, is invariant under local Galilean boosts and local rotations so that
0X,, = 0M,. The invariant part of X, is therefore of no interest to us where it concerns
this problem. All we will assume about I, is that it can be written as I7, where I is a
scalar invariant. We stress that this assumption is not essential as it will not affect the
properties of M,,. Even though we say that the relation I, = I, is an assumption, we not
have not managed to find a counterexample using vevs and derivatives of sources that make
up a Galilean invariant object that has the right scaling dimension to appear at order 727,
Nevertheless we are not aware of a general proof that it should always be that I, = I7,. As
mentioned already it does not affect the properties of M, which is we are after, it merely
changes slightly the presentation of some equations. We will comment on this as we go on.
We thus have

0 _ 1/3 -2 -1
E,=r za(é)m—i—...—l—rz ) (M, +1I7,)+.... (2.28)
Because the massive vector is Galilean boost invariant at each order in » we can write
B, :r_za?o/fm—l—...—|—7°Z_21~7'M—|—... , (2.29)

8We thank Matthias Blau for useful discussions on this point.
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where T is also rotation and Galilean boost invariant. Here the same comment applies; we
could have written I, but we take it to be I7,. For a suitably chosen function « that has
an expansion of the form

a = ag) + ¥ o) (i - I) T (2.30)

we can obtain?
B, — o(®)E) ~ —1* > M, . (2.31)

We think of this as the boundary condition that defines the source M,,. We note that
this definition is intimately related to what we mean with «, as can be seen from (2.28)
and (2.29).

Using (2.31) we find that

Byo=ElB,=0(1), B,=E'B,=00"1), (2.32)

so that
B' = E{B + ELB® = O(r?). (2.33)

Using (2.13) it follows that
B, =O(r* 1. (2.34)

One can make a Stiickelberg decomposition of By, i.e.
By = Ay — 0=, (2.35)
and we can do the same for M,,, i.e.
M, =m, —0o.x . (2.36)

To this end we need to take for = the boundary condition

[1]
[2

—rF 2y (2.37)

The boundary condition for = is a choice. We fixed the choice by demanding that y has
the right scaling dimension to combine with A, as in (2.36). In general one can put
anything for the boundary condition of = since it is just a Stiickelberg scalar. Since using
equation (2.34) we know that

B, = A, —0,2=0("""), (2.38)

we get
Ay~ —(z = 2)r* 3y, (2.39)

91f we had not assumed I n = I1, and similarly for I » we would have found

B, — O‘(‘I))EO = *Tz_z(Mu + I_u) )

uw =

where I, is yet another invariant. We can fix « in the same way by demanding the component of I,, along
7, vanishes. Since I, is an invariant this does not affect the properties of the source M,.
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#=1). One might

This condition for A, is a necessary condition in order that B, = O(r
wonder what about subleading terms. The fact that Ay, and = always appear in the
combination that gives B)s via (2.35) guarantees that the subleading orders in A, and =
will cancel such that B, = O(r*~1). From (2.31), (2.35) and (2.37) it follows that we have
Ay = a(®)E) ~ —1* "%y, (2.40)
We will formulate the boundary conditions in terms of the metric and the massive
vector field, i.e. without reference to vielbeins and Stiickelberg decompositions, at the end
of section 2.4.

2.3 Local transformations of the sources

We already discussed how the sources transform under local tangent space transformations,
i.e. the Galilean boosts and spatial rotations. These transformations are a consequence of us
choosing to work with vielbeins. Towards the end of the previous section we introduced yet
another local symmetry: the Stiickelberg U(1) which acts on Ay; and = as 6 Ay, = Iy A and

= = A. The boundary conditions (2.37) and (2.39) are preserved by the bulk Stiickelberg

gauge transformations for which A ~ —pr*—2

0. The sources m, and x defined in (2.40)
and (2.37), respectively, then simply transform as dm,, = d,0 and ox = o.

However, by far the most relevant local symmetries are the bulk diffeomorphisms that
preserve our conformally radial gauge choice made in (2.7). These will play a prominent
role in this work and we will refer to them as the Penrose-Brown-Henneaux (PBH) trans-
formations [47, 48]. They are defined as those transformations that preserve the form of
the metric (2.7) and boundary conditions, i.e. they are such that Rgysn remains in radial
gauge after acting on it with a diffeomorphism. From this condition we can conclude that

the PBH transformations are generated by a bulk vector (M which is of the form

("= —rhAp, (2.41)
¢h =&+ 0(r?), (2.42)

where Ap and £ are arbitrary functions of the boundary coordinates. We note that when
Ap is not constant we necessarily need to have a term of order r? and possibly higher order
terms as well in the expansion of (#. For later purposes we highlight the fact that for
any local rescaling Ap of r and any boundary diffeomorphism £# there exists corrections
to ¢* starting at order 72 such that we maintain a radial gauge. We can think of the
PBH transformations as consisting of two parts: 1). the transformations generated by
("= —rAp and (¥ = & and 2). the transformations generated by (" = 0 and (* = O(r?).
The first transformation takes us possibly out of radial gauge and acts non-trivially on the

sources while the second one takes us back to radial gauge and does not act on the sources.'?

%For more background on the role of PBH transformations in AdS/CFT we refer the reader to [49]
(see also [50]). In a situation where we have full control over the asymptotic expansion in the sense that
the full asymptotic solution space is determined by the sources and the vevs, the knowledge of the PBH
transformations together with the Fefferman-Graham expansion is sufficient to compute the asymptotic
symmetry algebra.
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We act on all bulk fields such as ES, B, — ozEg, X, etc with a bulk diffeomorphism. From
this we can read off how the sources transform under Ap and .

Combining all local transformations we conclude that the sources transform as [15]

0Ty = LeTy + 2ApTy,
dey, = Leef, + N7, + )\abez + Apej;
M, = LeMy +egha + (2 —2)ApM,,,
Ox = Lex+o0+(2—-2)Apx, (2.43)
dvk = Levk + XNely — zApvH,
dely = Leel + Nelf — Apeli

My = LeMy + AN"My + Ao + (1 — 2)ApM, ,

=

where M, = ef/M,. Here \* correspond to Galilean boosts (G), Ao? to spatial rotations
(J), Ap to dilatations (D) and o to Stiickelberg gauge transformations (NN). The fields
M, and x undergo shift transformations with respect to Galilean boosts and Stiickelberg
gauge transformations. The fields M, and x play a special role in field theories on TNC
backgrounds as we will see in subsection 3.

We emphasize that the transformations (2.43) are not special to sources in Lifshitz
holography. This is the way in which TNC background fields must transform as shown
in [17]. In [15, 17] it is shown that the transformations (2.43) can be written such that
they make a local Schrodinger algebra acting on the sources manifest. In order to do this
one must choose certain Schrédinger covariant curvature constraints that make local time
and space translations equivalent to diffeomorphisms.

2.4 Torsional Newton-Cartan geometry

As explained in detail in [15-17] the boundary geometry is described by torsional Newton-
Cartan geometry. Here we collect the basic elements of such a geometry that will be
needed later when we study symmetries of the Lifshitz vacuum and its Newton-Cartan
boundary geometry. We will divide the local symmetries (2.43) into two groups. The first
contain diffeomorphisms and dilatations and the second what we might call the internal
symmetries. The latter are G, J and N. The local Galilean boosts are what are called
Milne boosts in [18]. If one wishes to draw an analogy with Lorentzian geometry then the
local rotations play the role of the local Lorentz transformations, but there is no relativistic
counterpart for the presence of the G and N local shift symmetries that act on the fields
M, and x. We will further elaborate on this in the next subsection.

It will prove very convenient to define what we call geometric invariants by which we
mean tensors that transform covariantly under the local transformations of the first group
and that are invariant under the internal symmetries. The invariants one can build out of
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a

Tus €

and M, are
ot = ot — MM, ,

Buu = h;w - 1My, — 1, M, , (2.44)
1
¢ = —vtM, + ihMVM,uMzu

together with the degenerate metric invariants 7, and h*” = ele} 9% and the determinant
e = det(7,,e},). We will also make use of the G and N invariant vielbein & defined as

& = et — 7, M°. (2.45)

The objects e, 0¥, 7,, el form an orthonormal set. Useful relations are
W Phpy =60 + 07, My = 21,®,  €%8yq = hyy + 2071, —0VT, + Elel = 0.
(2.46)
In section 4.1 we will see that ® is closely related to the Newton potential denoted by ®
when the space-time is flat (see also [17]). We use the same symbol for the Newton potential
as for the bulk space-time dilaton. We hope that this does not cause any confusion.

There is a unique affine connection that is invariant under the internal symmetries G,
J, N that is metric compatible by which we mean

V.7 =0, VR =0, (2.47)

and it is given by [15, 17] (see also [18, 51])!
1 - - -
It = —0P0,m, + §hpa (Ouhwe + Ovhye — Oghyw) (2.48)

This connection has torsion since the first term is not symmetric in g and v. This is why
we call the geometry torsional Newton-Cartan (TNC) [13, 14].

2.4.1 Spin connections for rotations and Galilean boosts

Although we will not need them in this work we mention for completeness that one can
define spin connections for local rotations and Galilean boosts. This is useful for example
when coupling fields with spin to a TNC background.
We define the following covariant derivatives [17]
Dy1y = Oyt — Ty,
D,e,* = 0,6, — Fﬁl,epa - Q% — Q““beyb,
Dyv” = o0 + 17,07 — Q%"

Dye’q = Ope’a + 17,600 + Q#bae”b ,

(2.49)

1To be precise, the uniqueness of this connection requires the additional assumption that it is linear in
M,, which is a natural property from the point of view of gauging the Schrédinger algebra [17]. If we drop
this condition we can write down a one parameter family of G, J, N invariant connections that are metric
compatible in the sense of (2.47) that are of the form

1
Tfy = =0°0u7s + 51" (0uXuo + 0y Xus = 0o Xp) |

where X, = h, + a®7,7, where a is an arbitrary constant (see section 3.6).
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and impose the following vielbein postulates

D,r, =0, Dye,® =0,
g g (2.50)
D" =0, Dye’qy =0,

and take I'f, as in (2.48). The connections €2,% and ,%° can be solved for in terms of
I'fy. It can be shown by either using the covariance of the D,, derivative or by solving
the vielbein postulates in terms of the vielbeins that the rotation and Galilean boost
connections transform as

502, = L0, + 9,2\ + 2x°leq, bl (2.51)
00," = LW 4+ A" + AQ,.0 + 2°Q,,% (2.52)

respectively.

2.4.2 Bulk metric boundary conditions and TINC invariants

Now that we have the invariants at our disposal we can formulate the boundary con-
ditions of section 2.2 in a metric/massive vector field language as follows (use equa-
tions (2.7), (2.13), (2.16), (2.28)—(2.31))

d 2
ds? = # - a%)i)’r_zzmrydaj“da:” +...
a7 (B + Irymy) datda + .. (2.53)
B = Bydr + a?é)gr_zmdx“ o P I dat 4 (2.54)

In here I and I are invariants defined in (2.28) and (2.29), respectively, with dilatation
weight!? 2(z — 1). One such object is ®, but it may happen that I and I also involve
certain scalar vevs associated with the presence of the dilaton (see for example appendix
D of [14]). The dots on the first line of (2.53) originate from the product —EjE). The
first set of dots of (2.54) allow for the possibility that terms involving derivatives of the

z and r27%. The structure of the terms on the

sources may appear between the orders r~
dots, also those at the end of (2.53) and (2.54), are determined by the equations of motion.
It would be interesting to compute these expansions for an exact Lifshitz background. In
appendix A we provide a coordinate independent definition of a Lifshitz space-time, so we
could approach this problem by solving equations (A.45)—(A.50) all of whose solutions are
locally Lifshitz. We hope to report on such an analysis in the future.

Having introduced our model and setup for Lifshitz holography and the relation of the
sources to TNC geometry, we first take a step back in the coming two sections, where we
will present a purely field-theory discussion of properties of non-relativistic field theories
coupled to a TNC background. We return to holography in section 5, where we discuss
the symmetries of the Lifshitz vacuum and its implications for the symmetries of the dual

field theory, using the insights gained from sections 3 and 4.

12A field X has dilatation weight w if it transforms as X = —wApX under Ap transformations.
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3 Scale invariant field theories on TNC backgrounds

In this and the next section we consider scale invariant field theories on TNC backgrounds
with particular focus on their symmetries. Our analysis is at the classical level, and hence
we ignore possible quantum anomalies. We emphasize that the toy models that we construct
and discuss are not expected to be directly related to the dual field theories that arise in
Lifshitz holography, but they will serve as analogue models to illustrate the symmetry
properties that we observe in the holographic context.

We work in this section and onwards with an arbitrary number of spatial dimensions.
We couple a field theory to a TNC geometry by writing an action whose background fields
are the geometric invariants discussed in section 2.4, i.e. we write

S = S[oH, h, @] (3.1)
When varying the background fields we can choose to vary either 9, h** and @ or the
background fields v*, e, and M), (and even instead of M, the fields m, and x via M, =
my — Oux). We will discuss below the effect of either of these variations. We can also

couple to the invariants fLW and 7, but these are not independent

67y = Ty 60" — hy,m, ORYP (3.2)

Sy = 27,1 0® + (Tuhup + Thyp) 69° — hyphyeOhPe . (3.3)
as follows from (2.46).

