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Abstract

We consider the problem of coupling Galilean-invariant quantum field theories to
a fixed spacetime. We propose that to do so, one couples to Newton-Cartan geometry
and in addition imposes a one-form shift symmetry. This additional symmetry imposes
invariance under Galilean boosts, and its Ward identity equates particle number and
momentum currents. We show that Newton-Cartan geometry subject to the shift sym-
metry arises in null reductions of Lorentzian manifolds, and so our proposal is realized
for theories which are holographically dual to quantum gravity on Schrodinger space-
times. We use this null reduction to efficiently form tensorial invariants under the boost
and particle number symmetries. We also explore the coupling of Schrédinger-invariant
field theories to spacetime, which we argue necessitates the Newton-Cartan analogue
of Weyl invariance.
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1 Introduction

Consider coupling a relativistic field theory to a curved background spacetime M. The
reasons for doing so are manifold. The partition function of the theory on M as a
functional of the spacetime metric ¢ and other background fields, Z[g; M|, efficiently
encodes a host of local and non-local data about the theory. To wit, correlation functions
of the stress tensor follow from the functional variation of Z, and the Ward identities for
the stress tensor from the invariance of the partition function under reparameterizations
of coordinates. Z may instead have an anomalous variation under reparameterizations, in
which case one can deduce the various local and discrete anomalies from the variation.
And, of course, coupling to a background spacetime prepares the way for coupling the
theory to dynamical gravity, provided that it does not suffer from gravitational anomalies.

Remarkably, almost all of the things we take for granted about coupling relativistic
field theory to M are ill-understood when it comes to non-relativistic field theory, and in
particular Galilean-invariant field theory. Part of the problem is that there are many ways
to couple to M if one does not have an underlying Lorentz invariance. Recall that in the
relativistic setting, there is more or less a unique way of putting a theory on M given
special relativity and the equivalence principle. The Minkowski metric appearing in flat
space field theory is just a particular example of the more general case where we endow
M with a (pseudo)-Riemannian metric, to which we couple the theory in such a way as
to be invariant under reparameterizations of the coordinates. To our knowledge, there has
yet to be a corresponding recipe for coupling Galilean-invariant field theory to M. That
is, there is no fully covariant prescription in terms of a geometric structure to which one
couples whilst maintaining particular symmetries under which Z is invariant.*

The role of anomalous symmetries in non-relativistic field theory is rather murky
for this reason. After all, one must first specify the symmetries in order to classify the
potential anomalies of a field theory. But this is tantamount to deducing the correct and
covariant couplings to a background spacetime and gauge fields, which is the very thing
that is not understood.

In a nutshell, the particle number symmetry is the culprit responsible for this difficulty.
Recall that a non-relativistic free field is invariant under a U(1) global symmetry which
acts projectively on the field. The corresponding conserved charge M is often called mass
or particle number. A non-relativistic free field is then invariant not under the Galilean
algebra, but under its central extension known as the Bargmann algebra with M the
central charge. (In a slight abuse of nomenclature, we will henceforth refer to a theory
invariant under the Bargmann algebra as being “Galilean invariant.”) Unlike an ordinary
conserved charge Q, however, M appears on the right-hand-side of a commutator. The
bracket of momenta P; and Galilean boosts K; is

[PZ',K]'] = —l(SZ]M (1.1)

So the particle number symmetry is intimately related to the spacetime symmetries. Now

Two brief comments are in order. First, the situation is much better understood for non-relativistic
theories without Galilean boosts, albeit only recently [1, 2]. Second, there is a significant body of work on
coupling Galilean theories to spacetime. Much of that work was groundbreaking, but each element in that set
suffers from at least one of the two deficiencies mentioned in the main text. See Section 2 for details.



consider a Galilean-invariant field theory, which necessarily has a conserved particle
number current /¥ to which we may couple a background gauge field A,. Imagine also
coupling the theory to spacetime. One would reasonably expect that the commutator (1.1)
rears its head in the local symmetries, via interrelations between A, and the rest of the
spacetime geometry. In this sense, A, should not be an ordinary U(1) connection.

Son has been progressively solving this problem, beginning with a paper with
Wingate in 2005 [3] and continuing into the present [4—6]. The end result of this work
is a non-relativistic notion of “general covariance,” which enumerates a list of tensors
to which one couples a Galilean-invariant theory when putting it on M, along with the
transformation properties of these tensors under coordinate reparameterization. Recently,
Son has observed [5] that these tensors constitute the defining data of Newton-Cartan
geometry (see e.g. [7]). Regrettably, this “general covariance” suffers from the fact that it
is not entirely covariant. In the state of the art [6], the transformation laws of all of the
tensors can be formulated in a coordinate-independent way, with the exception of the
transformation of the gauge field A,.

Nevertheless this approach is on the right track. It satisfies a number of a priori
requirements, perhaps the most crucial of which is that this collection of background
fields and symmetries is realized holographically. By this, we mean in the sense of
holographic duality, in which certain quantum field theories are dual to quantum gravity
in a higher number of dimensions. There are consistent string theory realizations of so-
called Schrodinger holography [4, 8-10], in which a Galilean-invariant field theory is dual
to string theory on an asymptotically Schrodinger spacetime. Already in a paper [4] that
initiated Schrodinger holography, Son showed that his “general covariance” is realized in
this setting.

Inspired by Son’s work, we seek to deduce the correct coupling to spacetime in a
completely covariant way. Our approach is somewhat experimental: we make a proposal