3.1 The energy-momentum tensor and mass current

The variation with respect to the background (bg) fields is written as
SbgS = / d"ze [—Shovt + Sidell + TO81mg + T61ig + (Oy)0x] (3.4)
where mo = —vtm,, and m, = em,,. Using that m, = M,+0,x this can also be written as
4S = /dd+1$€ [ - (SS + To&jx) vt + (S5, + 10y x) deli
1
+TS Moy + T M, + (<0X> — gau (eT”)) 6)(} , (3.5)

where T* is given by

TH = —T%" + T%" . (3.6)

Just like for the TNC geometry it is useful to find invariants, i.e. G, J, N invariant
quantities built out of SB, Siis 79, T and (Oy) that transform as tensors. In order to find
these we rewrite the variations with respect to v*, e and M . by using that (3.4) can, by
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using the relations of the previous subsection, equivalently be written as

SbgS = / A ze [ — 1, TV 00H — (E%0MTY ) égaTp0RP”

1
2
1
+ <<Ox> - ga# (eT“)) ox + (ézT“ — 1,e"TY ) 6 M,
1A[a blugpv (4 P 5 P
Jee T, (epaéeb — epbéea) , (3.7)

where we defined the energy momentum tensor 7#, via [15, 19]

T+, = — (89 +T°9,x) v* + (S% + T°0,x) et . (3.8)
a
lLL?
energy flux, momentum density and stress, whereas the vielbein component 79 = T, TH is

the mass density and T = ;7" the mass flux. The Ward identities for the Stiickelberg
U(1) (the transformation dm, = 0,0 and dx = o) and local Galilean boosts are

e 9, (eT™) = (Oy), (3.9)

ey — e, = 0. (3.10)

The vielbein components of T, with respect to €%, v¥, 7,, e give us the energy density,

These are associated with the local shift transformations acting on M, and . Further
since we only couple to %, h** and ® the last line of (3.7) should vanish. This gives us
the Ward identity associated with local rotational symmetries (and is the non-relativistic
analogue of the fact the energy momentum tensor obtained by coupling to a Lorentzian
metric is symmetric)

elaetlhry , = 0. (3.11)

Since (3.9)—(3.11) are satisfied off-shell we can simplify (3.7) to
ObeS = / d™ze [ — 7/ TY 50" — (e80T ) égaTp0hP”
1 ~
+3 (ehe T ) epmégadh?” + TMT”5(I):| , (3.12)

where only the symmetric part of ége““T”u features.

For applications to field theory on TNC geometries discussed here it will sometimes
prove convenient to treat S as a functional of v, h*" and M,. With respect to these
background fields the variation can be written as

1
OpgS = /ddﬂxe [—7;51)“ + 57;“,5}1‘“’ +T”5MM] , (3.13)
where 7, and 7., = T,, are given by
Tp=1T",+T"M,) , (3.14)
AGAT 5 b o 5 sa
Tow = —2 (epv Tpa) a(uTy) + (epeana) Ep(uy)
+27,1T7( M,y + 7,T° M, M, + X7,7 (3.15)
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where X is undetermined due to the identity 7,7,0h*” = 0. We can fix X for example by
demanding that v#v"7,, = 0. We do not lose information by fixing X, since with X fixed
there are as many components in 7, 7., as there are in T*,, which obey (3.11). The boost
Ward identity relating 7, and T* reads

Tuelh =Tl euq - (3.16)

Making frequent use of the relations (2.46) and the Ward identities (3.10) and (3.11) it can
be shown that

T = =271 Ry 0° (TP + TP My) + hyph®, (T?5 + TP M,) | (3.17)

where the last term is symmetric due to the Ward identities (3.10) and (3.11). This
equation together with (3.14) shows that 7,, 7., are fully determined by T%, + T"M,,.
Combining (3.14) and (3.17) gives

WPT oy — v T =T+ TV M,, . (3.18)

We will study the difference between 7%, and 7,, 7., for the case of a point particle in
section 4.1.

3.2 Diffeomorphisms and TNC Killing vectors

So far we have only looked at general variations of the background fields. We will next
discuss two different types of global TNC space-time symmetries. We start with the first
set which is the more conventional set of global TNC space-time symmetries in the sense
that they have a relativistic counterpart. By this we mean we will look for transformations
that leave the background fields invariant so that ;S = 0. The most convenient way of
writing the variation for this type of question is (3.12) because it is written in terms of
invariants. This means that the quantities 7,7, eLo*T" ,, é,b,e/‘“T” p and 7, TH are not
related by any of the Ward identities that are due to local G, J or N transformations. The
variation of S with respect to diffeomorphisms acting only on the background fields is

opgl]S = /dd+1x€ [ — 1T Lot — (E50MTY ) eqaTpLeh’”

1 )
+5 (ehemT”,) epboaleh™ + T THLeD| . (3.19)

Hence demanding that we get zero leads to global symmetries that are determined by the
following equations
Leth =0, L™ =0, LD=0, (3.20)

whose solutions £* = K* define the notion of a Killing vector for a TNC geometry. The
variation (3.19) can also be written as

Ohgl€]S = —/dde@V (etT" ) + /dd+1xe£p |:€_181, (eT”,) + 7, "9,

TV, (818,7, — egapég)] . (3.21)
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If we include the variation of the fields under a diffeomorphism our action remains invari-
ant. The variation with respect to the fields gives a boundary term plus a variation that
is proportional to the equations of motion. Hence on-shell we have the diffeomorphism
Ward identity

0=e'0, (eT",) + T, (0" Outp — €40,€5) + 7T 0P | (3.22)

where we note the extra force term due to the potential ®. Since the variation in (3.21)
vanishes for £ = K* satisfying (3.20) it follows that we have the on-shell conserved currents

3y (eKPT",) = 0. (3.23)
One can check that this is indeed the case by using (3.20) and (3.22).

3.3 Local scale transformations: the dilatation connection bu

We now turn our attention to scale transformations. If we assume that the theory under
consideration is scale invariant, we can assign an appropriate set of dilatation weights to
the fields such that the combined transformation of the background fields transforming
with their canonical weights and fields leaves the action invariant.

We first briefly recall how one might derive a conserved dilatation current in the case
of a relativistic field theory. We assume that the metric g,,, has been introduced following
the minimal coupling prescription. Next we introduce a new connection b, the dilatation
connection, which transforms as

(5bu = ﬁgbu + 8MAD , (3.24)

where the metric g, has dilatation weight —2 under Ap. We introduce b, by the method
of Weyl gauging, i.e. we replace the covariant derivative V, (containing the Levi-Civita
connection) acting on some tensor T7.. with dilatation weight w, i.e. 8T/ = —wApT}.,
by (@# + wb, )T . Here ﬁu contains a connection T fv that is invariant under local
Ap transformations obtained from the Levi-Civita connection by replacing the ordinary
derivative on the metric by the dilatation covariant one (9, — 2b,)gy,. This procedure
makes the action invariant under a local Ap transformation. The response of the action
with respect to a variation of b, defines what is called the virial current V#. For a relativistic
theory we would thus have

1
5bg[AD]S[gm/’ bu] = /derlx\/ -9 <2T,u1/5ADglw + VH(SAD b,u)
1

— /dd-i-lx\/ngD (ngw \/jga“ (\/Tgvﬂ)) : (3.25)

where we ignored a boundary term since we are only interested in on-shell identities. If
we would also transform the matter fields we have a vanishing variation since the action
is by construction invariant under local Ap transformations. The variation of the matter
fields contains a boundary term and a term that is proportional to the equations of motion.
Hence on-shell we have

Ty = \/iigaﬂ (V—=gV*") . (3.26)
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It is not automatic that the theory is also conformally invariant. There exist classical
relativistic theories that are scale but not conformally invariant such as Maxwell theories
in dimensions different from 4 [52]. Adding non-minimal coupling terms to the action leads
to improvement transformations of both 7}, and V.

Turning to scale invariant field theories on a TNC background, we note that the TNC
analogue of the dilatation connection b, and the dilatation invariant connection I'j, has
been constructed in [17] (section 4.3). The dilatation connection reads

1
b, = ;@p (OpTy — Outp) — 0PbyT, (3.27)
and this field transforms under (2.43) as
5bﬂ = £§bu + 8;LAD , (3.28)

i.e. the same as in the relativistic case. However, an important difference with the rel-
ativistic case is that there b, is an independent field whereas here only the part 9°b, is
independent. The dilatation invariant affine connection is [17]

B0, = 0 (8, — zby) Ty + %hp" (B — 25, v + (B — 26,) Ty — (5 — 2b5) o) -
(3.29)
Because (3.27) is partially a dependent gauge connection the details of the (anisotropic)
Weyl gauging procedure are quite different. To get a flavor of what the differences are we
consider a few scale invariant examples.

3.3.1 The Schrodinger model

Consider the following action that we will refer to as the Schrédinger model for reasons
that will become clear in section 4.3

d+2
d

S = / dlze (—w*@ﬂauw 109" — 0,00, ¢* — 2Bdd* — Vo(po*) > . (3.30)

This action is scale invariant under the Ap transformations of the background fields as
given in (2.43) and for §¢ = —%Ap(b with z = 2 and Ap constant. We can now apply the
Weyl gauging method to this model, i.e. we replace 9,¢ by (c% + %bu) ¢ where in (3.27)
we set z = 2. This gives

S = / d e (—iqﬁ*ﬁ“@uqb + igdHd,¢* — b <aﬂ + Zbﬂ> b (a,, + ;lb,,) o
~ d+2
200"~ o(os) T ) (3:31)

Nothing happens with the /0, derivatives because the b, drops out. The b, connection
thus only enters via the part h*b, which is fully determined in terms of the invariants. We
have thus managed to construct a local dilatation invariant action that only depends on the
usual background fields 9%, h*”, ® as well as the complex scalar ¢. Adding b, to the action
has the effect of changing the energy momentum tensor 7#,. Clearly if we vary (3.31) with
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respect to %, h*, ® we get a different answer for T, than if we vary these fields in (3.30).
Varying the background fields in (3.31) under a local Ap transformation we get

Sbg[AD]S = /dd“xeAD [—ZTI,QA}“TV“ + E%eMTY , + 2(2 — 1)THT*@] . (3.32)

If we use the fact that the contribution to the total variation of (3.31) under a local Ap
transformation that comes from ¢ vanishes on-shell we get the z = 2 version of the on-shell
Ward identity [15]

— 2 OMTY, + 8eM TV, +2(2 — V)7, TH® = 0. (3.33)

The Ap transformation of the background fields is induced by diffeomorphisms in the form
of conformal Killing vectors. This defines the notion of a conformal Killing vector as the
solution £# = K* and Ap = Q to the equations

Lety = —2ApTy, (3.34)
Leth = zApoH, (3.35)
Lehy, = —2Aphy, (3.36)
Leh™ = 2Aph* (3.37)
Le® = 2(z—1)Ap®, (3.38)

where here we take z = 2.

For a Newton-Cartan background, i.e. 0,7, — 0,7, = 0, the Ward identity (3.33) where
the T, is the one associated with (3.31) can be rewritten as follows. We do this by
isolating the contributions from the variation of b,'3 to T, in (3.33) and putting these
terms on the right hand side. This gives

— 2T M TY - el TV |+ 2(2 — 1)1, THD = 719, (eVH) (3.39)
where V# is given by
d
VH = §h‘“’8,, (™) , (3.40)

and where T",, in (3.39) is the one associated with (3.30). Even though this scale Ward
identity looks very similar to (3.26) in the relativistic case, the way we get to it in the
non-relativistic setting is quite different.

3.3.2 Deformations of the Schrodinger model

If we set ¢ = %gpeie the action (3.31) can be written as

S = / d*ze [g02 <@#au9 — %h‘“’@,ﬁ&,@ - <i>>

1 d d 2(d+2)
5P\ Oup + 5bup | (Ovp + Sbuw | = Vop 4 (3.41)

!3Even though b, vanishes on a Newton-Cartan background its variation evaluated on a NC background
is nonzero and responsible for the occurrence of the virial current V*.
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We note that we can change the potential to a non-U(1) invariant function with dilatation
2(d+2)

weight d + 2 and all this would still be true, i.e. we can take e.g. V = Voo~ @ (1 + bh?).
Another deformation of (3.41) that preserves local scale invariance is to add to (3.41)

the term
~ d
— a/ddeecth‘“’VMaVH = 2a/dd+1a:ecp <8M + 2bu> wh*" 9,0, (3.42)

where @u contains the dilatation invariant connection (3.29). The field 6 has dilatation
weight zero so these terms are manifestly invariant under local scale transformations. In
terms of the complex scalar ¢ this term is given by

— i% /dd+la}e (ih/w <8u + ;ibu> é <5l, + Zb,,) ¢+ c.c.) . (3.43)

In all these cases the scale Ward identity is of the form (3.33). Yet, we do not expect
this to be the answer in general. The examples we have considered all have the property
that the 9#b,, component, which is the independent component of b,,, drops out. This does
not always need to happen and in those cases we expect modifications of (3.33), see for
example (3.52) and just below (3.56).

3.4 Local U(1) transformations: promoting M,, to a gauge connection

So far we have looked at symmetries that relate to the invariant T*,. There is another
such invariant which is T that naturally appears when we vary with respect to v#, h*¥
and M, as in (3.13). As we have seen, the scale symmetries come about by combining
diffeomorphisms that act on the background fields v*, h*” and ® with scale transformations
that act on the fields living on the TNC background. We will now see that there is a second
natural way in which symmetries can occur that relates to the presence of the background
field M,,. We will show that it can happen that diffeomorphisms together with local boosts
(and possibly local scale transformations) via (2.43) induce a transformation of the type

N : Sut =0, S =0, M, = 0,5, (3.44)

with a specific & leaving the action invariant (due to diffeomorphism invariance of the
theory). We denote this transformation by N. Tt is similar but not identical to the
transformation denoted by N in section 2.3.1% The diffeomorphisms that lead to (3.44)
are of the form

Levt = =%l + zApvH, (3.45)
Leh™ = 2AphH (3.46)
LeMy, = —e%Aa — (2 — 2)ApM,, + duar, (3.47)

1At the beginning of section 2.3 we write m, = M, + 0,x for the vector that transforms as a gauge
connection under the N transformation because dnm, = dyo. However m, does not transform nicely
under dilatations. In [17] it is shown that it is rather the field m,, defined as m, = M, + d.x — (2 — 2)xb,
with b, the dilatation connection, that is the natural N gauge connection because this is how it appears in
the gauging of the Schrédinger algebra. In this work we will have no need for m,. We just mention it for
the sake of completeness.
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whose solution we write as {# = L¥, Ap = Q and a = &. If the theory has a global U(1)
invariance that can be made local in which M), transforms as a gauge field the diffeomor-
phisms leading to (3.44) can become global symmetries. The reason is that we can now do
a sequence of two transformations that leaves the background fields invariant, namely first
we perform a diffeomorphism of the type (3.45)—(3.47) and then we perform a compensat-
ing internal local U(1) transformation. The combined effect of these two transformations
leaves M, invariant and acts on the fields charged under the global U(1). Since this sym-
metry crucially relies on the presence of the field M, it has no counterpart in a relativistic
setting. We will see that the global U(1) can be made local by carefully engineering the
couplings to the TNC background such that the gauge connection becomes M,,.

3.4.1 Local U(1) invariance of the deformed Schrédinger model

To make all this more explicit we consider the case of the z = 2 scale invariant model (3.41)
to which we add the deformation term (3.42), i.e. we consider

1 - -
S = / d™ze [@2 <@#aﬂe — " 0,00,0 — @ — ah‘”’V,ﬁ,ﬂ)

L d d 2(d+2)
—5h O+ 50up | O+ Shop ) = Vop @) (348)

To make the role of M, manifest we write it in terms of the v#, h*" and M,, background
fields leading to

S = / d™ze [@2 (v“ (0,0 + M,,) — %h‘“’ (0,0 + M,,) (8,0 + M,,)

—alh"V,, (0,0 + M,) + ahWWM,,>

1 d d 2(d+2)
We see that this theory has a local symmetry 0M,, = d,c, 60 = —a. However there is a

term that spoils it. This is the ah*” @“MV term on the second line. This problem can be
cured by adding the following term to the action

—a/ddﬂxegergDuMa = —a/dd+1xeg02 (—e 10, (ed") + di*'b,,) (3.50)
d
= —2a/dd+1xe<pf)“ (8#90 + 2b“cp>

= —a/dd+1xe <2gpv“ <8#g0—|— ;bugp> + chh‘“’@uM,,> .

The notation D, M* is borrowed from [17] and involves a dilatation covariant connection for
local Galilean boosts to make the expression boost invariant. Since we have the identity [17]

etD,M* = —e~ 19, (ed") + dit'b,, (3.51)

it suffices for us to use the right hand side which is written in terms of quantities we already
defined. The addition of this term can be compared to the introduction of the term —¢?®
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in (3.30). That term played no role until we started writing things in terms of v*, h*¥ and
M,, and its purpose is to create the local symmetry 6M, = d,a, 00 = —a.
We are thus led to consider the following model

S = / dze [(pZ (@#a,ﬂ - %W&MGM — ahN 0,0 — ® — aeg‘DuM“)

1 » d d 2(d+2)
_ih 8#90 + Ebugp 81/@ + §b1/§0 - VO‘P d

= /dd+1:pe [@2 (v“ (Oud + M,,) — %h‘“’ (Oub + M) (0,0 + M,,)

—ah**V,, (0,0 + M,) ) — 2apvt (5%0 + ;lbuap)

1 w d d 2(d+2)
=W Qup + Shue | (Ovp + Shue | = Vo d | (3.52)

Using that (3.52) has the local symmetry
oM, = 0y, 30 = —av, (3.53)
we obtain the on-shell Ward identity
8, (eT") =0, (3.54)

which is a way of writing the € equation of motion. Hence diffeomorphisms of the type (3.44)
accompanied by a local shift of # leave the action invariant leading to additional global
space-time symmetries.

This is quite analogous to what happened in the case of the scale transformations
where diffeomorphisms &* = K* generate a specific Ap = ) transformation that is then
compensated by a scale transformation of the scalar field, so also there it is the combined
effect of diffeomorphism invariance plus a local scale transformation that leads to the
existence of more global symmetries. In the case of the scale transformations we generalized
the notion of Killing vectors to include the diffeomorphisms & = KH*, Ap =  that
transform the background fields as a specific Ap transformation and we called these Killing
vectors conformal in analogy with Lorentzian geometry. One might consider to do the
same for the case of the (3.45)—(3.47) diffeomorphisms that are generated by &* = LH
and Ap = Q. However these also involve specific local boost transformations (\,) that
have no space-time counterpart and so we will refrain from calling them Killing vectors of
some kind.'"?

We also note that the objects 7, and 7, appearing in (3.13) are gauge invariant with
respect to (3.53). So we observe that T, is boost invariant whereas h"*7,, — v*7, is not
as follows from (3.18) while on the other hand T*, is not gauge invariant under (3.53)
whereas h*?T,, —v"T, is as follows from (3.13) (see also the example of (3.52)). Since
we have 0,7, = =T 0, using (3.18), a gauge and boost invariant object for the model
of (3.52) is TV, — T"0,.0.

15This is in agreement with the fact Lifshitz space-times can accommodate Schrodinger invariant fields
(see section 5.5) but, as we will show in section 4.5, its Killing vectors only realize the boundary TNC
conformal Killing vectors that generate the Lifshitz algebra.
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3.5 Comments on the role of M,

In cases where we have the local symmetry (3.53) and we write M, = m, — d,x as we did
in section 2.3, we can gauge fix the « transformation to remove x from the formalism and
the new local symmetry becomes

omy, = 0o, 30 = —0o, (3.55)

where o is the parameter of local particle number N transformations. When x has been
removed from the action, or what is the same, in the presence of the local symmetry (3.53),
the quantity (O,) appearing in (3.9) vanishes. This is the situation discussed in [18] and this
can be reproduced by our formalism. The current T* thus corresponds to particle number
and equation (3.54) expresses its conservation. This makes the boost Ward identity (3.10)
or (3.16) physical, i.e. not just an identity that has to be true due to a built-in structure
of local symmetries, such as coming from the use of vielbeins and Stiickelberg symmetries,
but one that is the consequence of global space-time symmetries of the type (3.45)—(3.47).

We stress though that the notion of coupling a field theory to a TNC background that
contains x so that we work with M), rather than with m, does not require the presence of
such local U(1) transformations so that our formalism also works in more general settings.
For example if we change the potential V' to a function of ¢ and 6 we break the U(1)
symmetry but we can still work with the general formalism of coupling to TNC geometries.
In this case T* no longer corresponds to a conserved particle number current because (O, )
has becomes non-zero as a result of the potential depending on ¢. To compute (O,) perform
an « transformation such that M, becomes equal to m, by transforming M, = M L — Oux.
Using subsequently that by definition M,, = m, — d,x, we get the desired result. This
transformation acts on 6 as § = 6’ + x and introduces y into the potential because now
V(p,0) =V (p,0' + x). If 6 in the potential is the only source of particle number breaking
we get (Oy) = —0,V. In such a theory the Ward identities (3.9) and (3.10) are just
to be thought of as consequences of reparametrizations that have been built-in to the
framework. The relevant quantities are now the background fields 9, h*” and ® and the
on-shell Ward identities for diffeomorphisms and local scale symmetries. This allows us to
describe Lifshitz invariant field theories using TNC geometries. The response to varying
® can be called the mass density, 7,7, but it does not correspond to the component of
some conserved mass current. It simply can appear in the diffeomorphism and local scale
Ward identities.

A note on our terminology: in cases where we couple to ® we call T# the mass current
regardless of whether or not T* is conserved, i.e. we call T the mass current (or particle
number current) regardless of whether or not we have a local U(1) symmetry whose gauge
connection is M,,. We do this because we can either isolate the terms responsible for the
explicit breaking of the conservation of T by introducing x in the manner just described
in the text, i.e. because we can compute (Oy) = —0,V or because we can show that
(Oy) = €719, (eJ"), so that the current TH — J* is the equation for particle number
conservation. This latter option occurs in cases where we couple to a TNC geometry
in a manner such that there is no local U(1). In the case of the model (3.52) we can
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spoil the local U(1) symmetry by removing the terms ® and et D, M in the first line
of (3.52). At the end of section 4.3 and in appendix B we explain in detail how one can
show that (O,) = e, (eJ*) and thus find the particle number current for the case of a
flat NC background.

In section 4.3 we will study the complex scalar field theory mentioned above on a
flat Newton-Cartan background and show that we can have various degrees of space-time
symmetries such as scale invariance with or without conformal invariance and/or Galilean
boosts. Put another way TNC geometries can accommodate Schrédinger invariant field
theories just as easily as Lifshitz invariant ones. We will see that the action (3.52) on flat
space corresponds to a Schrodinger invariant theory for a = 0 but that if we change the
potential to break the U(1) symmetry while retaining scale invariance this gets reduced to
Lifshitz symmetries. The case of (3.52) with a # 0 breaks special conformal symmetry while
retaining Galilean boost invariance. In general the generic space-time symmetries for a scale
invariant theory are given by the Lifshitz algebra which we will show are the conventional
symmetries originating from the TNC conformal Killing vectors. The enhancement to
larger algebras can be realized by the aforementioned mechanism relating to the local
U(1) symmetry. However before we can discuss these models we need to know a bit more
about Newton-Cartan space-times in particular flat NC space-times and its conformal
Killing vectors.

3.6 No coupling to d

We may also consider the situation in which we do not couple to ® and we only have o#
and h*" as for example in the case of the z = 2 Lifshitz model

S = / dge [ (010,0)* —%(Wvuam)? : (3.56)

In such cases we have no need for T" as we can define everything in terms of the response
to varying v* and h*¥,i.e. T¥,. Here ¢ is a real scalar with dilatation weight (d—2)/2. We
note that we could make the model invariant under local scale transformations by replacing
d—2
(9# by 8# + Tb#' ~
When we do not couple to ® it is more convenient to change the affine connection to

- ) 1o/ . .
0, = =007, + Sh° (auhyg + Oy — aahw) , (3.57)

where h#,, = 5abe = hW + 2(I>7'#7‘,, This connection is also a GG, J, N invariant that is
metric compatlble in the sense that V“Ty =0= V h¥P in which V contains I‘W The
existence of this connection is explained in footnote 11. Hence when we do not couple to
®, we couple to iLW, Ty, OF and W using the affine connection f‘ﬁy.

3.6.1 Lorentz invariants

It is interesting to note that the invariants 7,,, h*, o#, ]TL”V and @ of section 2.4 satisfying
the relations (2.46) can be used to build non-degenerate symmetric rank 2 tensors with
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Lorentzian signature g,, that in the case of a relativistic theory we would refer to as a
Lorentzian metric. The metric g, and its inverse g"” are given by

G = —TuTy + b + 2@@7’1, =—71,7 + fALW , (3.58)
g’ = —oHoY + b (3.59)
for which we have
g,uzzﬁu = Tv, (360)
guueg = €uq - (361)

We just discussed a subclass of field theories coupled to TNC geometries that do not
couple to @, i.e. actions of the form S = S [0#, h#]. We can thus equally write this as
S = S[o*,¢g"]. This is the situation discussed in [46]. We refrain from calling g,, a
Lorentzian metric except in cases where we do not separately couple to ©* and we simply
have S = S[g"’]. When we are dealing with an action of the form S = S[¢g""] it is of course
best to use the Christoffel connection. All the connections used here, i.e. '}, of (2.48),
I, of (3.57) and the Christoffel connection are related by redefinitions such that any two
of these connections differ by a tensor. Hence any one is as good as any other one, or
put another way they are all affine connections. The difference resides from demanding
different notions of metric compatibility conditions and dependence on ® or M, -

3.6.2 Local tangent space symmetries

We end this section with one final comment related to the philosophy of our approach.
The reader might be concerned that the formalism presented here has too many spurionic
symmetries such as local Galilean boost invariance in cases where we are dealing with a
non-Galilean invariant field theory such as a Lifshitz field theory. The point is that the
local tangent space symmetries are not manifest in the formalism because the coupling
prescription tells us to couple to the invariants o, h** and ® (see e.g. equation (3.12)).
This is the language in which both the field theory and gravity dual (see e.g. equations (2.53)
and (2.54)) can be written. The invariants (sources) and their derivatives together with the
vevs, determine the near boundary expansion. This formalism works without any spurionic
symmetries both for non-Galilean invariant field theories such as Lifshitz field theories and
for Galilean invariant, e.g. Schrodinger invariant, theories. The main difference between the
two is the occurrence, in the latter case, of a local U(1) symmetry that can be realized on
the invariants directly but which takes a much simpler form if we decompose the invariants
into the objects v#, h*” and M,,. This step is not necessary but convenient whenever there
is a global Galilean symmetry because then M, transforms as a U(1) connection for the
particle number current (see e.g. equation (3.13)). Our formalism shows that various non-
relativistic field theories can be discussed within the same univeral geometrical framework
and that all depends on how one couples to the invariants 9%, h** and ®. Both sets of
variables, i.e. 0%, h*”, ® and v*, ", M . (with a specific description for how they transform
under local Galilean boosts) are equally fundamental. Which of these two sets of variables
is the more convenient one is context dependent. Clearly in the case of the Lifshitz scalar
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model we couple to the invariants o and h*” (with no coupling to i)) In this case the
vielbeins are 9* and e which only transform under a local SO(d) group.

4 Flat Newton-Cartan space-time

Building on the general results of the previous section, we now turn to the symmetry
properties of non-relativistic field theories on flat NC space-time. To this end, we first
define our notion of flat NC space-time, after which we determine the residual coordinate
transformations that leave this invariant. These ingredients will then be used to discuss
scale invariant field theories on flat NC backgrounds, including the particular toy models
introduced in the previous section.

4.1 Definition

We first need to define what it means for a Newton-Cartan space-time to be flat. This is
a relevant question as often we are interested in field theories on flat space-time. For us
the main reason is that this will turn out to be the dual boundary geometry of a Lifshitz
space-time in a certain class of coordinates. We are not aware of a covariant definition of
such a concept and we will define it in what will be referred to as global inertial coordinates
(see also [17, 53]). We will give expressions for the variables 7, ef, and M. We start with
the vielbeins. For suitably chosen coordinates (t,z") they are

=0, el =006 (4.1)
This implies that we have
Ty = (52,
htt — hti — 0, hij — 6ij’
(4.2)
vt = =6,
hie = hyi =0, hij = 645 -

So far we did not specify yet what we should take for M. In our setup the space-
time is not dynamical, but we would like things to be such that if we probe the geometry
with a standard non-relativistic particle of mass m with quadratic dispersion relation it
obeys Newton’s second law. Since we have set 7, = 5Z there is no torsion in the affine
connection (2.48) and so we are within the context of ordinary Newton-Cartan geometry.

The motion of a non-relativistic particle of mass m on a NC background is governed
by the following action [54, 55]

S = / VL N (4.3)

TpZP

where the dot denotes differentiation with respect to A. This action has a world-line
reparametrization symmetry of the form d\ = £(\) and dx# = {(A\)&#. Using this to fix a
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gauge in which 7,2# = 1 it can be shown that the equations of motion are given by the
geodesic equation
R u dx” dz?
ey Ty ay

where I'},, is given by (2.48). We expect this to be the relevant geodesic equation for

(4.4)

any TNC geometry, however the equation of motion obtained by varying the action (4.3)
only gives rise to (4.4) when the background is NC. In our coordinates the components of

I/, are
t
F},LV - 07
i = =09 (0 Mj — 0; My)
' 1. (4.5)
Ui = =507 (0xM; — 9;My)
Iy, =0.
Hence in order that we obtain Newton’s second law we must choose
My = M + D, (4.6)
M; = o;M
so that
d2zt .
o T079;2=0, (4.8)

where ® is the Newton potential.! Hence in a flat space we expect straight line motion in
a suitable coordinate system, which here means that we need to take & = 0. Consequently,
our coordinate dependent specification of flat space entails the statement

e, =0 M, =0,M. (4.9)

Returning to our discussion of flat NC space-time, we have thus imposed (4.2) and (4.9)
leaving us with a function M. We now address the significance of this function M. So
far the description of flat space-time is universal. Certainly flat space should include the
case M = cst. However we will show in section 4.3 that sometimes we can allow for more
general functions M because they are identical to M by local symmetries of the theory.
The set of M’s that are identical to each other by local transformations of the theory is
what we will call the orbit of M.

Before discussing the orbits of M for the various scalar field theory models mentioned in
section 3.4 we study in the next subsection the most general diffeomorphisms that preserve
our choices (4.2) and (4.9) under the local TNC transformations (2.43). We will initially
set up the computation more generally including a Newton potential as this is interesting
and not more difficult than taking ® = 0, i.e. we start with (4.6) and (4.7).

16Calling ® the Newton potential is only justified for particle motion governed by (4.4). In general
depending on the dispersion relation one may need to consider more general geodesic equations, see e.g. [56]
in the context of Hofava-Lifshitz gravity.
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4.1.1 Energy-momentum tensors for non-relativistic particles

We pause our discussion of flat NC space-time briefly to use the opportunity to study the
various notions of energy-momentum tensors defined in section 3.1 for the case of the point
particle (4.3). By varying (4.3) with respect to 9, h*” and ® using (3.2) and (3.3) we
obtain for T#, the result

TH, = —P,ik (4.10)

where we used the completeness relation given at the end of (2.46) after we computed
the components of 7%, with the help of (3.12). In this expression P, is the generalized
momentum defined by

OL  m_ hpgifi® i

= — = ——T7 m
ARG 2 M (1a2)? Tad®

- mM, = p, —mM,, (4.11)

where L is given in (4.3) and where we also defined the linear momentum p,. Next we
compute the objects 7, and 7, using either (3.14) and (3.15) or by directly varying with
respect to v, h*" and M,, using (3.13). The result is

To = —Ta®" Py, (4.12)
T = 270,00, 270 po — WP by o2 D) - (4.13)

As before we can fix X (see eq. (3.15)) by demanding that v*v"7,, = 0. Further we can
choose 7,2% = 1 by fixing the world-line reparametrization freedom. The current T is
simply given by

T = —magt . (4.14)

We see that the difference between 7%, and 7,, 7,, is that T#, depends on M, whereas
Ty» T do not. In other words on a flat NC space-time with a Newton potential ®, i.e.
assuming (4.2), (4.6) and (4.7), the energy momentum tensor 7%, depends on ® while 7,
T, only depend on the properties of the particle. For example v#7, gives the kinetic energy
of the particle whereas —v#7, T, gives the kinetic plus gravitational potential energy of
the particle.

4.2 Residual coordinate transformations of flat NC space-time

As said we start by asking what are the transformations among (2.43) that leave (4.2), (4.6)
and (4.7) invariant. Substituting (4.2), (4.6) and (4.7) into (2.43) (where the transformation
of x is irrelevant as we work here with M, and not with m,) and demanding that we get

zero gives
0=01 = &t + zAp,
0=0m = 0",
0=0v" = 9 + N,
0=d6vt = 9t + zAp, (4.15)

0= 6ht = —2hPt9,¢t,
0= 6htt = —5i et
0= 6hii = —§ikQuet — 5% aET — 20pdia .
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This leads to

Ap = —éatgt with & = (1), (4.16)
No= —9,¢, (4.17)

Continuing with the conditions for M), we first consider
SM; = 0;6M = 0; (£'O.M + &0;M + (2 — 2)ApM) + A, , (4.19)

which follows from § M), given in (2.43) together with (4.16)—(4.18). We conclude from this
that we need

A = O;F, (4.20)
so that (4.17) implies that
OiF = -0, (4.21)
leading to 0;0;F' = —0;0;&; so that
0;0i&; — 001 = 0. (4.22)

Differentiating (4.18) with respect to t and using (4.21) we get
0;,0;F = 0yApdij, (4.23)
which can be integrated to
F = A(t) + Bs(t)' + %atADxixi , (4.24)
where A and B; are arbitrary functions of ¢. Equations (4.20) and (4.21) become
Bi(t) + O Apxi = —0& = i - (4.25)

By integration over ¢ we obtain for £ the expression

t
¢ = —/ dt'Bi(t") — Ap(t)z' + A'(x), (4.26)
where (4.18) implies
GiAj + 8]‘141' =0, (4.27)
so that
A, =a; + )\ij(L'j s (4.28)
with a; and A;; = —Aj; constants.
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We thus have now for the local parameters Ap, A* and & the following conditions

Ap=—0g, (4.20)
)\i _ _at§i7 (430)
ft — ft(t), (4.31)
g = —/ dt'B'(t') + a' + N'ja? — Ap(t)a". (4.32)

Further from equations (4.19), (4.20) and (4.24) we find for 0 M
. o1 .
SM = E'OM + E0;M + (2 — 2)ApM + A(t) + Bi(t)z" + EatADx’x’ : (4.33)

We still have the condition My = ®+0;M. Using M, given in (2.43) together with (4.16)—
(4.18) and (4.33) we find that the Newton potential transforms as

6@ = £P0,® +2(1 — 2)Ap® — 0,A(t) — 0. B;(t)a" — %Q?Apxixi + (2 —2)(0:Ap)M , (4.34)

where £# and Ap are given in (4.29)—(4.32). This includes the acceleration extended Galilei
symmetries (see e.g. [53]) but also transformations under dilatations and special conformal
transformations when z = 2 (which correspond to a non-constant time dependent Ap).
These transformations are also contained in [17] (sections 2.2.3 and 2.3.2) but they were not
made explicit there because of different gauge fixing conditions.!” When (2 — 2)9;,Ap # 0
there is an additional term in (4.34). The relevance of this term will be discussed in the
next subsection.

Going back to our notion of a flat boundary as defined in the previous subsection
we set ® equal to zero. In order that this choice is respected by the transformations
of our holographic setup we must demand that 6® = 0 leading for (z — 2)0;Ap = 0 to
the conditions

A=-C, Bi=-v;, 9p=0, (4.35)
where C' and v’ are constants and for (z — 2)9;Ap # 0 to the condition
| -
O A(t) + Oy Bi(t)x' + QafADa:la:Z = (z2—2)(0Ap)M . (4.36)

We will now summarize the results regarding the residual coordinate transformations of
flat NC space-time.

4.2.1 Summary

Consider first the case (z — 2)0;Ap = 0. Using (4.29)—(4.33) as well as (4.35) we conclude
that the conditions (4.2) and (4.9), which are necessary for a flat NC space-time, are

"We thank Eric Bergshoeff for useful discussions on this point.
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preserved by the following local transformations of our holographic model

Ap = =\ =6, 9ct, (4.37)
€ = a+ 20t + 3, 0ct?, (4.38)
¢ = vt +a' + Nl + Ao’ + 6, gctat (4.39)
No= —v' =, 9ca", (4.40)
with M transforming as
. | o
M = 'O, M + £'O;M — (2 — 2)AM — C —v'z" — §5Z,QC$I$Z . (4.41)
The finite versions of these transformations are
M'(z) = M(x)+C

t'=t+a M'(2') = M(z)

2’ = 2t 4+ af M'(2") = M(x)
. o 4.42
" = R'x’ M'(2') = M(x) (4.42)

th = Nt 2" = Xt M'(2') = N27*M ()

S

2 = xt o't =t M) = Mx)-— ivlvlt + vl

where R';R/), = §;. For z = 2 we also have the special conformal (K) transformation
t /i xt ) c xizt
= — = — M =M = .
[ A

To go back to the infinitesimal versions note that we use x# — z# = & and M(x) —

t,

(4.43)

M'(x) = §M. For some parameters we use the same symbol for the finite and infinitesimal
transformations.

When (z—2)9;Ap # 0 we conclude that the residual transformations are (4.29)—(4.33)
where the functions A(t), B;(t) and Ap must obey (4.36).

In order to get a feeling of the role of the M-changing residual coordinate transforma-
tions we will now study the toy models of section 3.4 on flat NC backgrounds.

4.3 Scale invariant field theories on flat NC backgrounds

In section 3 we studied field theories on general TNC geometries. In this section we will
take a closer look at the case of (z = 2) scale invariant field theories on a flat NC space-time
and study in particular the role played by M. To this end we consider the models (3.52)
and (3.56).

If we specify our background to a flat NC space-time as given in (4.2) and (4.9) the
action (3.52) becomes

1 ) .
S = /dd+1x (-ﬁ [at (0+ M)+ 50: (0 + M) 0" (0 + M) + adid" (6 + M)
2(d+2

1 ) )
—500'0 = Vop 4 (14 b92)> ; (4.44)
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where we discarded the term 2a [ d ' xpdsp (coming from the first term in the last line
of (3.52)) since it is a boundary term and where we have added a  shift symmetry breaking
term to the potential. Further we will also consider the Lifshitz model (3.56) which upon
substituting (4.2) and (4.9) reads

S = / a1y [; (Ohp + ' M)” — g (0:0'6)%| . (4.45)

We now address the question which of the residual transformations (4.42) and (4.43)
leave (4.44) and (4.45) form invariant. For a = 0 the action (4.44) is invariant under the K
transformations (4.43) with ¢ transforming as ¢ = (1 4 ct')%2¢’. However when a # 0 in
the action (4.44) or when we consider the action (4.45) the K transformations (4.43) are
no longer local symmetries. With respect to the transformations (4.42) both models (4.44)
(with arbitrary a and b) and (4.45) remain form invariant. The field 6 transforms as a
scalar with zero dilatation weight under these residual coordinate transformations while ¢
in (4.44) and ¢ in (4.45) transform as ¢ = A2’ and ¢ = A\=2/2¢/ | respectively.'® We
will only speak of global symmetries once we have removed M from the action as we will
do shortly.

If the models (4.44) and (4.45) really correspond to flat space we should be able
remove M somehow since we defined flat NC space-time as corresponding to M = cst
together with all other M’s that give actions that are identical to the one with M = cst
by local transformations, i.e. field redefinitions. When b = 0 in (4.44) this can be done by
defining 0 = 0 + M which is gauge invariant under the local o transformations discussed
in section 3.4. If we make this redefinition with b = 0 we get

S = [ a**lx( —p% 0,0 laéal‘é %0 P O —V, Z(dd”) 4.4
= " |00 + 50 +a 50100"0 — Vo : (4.46)

It is straightforward to check that this theory has Lifshitz symmetries. Further it also has
Galilean boost invariance because

~
I
~
~
8
Sy
I
8
S
4
~
~
~

, (4.47)
1. .
0 + 51)11)%’ — v’z (4.48)

™
I

leaves the action invariant. However, the special conformal transformation K is broken
by a # 0.

The fact that the model (4.44) with b = 0 has a local U(1) (whose local parameter is «)
is what enables us to remove M from the action entirely so that we have no more background
fields and we can just work with fields and their transformations. It is the combined effect of
the local U(1) («) symmetry and the residual coordinate transformations (4.42) and (4.43)

8 The models (4.44) with b # 0 and (4.45) both correspond to Lifshitz invariant field theories, but note
the different scaling dimensions of the scalars ¢ and ¢. It is much easier to construct interacting Lifshitz
invariant theories that are of the type (4.44) with b # 0, which in fact is an example of an interacting
Lifshitz theory, than it is for (4.45). The model (4.44) has the property that when the interactions are
turned off, i.e. a = b = 0, it becomes Schrédinger invariant.
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that makes the model whose ‘physical’ field is § = 0 + M Schrodinger invariant for a = 0
and Lifshitz plus Galilean boost invariant for a # 0. When we speak of flat NC space-time
in these models we mean any M that can be generated by (4.42) and for a = 0 even
including (4.43).

If we consider the model (4.44) with b # 0 or the Lifshitz model (4.45) there is no
local symmetry that allows us to perform a field redefinition that removes M from the
action. Hence in this case flat space corresponds to setting M = cst and the only residual
coordinate transformations are those that preserve this choice of M. From (4.42) it is
clear that these form the Lifshitz group.'® In the potential of (4.44) we can also consider

V= Vogz)%(ﬂd)(l + beos?(ch)) so that we keep a nontrivial discrete shift symmetry while
breaking Galilean boosts.

The energy momentum tensor 7, 7., of section 3.1 for the case of the model (4.44)
with b = 0 is gauge invariant (as shown in 3.4) under the « transformations and thus
depends on the field § while the M dependent object T, is better suited for the study of
conserved currents (see sections 3.2 and 3.3). When b # 0 in (4.44) or when we are dealing
with (4.45) on flat NC space-time we have M, = 0 so that 7,, 7., and 7%, become the
same object as follows from the relation (3.18).

The model (4.44) was obtained by putting the action (3.52) on a flat NC background.
The action (3.52) has a built-in local U(1) symmetry with gauge connection M,, which was
very convenient for us to deduce that there must a exist a conserved current T* related to
particle number. The terms that are responsible for the extra local U(1) symmetry are the
last two terms on the first line of (3.52) involving ® and €D, M®. Since one might wonder
how crucial these terms are, we have included appendix B which address this issue.

4.4 Orbits of M

We first consider the case z = 2. We have seen in the previous subsection that the orbits
of M, i.e. all M that are equivalent to M = cst depend on the theory. What is model
independent is that for sure the M’s in an orbit are related by the transformations (4.42)
and (4.43) and that M = cst is among them. If this is all we assume we obtain the largest
possible orbit of M. As we have seen in the previous section this is the orbit that underlies
the Schrodinger invariant theories (see the a = b = 0 version of (4.44)). If we take a # 0
the orbit shrinks because (4.43) or no longer allowed and when b # 0 it collapses to the
point M = cst. In this section we will study the largest orbit, in more detail. The results
will prove useful later when we look at Lifshitz space-times.

Using the finite transformations (4.42) and (4.43) we can by starting with M = cst
generate a function that is at most quadratic in z* where the quadratic piece is a trace by

We thank Jan de Boer for useful discussions on the roles of Lifshitz symmetries and global U(1)
transformations. For example an interesting question is the following. It is clear that the existence of a
global U(1) symmetry is a necessary condition for the occurrence of Galilean boost symmetries. Making
this a local symmetry relies on how we choose the couplings to the TNC geometry in section 3.4 such that
M,, becomes a gauge field. An important question is then how general this mechanism is. In other words
given a global U(1), can we always promote it to a local U(1) using M, or are there restrictions. Put yet
another way, when does Lifshitz plus a global U(1) imply Galilean boosts?
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which we mean a term of the form z'z?, i.e. M will be of the form
M = a(t) + b;(t)z’ + c(t)z'a’ . (4.49)

However the time dependence of the coefficients is not arbitrary. The time dependence is
fixed by the following observation. The solution M = cst and all other M obtained from
this by performing the residual transformations (4.38), (4.39) and (4.41) are solutions of
the equation

- 1 4
& =0:M + iaiMalM =0. (4.50)
Put another way, acting on any solution of (4.50) with a Schrédinger transformation of the

form (4.38), (4.39) and (4.41) leads to another solution of equation® (4.50). Equation (4.50)
allows us to fix the time dependence of the form of M given in (4.49) to be either

(2" — zf)(2" — )
2(t —to) ’

M=C+ (4.51)

when c¢ in (4.49) is nonzero or
1 . . o
M=C- §VZV’t + Vi, (4.52)

when ¢ in (4.49) is zero. In these expressions ¢y and ) are arbitrary constants. There are
thus three families of solutions given by i). M = cst, ii). M is linear in z° as in (4.52) and
iii). M is (trace) quadratic in % as in (4.51). Equation (4.49) is equivalent to the following
differential equations for M

0 = 0;0;0' M , (4.53)
1
0 = 9;0;M — g(sz»jakaka. (4.54)

We conclude that a complete specification in terms of differential equations of the functions
M that are related to M = cst via the residual transformations (4.42) and (4.43) is given
by (4.50), (4.53) and (4.54). These differential equations allow us to treat all three cases
of functions M in a uniform manner.

As a curiosity we mention that when (4.53) (but not necessarily (4.54)) holds there is
a map from solutions to (4.50) to solutions of the Schrédinger equation. This follows from
the fact that?!

(i0;, + 0°) exp [;M -3 / dt’&QM] =0, (4.55)

for any M satisfying (4.50) and (4.53) where 9% = 9;0". This includes solutions to (4.50)
and (4.53) that are not in the M = cst orbit because they do not solve (4.54). An example

of such a function M is

.%'2

M=— 4.56
= (456)

20We thank Matthias Blau for pointing this out.

21By zero we mean up to possible delta functions on the right hand side as for example the function
exp[s M — %ft dt'9*M] for M given by (4.51) is the Green’s function of the free particle Schrédinger
equation, see e.g. [57, 58].
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where z denotes a single coordinate and not the vector z!. This solution does not
obey (4.54). To see how the Schrédinger transformations (4.38), (4.39) and (4.41) generate
new solutions to (4.50) and (4.53) one can check that there is another solution to (4.50)
and (4.53) that is in the same orbit as (4.56) given by

2 ¢ 9P

T 21—at’

(4.57)

where we took d = 2. This is obtained by acting on (4.56) with the K transformation (4.43).
Since the functions (4.56) and (4.57) are not in the M = cst orbit they do not correspond
to a flat NC space-time.

We now turn to the orbits of M when z # 2. In section 4.2 we showed that for
O Ap = 0 the residual transformations are given by (4.42) and that when 0;Ap # 0 they
are given by (4.29)—(4.33) subject to (4.36). The latter requirement tells us that again M
can be at most quadratic in z° so that it is of the form (4.49). We conclude that (4.53)
and (4.54) also apply to the case z # 2.

In the z = 2 case we were able to conclude, by using the z = 2 Schrédinger transfor-
mations, that ® must vanish and that therefore (4.50) has to be obeyed. However we could
have derived it in another way as well which uses an argument that is valid for all z and
that goes as follows. The function ® is a scalar with dilatation weight 2(z — 1) under all
local transformations of our model namely (2.43), i.e. it transforms as

6 = £°0,® + 2(1 — 2)Ap®, (4.58)

which follows from its definition (2.44) and (2.43). For the M = cst orbit ® is zero because
M, = 0 so that 6® = 0. Hence ® vanishes for all solutions of the M = cst orbit because
these are generated by the §®. We conclude that for any M in our M = cst orbit it must be
that ® = 0. Hence also when z # 2 we must obey (4.50). Therefore for z # 2 the function
M must obey the same set of equations, namely (4.50), (4.53) and (4.54) as for z = 2.

It is crucial that for each M which solves these three equations we can find a residual
transformation that makes it equivalent to M = cst. Going between M = cst and a linear
M of the form (4.52) is achieved by (4.42) with z # 2. For transformations from M = cst
or the linear M of (4.52) to the trace quadratic M of (4.51) we need to use (4.29)—(4.33)
subject to (4.36). We can solve the latter equation separately for the three families of M.
For example if we take the quadratic M of (4.51) we get??

1 ..

A= —icx})xf)(t —t9)" 2, (4.59)

Bt = cxi(t —to)* 2, (4.60)
c

Ap = — t—to)* ! 4.61

22We will not explicitly write the other solutions of (4.36) for M = cst and a linear M and the corre-
sponding residual transformations (4.29)—(4.33).
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in which case we obtain the residual transformation

&= - C(t—t0)*, (4.62)
& = - f (o — )t~ o), (4.63)

SOM + M + (2 — 2)ApM — %c(a:i )@ — ) (1), (4.64)

oM

These transformations with parameter ¢ look like a z # 2 version of a special conformal
transformation. However we will see in the next subsection that the generic £ in (4.38)
and (4.39) does not combine with the £# given in (4.62) and (4.63) under the action of the
Lie bracket to give a residual transformation. This only works if we set a = a’ = 0. Hence
the residual transformations with @ = a* = 0 form a group with the ¢ # 0 transformations
(that will be shown to be isomorphic to the Lifshitz algebra in the next subsection) and the
residual transformations with ¢ = 0 form the z # 2 Schriodinger algebra without particle
number.

4.5 Conformal Killing vectors of flat NC space-time

Now that we have the residual transformations of flat NC space-time at our disposal,
namely (4.37)-(4.41) and (4.62)-(4.64), we can ask which of these transformations corre-
spond to conformal Killing vectors. Since M is the only field left that is still transforming
we simply need to set dM = 0. In this section we will show that we can get the same
answer by solving the TNC conformal Killing equations (3.34)—(3.38). To this end we
substitute (4.2) and (4.9) into the TNC conformal Killing equations.

Substituting the above choices into (3.34) we get

K" = —20, (4.65)
0K = 0. (4.66)

It follows that
20 =0. (4.67)

Doing the same with equation (3.37) we find
0K+ 0;K; = —206;; . (4.68)
The ¢t component of equation (3.37) is equivalent to (4.65) while the ¢ component leads to
OK; = 0; (LxkM — (2 — 2)QM) . (4.69)
The most general solution to (4.68) can be written as
K'= A'(t) + \'(H)2? — Q2" (4.70)
where \’;(t) is antisymmetric so that

K" = 0 A (1) + 0N ()2 — 9,Qa" (4.71)
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Differentiating (4.71) with respect to 7 and using (4.69) to establish symmetry in i and j
we get
N =0. (4.72)

Using (4.71) with (4.72) on the left hand side of equation (4.69) we can integrate the right
hand side of (4.69) to obtain

N
LxgM = z'0;A" — 5331:318159 +(z—=2)QM + C(¢), (4.73)

where C(t) is an arbitrary function of ¢. The ti and ij components of equation (3.36) give
nothing new but the ¢ component tells us that

O (LxM) = (z —2)Q0,M . (4.74)
Substituting (4.73) into (4.74) we find
T OPAT — %xiwiafﬁ + (2 = 2)0,QM + C'(t) = 0. (4.75)

Equation (3.35) gives nothing new.
When (z — 2)0,Q2 = 0 equation (4.75) is solved by

A" = a4+ o't (4.76)
Q= —-\—0d,0ct, (4.77)
C = cst, (4.78)
and equation (4.73) becomes
1 .
LM =v'z' + 55272@7%2 +(2—-2)A\M+C, (4.79)

and from (4.65) and (4.70) we see that the Killing vectors become

K' = a+ 2\t + 8, 9ct?, (4.80)
K' = a" +v't + \ja?l + Ao’ + 6, acta’ (4.81)

provided we can solve (4.79). We thus see that the conformal Killing vectors K" agree
with the residual diffeomorphisms &* given in (4.38) and (4.39) whenever M is such
that (4.41) vanishes.

Next we consider the case (z — 2)09,£2 # 0. As we saw in the previous subsection there
are three families of functions M. If we take M = cst and a linear M and we substitute
this into (4.73) and (4.75) it follows that 0,2 = 0 and so these cases have already been
covered. However if we take the quadratic M of (4.51) we find a new solution to (4.73)
and (4.75) which reads

Q= —(t—tg)" ",
K' = (t—to)*,
K' = (2" —ab)(t —to)* L.

4.82)
4.83)

(
(
(4.84)
)

This can also be found by setting §M = 0 in equation (4.64) with M given by (4.51).
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What we find is that for each of the three families of M the Killing vectors that
obey (4.73) and (4.75) always form the Lifshitz algebra.

M = cst H,D, P, Jij, (4.85)
M = :”2;’2 K,D,Gi, Ji; . (4.86)
M = —%ViV"t + Vgt H,D,P;, Ji, (4.87)
where V? is some constant velocity and where we set tg = 0 = x{ in (4.51). The last one
requires
C = —%ViVia +Via;, (4.88)
v; = Vg + (2 = DAV, (4.89)
in (4.79) for a KV of the form
aH +d'P; + %)\” Jij + AD. (4.90)

The Killing vectors H, FP;, G;, J;;, D, K are given by

H = at; Pz = 61
GZ‘ = tai Jij = inaj — ijai, (4.91)
D = zto; + $zaz , K =170+ tz_l.fﬁiai ,

where the latter requires Q = —t*~1. For z # 2 this has the property 9;Q # 0.

4.5.1 A local realization of the Schrédinger algebra on M

We can use these vectors to generate the maximal orbit studied in section 4.4. To this end
we denote by N the operator that shifts M by a constant (see equation (3.44)). We can
write down the following Schrédinger algebra of vectors

H =8, P =0
Gi = 10; +a;N, Jij = x;0; — 2;0;, (4.92)
D = 2t0; + 2'0;,
where for z = 2 we also have
K =120, + t2'0; + %Z‘I‘N (4.93)

These generate the transformation of M as given in (4.41). Solving M = 0 for a given M
always leads to a Lifshitz subgroup of the Schrodinger algebra. The generators that do not
leave M invariant were denoted by L* below (3.47). In order that these orbit generators
become global symmetries we need to consider couplings to TNC geometries for which M,
becomes a gauge connection as explained in sections 3.4 and 4.3.
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We have not studied any field theory models with z # 2, so it is more difficult to say
what happens in that case. Again, when z # 2 we get a Lifshitz algebra of conformal
Killing vectors for every choice of M. It would be interesting to extend the analysis of
section 4.3 to the z # 2 cases and see how the Galilean boosts can be added. In particular
it would be interesting to understand the status of the K transformation which for z # 2
cannot be added to the Schrodinger algebra.

5 The Lifshitz vacuum

In section 2 we have shown that the sources in Lifshitz holography transform under a
local action of the Schrodinger algebra. Here we will derive this for the case of an exact
Lifshitz space-time, i.e. the sources that describe the Lifshitz vacuum transform under
a local Schrodinger group consisting entirely of bulk PBH transformations. The Killing
symmetries are always given by a Lifshitz subalgebra of the Schrodinger algebra spanned
by the PBH generators. In a suitable set of bulk coordinates and seen from the boundary
point of view this corresponds to a flat Newton-Cartan geometry whose conformal Killing
vectors span the Lifshitz algebra with the Schrédinger symmetries being realized locally
on the Newton-Cartan vector M, = 9, M.

We have shown by studying field theory on Newton-Cartan geometries in sections 3.4
and 4.3 that this is the natural way in which field theories realize global Schrédinger in-
variance through a mechanism in which the fields eat up the background field M in such
a way that M disappears from the theory. This involves an M-dependent field redefini-
tion. The resulting field theory has a global Schrodinger symmetry in which always those
generators outside a Lifshitz subalgebra are realized as projective transformations. In the
example of section 4.3 it is the field ¢ = %(pew that transforms projectively under the
non-centrally extended Schrodinger group, i.e. the Schrodinger group without the particle
number generator. These are obtained from unitary representations of the centrally ex-
tended Schrodinger group [59, 60]. This is based on the fact that the unitary irreducible
representations of the Galilei group require the central extension to the Bargmann alge-
bra [61]. Here the central element corresponds to shifting M which is not a space-time
coordinate. Hence the representations become projective. This is what we see in the case
of the toy models of section 4.3. These projective realizations of space-time symmetries
cannot be predicted by only looking at Killing vectors. To this end we study probe fields
on a z = 2 Lifshitz background in section 5.5 and show that we can construct probe actions
that are invariant under the entire z = 2 Schrodinger algebra. We take this to suggest that
holographic realizations of Schrodinger invariant field theories involve dynamics on Lifshitz
geometries in the bulk. The role of particle number is tied to the manner in which the
fields couple to the Newton-Cartan vector M, = 0,M. Before we get to those results we
start by explaining how the function M appears in the Lifshitz metric.

5.1 One Lifshitz metric for all M

It is well-known that the Lifshitz metric can be written in Poincaré type coordinates as

dr?  dt?
2 __
ds" =5 — 5 T

1.
3 sdr'dx’ . (5.1)

r
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The Killing vectors of this metric agree with (4.85) where for the dilatations we need to
add an obvious r0, to the conformal Killing vector D in (4.91). It is thus tempting to
suggest that this form of the metric corresponds to M = cst. Another possibility is to
consider a trace quadratic M. From (4.86) we read off that in that case the boundary
conformal Killing vectors are given by G, J, D and K in (4.91). These form a Lifshitz
algebra, and we now address the question how these can be realized in the bulk. We make
a naive suggestion which is to add r to the boundary conformal Killing vectors that are
not also Killing vectors, i.e. D and K in (4.91) as if it were another z’ coordinate. That
is, following [19] we try

G; = to;

Jij = x;0; — x;0;,

D = ztd; + 2'0; + 10,,,

K =t0,+t"" (20, +19,) .

Ot = W N
— — O

5.
d.
D.
d.

~ /N

Imposing that these are the Killing vectors of a metric leads to the following expression

dr dt\? d? 1 A
it = (T-F) () >0

To see that this is indeed a Lifshitz metric one can use the transformation (for z = 2)

t=—— r=——= = (5.7)

which brings the metric to the usual form. The general z transformation will be given below.

The metric (5.6) depends on boundary coordinates and it is suggestive to rewrite this
in terms of M = % via O;M = 2%/t and 9;0'M = d/t. We never need to use time
derivatives of M as these are determined via (4.50) in terms of spatial derivatives. Doing

so we get

dr 1. 2 oar 1 o
ds® = <: - d@-éﬂMdt) -t (dz' — 8’Mdt)2 . (5.8)

In section 4.4 we have shown that the orbit of M relevant for flat NC space-time contains
only three cases: constant, linear and trace quadratic M functions. Hence it may well be
that (5.8) is indeed a Lifshitz metric for any M in the maximal orbit of section 5.8. We
will now show this to be the case.

Define

t
' = exp [— 2 / dt’é)QM] (da' — o' Madt) . (5.9)

One can show that
de' =0 (5.10)

provided that (4.53) and (4.54) hold. Hence we can write

t
dx' — 9" Mdt = exp [cli/ dt’82M] dz'" (5.11)
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where 2’ are some new coordinates. In order that

1 ) . 1 .
= (dz' — 0'Mdt) = —dz" (5.12)
r r

we define

t
r’ =rexp [— (11/ dt/32M] . (5.13)

This also turns % — L9,0'Mdt into dr—fl. Finally in order that r—?dt = r'~*dt’ we define
L[t
dt' = exp [— 7 / dt’@QM} dt. (5.14)

We conclude from this that the metric (5.8) is pure Lifshitz for any M satisfying (4.53)
and (4.54) but that (4.50) is not needed. Further the massive vector field is for any metric
of the form (5.8) always simply B = f—ﬁ.

In section 2 we defined the sources for asymptotically locally Lifshitz space-times in
a (conformally) radial gauge (2.7). For an exact Lifshitz space-time R = 1 and we are in
radial gauge. However (5.8) is not in radial gauge. Suppose that somehow the off-diagonal
drdt term in (5.8) was not there. Then we can use the dictionary of section 2 to read off
that the sources are

Ty = (52,
htt — hti :0’ hij — 5ij,
vt = =6
(5.15)
hig = hii =0, hy = 05,
M, = 0,M,
o =0.

where we used (4.50) to conclude that M; = 0;M and where M obeys (4.53)—(4.54). In
the next section we will show that there always exists a coordinate transformation that
brings (5.8) to radial gauge without modifying the sources. We remind the reader that this
is exactly the two step way of viewing a PBH transformation as explained in section 2.3.
First we perform a boundary dependent rescaling of the radial coordinate possibly together
with a boundary diffeomorphism as in (5.7) (corresponding to choose Ap and & in (2.41)
and (2.42) and then we perform a second transformation which is subleading in that it does
not act on the sources that brings the metric back to radial gauge. In the next subsection
that case it is straightforward to generalize it to any trace quadratic M as in (4.51). For

we construct this transformation for the case M = Once we have established it for

linear M the metric (5.8) is already in radial gauge so there is nothing to do.

5.2 Coordinate transformation to radial gauge

Consider the metric (5.6) for M = z'x%/2t and z = 2 with the massive vector given by

B=—. (5.16)
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We know how to transform this to the standard Lifshitz metric. This goes via the trans-
formation (5.7) leading to

dr? dr* 1 . .
dSQZ—F—Fﬁ—FﬁXmXm, (517)
where the massive vector is T
B = B2 (5.18)
where we replaced primed coordinates by capitalized coordinates.
Next perform the following coordinate transformation®?
1 1
l—4%
T 1
=3 (1— Loyt (5.20)
42
) i
X = —%. (5.21)
This leads to the following radial gauge metric
dr?  dt? 1 1rt -t ool
2 _ g
and massive vector L )
14 1% dt Todr
327411:4*2—%74*' (5.23)
—ag l-ae T

We have thus obtained a radial gauge metric with the sources corresponding to a flat NC
space-time with M = 2%z’ /2t.

We see that close to the boundary at r = 0 the coordinate transformation (5.19)—(5.21)
becomes the inverse of (5.7). In fact the transformation (5.7) is of the form of a (t,z%)-
dependent rescaling of the radial coordinate r accompanied by a boundary diffeomorphism
which is precisely what a PBH transformation is at leading order (see section 2.3). What a
PBH transformation does on top of this is that it ensures that the radial gauge form of the
metric is preserved. In other words for every Ap and &* that constitute the leading order
part of a PBH transformation (2.41) and (2.42) there exists a trivial bulk diffeomorphism
that brings it back to radial gauge. By a trivial bulk diffeomorphism we mean those
coordinate transformations that do not act on the sources which therefore are of order
72 and higher in (2.41) and (2.42). This is precisely what happens in (5.19)—(5.21); it
is a combination of the inverse of (5.7) followed by a trivial bulk diffeomorphism which
are subleading in 7 to maintain the radial gauge form of the metric. Hence the residual
coordinate transformations of (5.22) act in exactly the same manner on the sources as
those of (5.6).24

#3The (T, R) to (t,r) coordinate transformation is an isometry of the AdSs metric —dRLf + ‘iRi;A

24Gince we are dealing with the Lifshitz vacuum there are no vevs turned on. If one defines the vevs
via certain coefficients in the near boundary expansion in the gauge (2.7) it is important to maintain the
conformally radial gauge of (2.7) at least up to orders where the vevs appear in order to find out how they
transform under a PBH transformation.
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The way in which we obtain the coordinate transformation (5.19)—(5.21) is as follows.
The metric (5.6) has manifest K, G4, D and J, Killing vectors. In radial gauge we have
to drop manifest K invariance. We thus make an ansatz for the most general metric with
manifest Gy, Jop and D Killing vectors. This ansatz is of the form

dr? dt? 1 oot -
2 _ y i -
ds* = - g 0ij Fo <dx — dt) <dacj - dt> (5.24)

and massive vector
dr

dt
+H2 )
T

B=H ', (5.25)
with Fy, Fy, Hy and Hy arbitrary functions of é (as follows from Gy, Jup, D invariance).
The equations (A.45)-(A.50) provide us with a coordinate independent definition of a
Lifshitz space-time. We solve equations (A.45)—(A.50) with the boundary condition that F}
and F5 go to unity as r goes to zero. The solution we obtain is (5.22). By comparing (5.22)
and (5.18) with (5.17) and (5.23) we obtain (5.19)—(5.21).

One can perform a similar calculation for z # 2 and the structure of the PBH trans-
formations guarantees that a transformation to radial gauge should exist, so we leave the

explicit construction of this transformation for general z for future work.

5.3 Symmetries of the Lifshitz space-time

In section 4.2 we derived the residual coordinate transformations that preserve the gauge
choice in which we defined flat NC space-time. These transformations are (4.37)—(4.41).
We now want to understand what these correspond to from a bulk perspective. The trans-
formations used to derive the residual transformations (4.37)—(4.41) were (2.43) which have
been shown in section 2.3 to correspond to the local bulk transformations that preserve
the boundary conditions. Since we can bring (5.8) to radial gauge without changing the
sources, the bulk duals of the transformations are (4.37)—(4.41) must be the bulk diffeo-
morphisms that preserve the form of the metric (5.8). As a check of this statement we will
show that this is the case for z = 2.

The residual bulk diffs are generated by a ¢ that obeys

597"7" = E{grr =0,
0gre = L = —1}82(5M
9rt = L¢Grt = dr )
0gri = L¢gri =0,
1 (5.26)
0git = ﬁcgz‘t = —ﬁaifSM,
0gij = L¢gij =0,

2 . 2
dgit = Legu = ﬁalMaiéM + ﬁ82M825M.

s
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Further we need to demand that the conditions (4.53) and (4.54) that make the metric
Lifshitz are preserved, meaning we impose

0;0°6M =0, (5.27)

1
0;0;0M — g51-]-6251\4 =0. (5.28)

Finally, on the boundary we have imposed the conditions I'f;,, = 0 and ® = 0. This means
that we need to preserve (4.50) as well which means

OOM + ' MO;6M = 0. (5.29)
Solving (5.26)—(5.29) leads to
¢"=—-rAp(), ¢t=¢", (5.30)
€= ¢&t) such that ;6" = —2Ap (5.31)
9i&; + 0;& = —26;;Ap, (5.32)
& = —OiF, (5.33)
oM = oM + F such that 0;F =0, (5.34)

where F' is defined in section 4.2, see around equation (4.21). The combination {0, M + F'
was called & in (3.44). The solution to these equations is exactly given by (4.37)—(4.39)
and (4.41). In order to obtain the result (4.40) one must demand that the local Galilean
boosts only affect M, and not hy,, i.e. impose dh,, = 0 using the transformations (2.43).

All bulk residual coordinate transformations (5.30)—(5.34) are nothing other than or-
dinary PBH transformations. Hence they are local symmetries of the on-shell action.
Therefore to find the symmetries of the space-time we solve

(5gMN =0= 5BM (5.35)

which using (5.26)-(5.29) implies
SM =0 (5.36)

and the resulting set of symmetries are none other than (4.79)—(4.81). For every M that
lies in the M = cst orbit the solution to 6 M = 0 provides us with a set of Lifshitz Killing
vectors. The condition By = 0 with B = f—g gives nothing new as it is an invariant under
the residual coordinate transformations.

The §M transformations are generated by (4.92) that form the Schrodinger algebra.
In other words the generators of the PBH transformations that preserve the boundary
conditions (5.15) span the Schrodinger algebra. In section 5.5 we will see how this structure
can give rise to global Schrédinger invariance of certain probe fields on a Lifshitz space-time.

5.4 The particle number current

The local transformations of the source M will lead to a Ward identity for 9, 7" in much
the same way as we derived in appendix B. Any solution of the bulk equations of motion
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of our bulk theory (2.1) with boundary conditions such that the boundary geometry is
described by flat NC space-time, i.e. with sources fixed to be as in (5.15), will have a local
Schrodinger algebra realized on M. Since the transformations acting on M are induced by
bulk diffeomorphisms we have the result that

0Sgnshen[M] = —/dd+1x6MT“5M, (5.37)

where §5°¢", [M] is the variation of the on-shell action obtained after performing holo-

graphic renormalization for sources given by (5.15). This action only depends on M which
is the only source left unfixed. For details about the holographic renormalization see [16].
The precise form of the counterterms is not relevant for the discussion here. For variations
OM that obey (5.27)-(5.29) the variation (5.37) vanishes. Hence we obtain

O, TH = —04 M\ — 0i(MO'M) — 0;0;,0 \" + (aiaj - :laijaka’f> A9
. 1 )
= —at)\l — @Z()\lﬁzM) + <8@-8jA” — d&azAkk) = OHJ“, (5.38)

where AY = \J — %8“)@ and where we defined a current J#. In appendix B we
find a similar result using the method of Lagrange multipliers. Here we argue as follows.
Consider the case M = cst and let us restrict to the case z = 2. We then have M =
—C — vz’ — Jea'a® as follows from (4.41). This tells us that

1
/derla:@uT“ (lel + QCxZﬂ) =0. (5.39)
Performing a partial integration we get
/ddeJi (v' +ex') =0, (5.40)

where TH = TH + JF with T a conserved current. Consider first the case v¢ = 0. It must
be that?®
z'Jh = 0 F" . (5.41)

This in turn can be written as
. 1
J' =0 (F” — d(S”F%) , (5.42)

where 2 (Fij — ééiijk) = FJ. This form for J? is also compatible with v’ # 0. We do
not find any constraint on J* since

U T
/dd+1x8tJt <v1xl + 2cxlxl> =0. (5.43)

%One way to show this goes as follows. Define F'(k) = [ ddxe“;'fF(x), i.e. F'(k) is the Fourier transform
of F(x). We then have F(0) = [ d’cF(z). Suppose the function F is such that [d?zF(z) = 0, which is
the case we are dealing with if we take F' = J'z', then we get F'(0) = 0. By Taylor expanding F(k) around
k = 0 we see that ' = kiﬁi, so that when we do the inverse Fourier transform we obtain F = 9; F".
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We have thus reproduced the expression for d,,J# in equation (5.38). By making the time
derivative 0; Galilean boost invariant by replacing it by 0; + 0'M9; we can reproduce
the result for 9, J" for the case that d;M is constant or in other words for a linear M of
the form (4.52). The case of a quadratic M as in (4.51) can be dealt with by observing
that 9; + 0'M; transforms homogeneously under (4.43) and that 91 + 9;(A\19°M) can
be written as 9y | + 0'M9;\; by making a redefinition of ¢+ and \; of the form 9y =
exp[— [*dt'8;0'M]d; and N| = exp[[" dt/8;0' M\, .

We thus conclude that the local Schrodinger invariance of the on-shell action with flat
NC boundary conditions can lead to a conserved current of the form

B, (T — J") = 0. (5.44)

We emphasize ‘can’ because there is the possibility that 7" = J# plus terms that are
trivially conserved in which case there is no non-trivial conserved current. In order to
see that we can in fact have particle number conservation as well as e.g. Galilean boost
invariance we need to add matter fields just like in TNC geometries: galilean boosts are
never a symmetry of the space-time only, they require matter (see section 4.3). In the next
section we show that one can write down simple probe actions on a Lifshitz space-time
that are invariant under the full Schrédinger group.

It is interesting to observe that the transformation properties of M,, (here M) are tied
to the boundary conditions. In our case the éM transformations result from the PBH
transformations. This means that the existence of a conserved particle number current is
in part tied to the choice of boundary conditions. This is a pretty uncommon feature and
is due to the fact that M, plays kind of a dual role: it is on the one hand part of the
geometry and on the other hand coupling to a current.

We have thus established that the field theory dual to Lifshitz space-times with flat
NC boundaries have global Lifshitz symmetries for every M in the M = cst orbit that is
generated by the Schrodinger algebra and that there can be a conserved particle number
current associated with the local shifts in M. The local shifts in M are generated by
Galilean (v%) and special conformal transformations (c) (see eq. (4.41)).

5.5 Schrodinger invariant probe actions

In this section we set the number of spatial dimensions d = 2. The question we wish to
address is what a natural probe field for a Lifshitz space-time looks like. A probe action
that has been considered frequently in the literature is to take a real Klein-Gordon field
on a Lifshitz background. With our new perspective on Lifshitz symmetries we will take a
fresh look at the problem of constructing probe actions and find some interesting results.
The main question connected to a probe is of course what one one precisely wants to probe.
Here we wish to write down a probe action that is Schrédinger invariant. In order to gain
some intuition about what kind of action to take, we consider the following probe action
(inspired by section 2.2 of [14])

S = / d*z/=g (Dy¢* DM — m?¢*¢) | (5.45)

— 49 —



where Dy = Oy — igApr. This seems to have some good ingredients such as a complex
scalar which is crucial for Schrodinger symmetries and it has a local gauge symmetry
¢ = e and Ay = Al + O A where A)y is the field appearing in the Stiickelberg
decomposition By = Ay — 0y Z. We can thus by a local gauge transformation replace
Apr by By, and from now on we will use B)y,.

The equation of motion, using the metric (5.8), is

—1°Dy (r*Dy¢) + 1°0;0'¢ + 2iqr* Dy + 17026 — 3r0¢ — (m* — ¢*)p =0,  (5.46)

where we used that for a z = 2 Lifshitz background B? = —1 and that we always have that
Vi BM = 0 and where we denote by D; the following operator

Dy = 0, + 0'MO; + %82M7"8r , (5.47)

which is covariant under the residual coordinate transformations of (5.8). The equa-
tion (5.46) looks almost like a Schrédinger equation. The term that spoils it is the first
one containing two time derivatives.

In order to determine whether it makes sense to drop this term, we recall from ap-
pendix A that every Lifshitz metric can be written as

ds® = (~Bu By +yun) da™dz™ (5.48)

where Bj; is the massive vector field for which B? = —1 and Yum N is orthogonal to BM
In this language we can rewrite (5.45) as follows

S = / /=g (1N 916" O + iqd* BM Dyrs — igdBM Or*
—BMoy¢*BNOnd — (m* — ¢%)™ ) . (5.49)

The first term in (5.46) comes from the —BM9,,¢0* BNOx¢ term in the probe action, so
that it is natural to drop this term. This gives rise to the following probe action

S = / d*a/=g (VMNOn ¢ OnG +iqep* BM Oni ¢ — iqp B Oni ¢ — (m? — ¢*)¢*¢) , (5.50)

where yMN = gMN 1 BM BN = This is a Schrodinger invariant probe action on a Lifshitz

space-time whose equation of motion, in the coordinates of (5.8), is
r? ((92-(“)% + Qithqb) +1r29%p — 3rd ¢ — (m* — ¢*)o = 0. (5.51)

We will next study how the Schrodinger invariance comes about and how this is tied
to the role of M in the Lifshitz metric (5.8). By construction (5.51) is form invariant
under the residual bulk transformations (5.30)—(5.34). Further we can remove M from the
equation of motion by the following field redefinition

¢ = exp|—igM — iqr282M](;~5, (5.52)
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so that ¢ satisfies
2 (aiain + 2iq8tq3> V1202 — 3r0hd — (m2 — )b =0. (5.53)

This requires using all the properties of M, i.e. equations (4.53), (4.54) and (4.50). The
redefinition implies that there is a local symmetry M = M’ + a and ¢ = expliga +
ﬁqué?zoa]gb’ which is the analogue of the v symmetry of section 4.3 and is the reason we
can promote the flat NC residual transformations (4.42) and (4.43) to global symmetries.

We note that equation (5.53) is exactly the same equation of motion as that of a
complex Klein-Gordon scalar on a z = 2 Schrodinger space-time with null momentum equal
to ¢ [1, 2]. As an interesting consequence,? this means that these probes evade the bulk
reconstruction issues [62] that are present for minimally coupled scalars in Lifshitz space-
times. Indeed, this is what one could have expected from the fact that our probe actions
are invariant under the full Schrédinger symmetry, thus constraining the Green functions.

On a z = 2 Schridinger space-time we can perform a coordinate transformation to
global Schrédinger coordinates [63]. It would be interesting to see if we can reproduce the
equation of a complex scalar in global Schrodinger coordinates [64] on a Lifshitz space-
time. From the Schrédinger space-time point of view the global coordinates appear as if a
Newton potential has been turned on [63] (in the sense that the time-time component of
the bulk metric near the Schrodinger boundary has a term that looks like a potential). It
therefore might be an idea to use the equations (A.45)—(A.50) to find Lifshitz space-times
that are dual to flat NC boundaries with a Newton potential turned on and to consider
the probe action (5.50) in those Lifshitz coordinates.

The equation (5.46) was inspired by the work [14] which is a case in which we obtained
the Lifshitz space-time by Scherk-Schwarz reduction along a circle that is everywhere space-
like in the bulk of an asymptotically AdSs5 space-time. The resulting 4-dimensional theory
is of the same type as we discussed in this paper. From the boundary point of view the
reduction is along a null circle of N' = 4 super Yang-Mills with a theta angle turned on
that is uniformly distributed along the null circle which is expected to give rise to a z = 2
Lifshitz Chern-Simons theory [65]. This is a simple way of understanding that the Lifshitz
boundary geometry is described by Newton-Cartan geometry with torsion as this is the
result of reducing Lorentzian geometry along a null circle.?” Furthermore since we are re-
ducing a CFT on a null circle we expect the dual field theory to be Schrodinger invariant in
the UV. The equation of motion of the probe (5.46) was obtained by reducing the equation
of a real Klein-Gordon scalar on the 5-dimensional asymptotically AdS space-time (which
is a z = 0 Schrodinger space-time [67-71]) that upon reduction gives a z = 2 Lifshitz
space-time. We see that (5.46) close to the boundary becomes equal to (5.51) in agreement
with our expectation that the dual field theory has a Schrédinger invariant UV fixed point.
For large r the probe (5.46) sees Lifshitz symmetries, so it seems that there is a flow to a
Lifshitz IR.

26We thank Cindy Keeler for pointing this out to us.

2TWe refer to [9, 11, 12, 66] for more details about null reductions of pp-waves and space-times with
hypersurface orthogonal null Killing vectors and torsionless Newton-Cartan geometry and to [14] for gener-
alizations to more general null reductions of any space-time with a null Killing vector and the importance
of including of torsion once the higher dimensional space-time is no longer a pp-wave.
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6 Outlook

We have shown that the Lifshitz vacuum dual to a flat Newton-Cartan space-time has
a local action of a Schrodinger group acting on the one remaining source which is M,
a subgroup of which is described by Killing vectors that generate the Lifshitz algebra.
Moreover, the boundary theory can have a conserved current related to conservation of
particle number. We have exhibited that this is precisely the same manner in which a
field theory on Newton-Cartan space-time sees Schrodinger symmetries. Furthermore, in
order to show that the theory is invariant under global Schrédinger symmetries one needs
to know what type of matter fields live on the space and how they they are coupled to
the geometry. As important evidence that this is possible in the holographic setup, we
have shown that one can construct scalar probes on a bulk Lifshitz background that are
invariant under a global Schrodinger group.

There are a number of interesting future research directions that we hereby
briefly discuss.

The holographic models that have led us to consider TNC geometries have been derived
using a bulk theory containing Einstein gravity coupled to massive vector fields. In 4
dimensions there are two alternative bulk theories known that admit Lifshitz solutions.
The first is a model introduced in [4] that can be thought of as setting W = 0 in our bulk
action. This is commonly known as the Einstein-Maxwell-dilaton model (EMD). In this
case the Lifshitz geometries are supported by a Maxwell gauge field and a logarithmically
running dilaton. More general classes of solutions allow for a second exponent related to
Lifshitz scaling violation due to the matter fields [72, 73] (and the subsequent works [74—
76]). It would be very interesting to understand the role of this additional exponent from
the dual field theory perspective (see e.g. [77-79] in this context).

Further one could wonder how the TNC geometry comes about in that model and what
the role of the extra local U(1) is in this case. Once one understands holography for gen-
eral exponents z and « one can include hyperscaling violation by considering non-Einstein
frames as in [26, 27] in which the theory has only two exponents z and «. The hyper-
scaling exponent ¢ then comes about by transforming to the Einstein frame. The other
4-dimensional model that allows for Lifshitz solutions are of the Horava-Lifshitz type [80—
82]. It would be interesting to see if in the context of bulk Hotava-Lifshitz models [81, 82]
one can similarly speak of boundaries described by TNC geometries.

Our results for the holographic description of Lifshitz space-times also suggest a new
perspective on existing results, notably the computation of doing perturbations around a
Lifshitz vacuum and adding temperature by looking at Lifshitz black branes.

Considering first the subject of perturbations around the Lifshitz vacuum [20-22, 83—
86]. The way this is normally done is to consider the Lifshitz metric with M = cst and
to perturb around it using radial perturbations. This is then divided in terms of pairs
of modes that form source/vev pairs that are then used as the basis for constructing
asymptotic expansions of full non-linear asymptotically Lifshitz space-times. Although the
last step is rarely carried out (see however [26, 27]). Following this approach one finds
scaling dimensions of the sources and vevs that are in general rather complicated functions
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of z and possibly parameters in the potential V. In particular the source we denote by ®
was not seen by the linearized perturbations around the M = cst Lifshitz metric. Instead
another scalar source appears in the spectrum that is denoted by 1 in [21, 27] whose scaling
dimension differs from that of ®. This seems at odds with our general non-linear analysis of
the sources of section 2.2 which do include ® and whose scaling dimensions have a rather
simple dependence on z with no dependence on the potential (with the exception of A
in (2.15)). One potential explanation is that there is a relation between ® and . It would
be interesting to understand better what precisely is going on. It might also be interesting
to perform perturbations around Lifshitz for general M.

In appendix A we have constructed a coordinate independent definition of a Lifshitz
space-time. In view of the above discussion and in relation to finding the analogue of a
complex scalar on global Schrodinger space-time by consider a Schrodinger invariant probe
on a Lifshitz metric (see the discussion at the end of section 5.5) it would be interesting
to use the results of appendix A to find the most general Lifshitz metric with a flat NC
boundary but with a nonzero Newton potential, i.e. with M; = ;M + ¢ and M; = 9; M.
This might also be interesting for the study of more general Lifshitz black branes that
asymptote to such a boundary geometry.

Regarding the subject of Lifshitz black branes our analysis suggests that they should
be dual to Galilean invariant fluids. It would be interesting to consider Lifshitz black
branes, and to see if they can be boosted in such a way that the dual energy-momentum
tensor is that of a Galilean perfect fluid at leading order in some hydrodynamic expansion,
comparing with the work of [87]. We hope to report on such an analysis in the near
future. Along similar lines it would be interesting to use our machinery of coupling fields
theories to TNC geometries to study hydrodynamics of both Galilean and Lifshitz invariant
theories and to compare with [46, 87, 88]. More generally, in parallel to the renewed
development of relativistic fluid and superfluid dynamics that was initiated and inspired
by the fluid/gravity correspondence [89, 90], we expect that our holographic approach to
Lifshitz space-times will lead to further novel insights into the dynamics and hydrodynamics
of non-relativistic field theories.

Finally, especially for applications to condensed matter physics it would be interesting
to add charge into the game both in the context of field theory coupled to TNC geometries
by adding more background fields such as a vector potential but also from the holographic
point of view by adding a Maxwell type vector field.
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A Coordinate independent definition of Lifshitz space-times

For the purpose of finding Lifshitz metrics in different coordinate systems using an ansatz
based on symmetries it is useful to have a coordinate independent definition, i.e. a set of
tensor equations for the metric and the massive vector field whose only solution is a Lifshitz
space-time locally. In other words we look for the equivalent of the well known result that
all solutions to

Rynpg = — (9MPING — 9MQINP) (A.1)

are locally AdS. Such a definition will be provided in this appendix.
Consider the equations of motion

1
—— 0 (V=gZFMYN) = wBV, A2
V=9 ( ) o
1 1
D@:ZZ%Q+§W%#+VQ (A.3)
1 1 p 1.9 1
Ryn = §V9MN + §Z FypEN' — ZF guN | + §WBMBN . (A4)

The Einstein equation is compatible with the following statement for the Riemann tensor

Ryunpg = Cunpg + (éV + a1 ZF% 112WB2> (9MPING — GMQINP)
+3W (BuBpgng — BNBpgnmg — BruBognp + BNBggup)
+ooZ 2FNFpg + FypFng + FrgFpn) (A.5)
+agZ (FMRFPRQNQ — FnrFpgmq — FurFofgnp + FNRFQRQMP) ;

where Cyrypg is the Weyl tensor and where

1 1
_ - A.
o1 =~ — 20 (A6)
1 2
The term
2FuNFpg + FupFNg + FuQFpy = 3FuNnFpg — 3F N Fpq) (A.8)
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has the same index structure as the Riemann tensor. We will now choose the Weyl tensor
such that
R — (v Llgp 1WBQ( )
MNPQ = \ & 24 12 IMPINQ — JMQINP
1
+ZW (BuMBpgng — BNBpgnmg — BuBggnpe + BNBggup)

1
+EZ (2FynFpg + FupFng + FugFpn) - (A.9)

It can be checked that a pure Lifshitz space-time satisfies this equation. This expression for
the Riemann tensor is strikingly similar to the expression obtained in appendix A of [31] for
the case of a pure Schrodinger space-time. In fact the analysis in section 3 and appendix
A of [31] have been the inspiration for the coordinate independent definition of a Lifshitz
space-time that we will get to now.

For a pure Lifshitz space-time @ is a constant and provided we choose functions Z, W
and V such that the scalar equation is satisfied the remaining equations become

1 _ _
—— 0y (V=gFMN) = 22BN A.10
Lo (v (410
1, ., s=1 (- - p 1,
Run = —5 (2° + 2 +4) gun + - FupEn™ = 1 F gun
+2(2 — 1) By By (A.11)

where By = AgBys and Fyny = AgFyn. We used here that Wy = 227y, Vg = —(22+2+4)

and A2 = 2(527) U With these choices the Riemann tensor (A.12) can be written as?®

Ryunprg = — (9MPINGQ — 9MQINP)

+(z — 1) (BuBpgng — BNBpgno — BuBognp + BnBogup)

z—1

+ (FMNFPQ*F[MNFPQ}) . (A.12)
Further one can check that for a pure Lifshitz space-time we have

FiynFpg =0. (A.13)

Further we also have for a pure Lifshitz space-time that

B*=-1 F*= -2 (A.14)
We define Xy as .
Xy =-BMFyn. (A.15)
z
We then furthermore have
X?=1, X-B=0, (A.16)

%8 The factor of —1 in front of the metric part is what motivated the choice made earlier for the Weyl
tensor.
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and

1- _ _
—Fyn = XuBy — XnBy. (A.17)
z
We define the projector vy as
™ =0u™ + BuBY. (A.18)
Let us consider the vector equation of motion (A.10). Taking the covariant derivative
we get
om (V=gBM) =0. (A.19)
Contracting it with By gives
1 _
—— 0y (V—gXM) =2+2. (A.20
Lou (Vo) )

Using %F‘MN = Xy By — XNBuy together with the divergences of BM and XM leads to
XMy BN — BMoy xVN = —2BN . (A.21)

These last three equations and therefore the vector equation of motion are solved if we have

VuBn = —zByXn, (A.22)

VuXn = yun — XuXn — 2ByuBn, (A.23)
together with

B*=-1, X?’=1, X-B=0. (A.24)

It can be checked that equations (A.22)—(A.24) are satisfied for a pure Lifshitz space-time.
From equation (A.22) it follows that the extrinsic curvature Kyn = yu?VpBy = 0.
Equation (A.12) implies that

MNP0 Ryunpg = — (Yacysp — YapvBC) - (A.25)

Since the extrinsic curvature vanishes the Gauss-Codazzi equations imply that the Riemann

tensor of the metric vy is locally AdS. One can also show that given (A.22)—(A.25) the

rest of the Riemann tensor (A.12) follows. We have checked that Lifshitz solves (A.22)-

(A.25). Now we will show the converse, namely all solutions of (A.22)—(A.25) are locally
Lifshitz with metric given by

ds®> = (—BMBN + 'YMN) deMdz™V . (A.26)

From equation (A.23) we conclude that 0y Xy — On Xy = 0 so that
Xy = 02 (A.27)

locally for some 2. Equation (A.22) then implies that there exists a function f(€2) such
that Hy; = By is a Killing vector. The function turns out to be f = e**. More precisely
for By = e **H)s equation (A.22) becomes
0= L'HgMN, (A.28)
0= 0um (€_QZQHN) — ON (€_2ZQHM) (A.29)
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for the symmetric and anti-symmetric parts respectively. The latter equation implies that

By = ey T . (A.30)
Equations (A.24) then imply
LyT=-1, LyQ=0, LxT=0, LxQ=1. (A.31)
Next using that
Lx By = 2By (A.32)

we can show that the symmetric part of (A.23) is equivalent to

Lxyun =27un —2Xu Xy . (A.33)

By contraction with XV this implies that Lx Xy = 0 (which also follows from Xy —
OnXy =0 and X? =1 and is hence not a new condition), so that we can also write

LxAMN = 2YMN , (A.34)
where
YMN = YuN — XM XN . (A.35)

The metric Jy7n is the projection of the metric vy/n onto the space orthogonal to X .
Hence we have
AuNONQ =0, (A.36)

i.e. 2 is constant on the d dimensional space that 35/~ projects onto. The last relation
of (A.31) implies that we can write

Lxoyn =0. (A.37)
where we defined
oun = e AN (A.38)
we can write for the metric
ds® = (—e**OMTONT + 0 QONQ + oy ) deMda?Y . (A.39)

We will finally show that 4,75 is a flat metric and since €2 is constant on the d dimensional
space that 757" projects onto this implies that oy is a flat metric. We have earlier argued
that the Riemann tensor of the metric vy, n satisfies

RUop = — (vacysp — vapvse) - (A.40)

The ~y-covariant derivative Vg\}) of Xy (which is orthogonal to BM) is defined as

VI(L;Y)XB = ’}/AC’}/BDVCXD = YAB (A.41)
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where we used (A.23). The extrinsic curvature of the co-dimension one space (inside the
space orthogonal to BM) orthogonal to XM is given by

K =5,V Xp =345 (A.42)
Using the Gauss-Codazzi equations
Rihop = Rilbop — KGCK ) + KGH K, (A.43)
with equations (A.40) and (A.42) we obtain
Ripop =0 (A.44)

so that yy/n and thus op/y are flat Euclidean metrics of dimensionality d. This to-
gether with (A.37) and all the properties of Q, i.e. LFQ = 0 = J,NOyQ and LxQ = 1,
makes (A.39) a Lifshitz metric.

This analysis also shows that the equations (A.22)—(A.24) are equivalent to

OmBN — OnBy = 2 (XuBy — XnBur) (A.45)

OuXn —OnXy =0, (A.46)

Lzgun = —z (XuBy + XnBu) (A.AT)

LxYuN = 29uN , (A.48)

B*=-1, X?=1, (A.49)

R{)ypo = 0. (A.50)

It is in this form that we will solve equations (A.22)—(A.24). Contracting the first of these

equations with BM and using B? = —1 we see that the vector X is determined in terms of
B via 1
z

so that we automatically have B - X = 0.

B Comments on T" and demanding M, to become a gauge field

In this appendix we study the question of defining the particle number current in cases
where we couple to a TNC geometry in a manner that there is no local U(1) symmetry whose
gauge connection is M. Looking at the model (3.52) we see that the terms responsible for
the gauge invariance are those with ® and et D, M. We now consider what happens when
we remove these terms. If we put the resulting action on a flat NC background we obtain
instead of (4.44) the action

. 1 . .
S = / ditly <—cp2 [ate + 0" M8,;0 + 5@-96%9 + aaiaze}

1 4 2(d+2)
—50ip0"p — Vo~ > (B.1)
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where we put b = 0 since we are not interested in explicit breaking of the 6 shift symmetry
here. This action can also be written as

1 ) )
S:%m+/ﬁ“%w(@M+2&MyM+mwmo, (B.2)

where by Sy(;) we denote the action (4.44) with a local U(1) invariance. Flat NC means
that we take M = cst together with all other M that give identical actions. Clearly all
M satisfying
1 .
0=0M + §8iM82M, (B.3)
0= 09;0'M, (B.4)
lead to the same action (4.46) with § = 0+ M. This gives the strong suspicion that

demanding there to be a local U(1) symmetry whose gauge field is M), is convenient but
not strictly necessary. For example if we vary M in (4.44) we get

%@:—/Wﬂwﬂ%M, (B.5)

from which we can conclude that on-shell
— 0, T" = 0p® + 0 (9028i(9 + M) — a3i<p2) =0 (B.6)
where the conservation follows from the fact that 6M = «, §60 = —a is a local symmetry.

If we vary M in (B.1) we obtain
OpgS = — / A 29, THSM (B.7)

where —8MT“ = 0; (chGiH). The action (B.2) still has some local symmetry namely M =
a, 60 = —a& where & obeys

Oa+0'MKa=0,  0;0a=0. (B.8)

This follows from demanding that 0 M + %@-M "M and 9;0°M remain invariant under
shifting M. Demanding that (B.7) is zero for & satisfying (B.8) leads to an equation of
the form

— 9, TH — Iy — 0;:(MO'M) + ;0 \g = 0, (B.9)

for some undetermined functions A\; and Ay. To prove this we add the following terms to
the action (B.1) or (B.2)

/J“%[M(@M+;@MWM)+Aﬁﬁm4, (B.10)

where A1 and Ao are Lagrange multipliers. We can assign transformations to A; and Ao
such that the action (B.1) plus (B.10) is gauge invariant under any &, i.e. without any
constraints. Varying this new action with respect to dM = & we find that off-shell the
term obtained by varying M with respect to & is proportional to the equations of motion
of the Lagrange multipliers and 6, so that we get the on-shell equation (B.9). We conclude
that in the model without the local U(1) invariance the current T* is not quite the particle
number current but according to (B.9) it can be improved to become equal to T*.
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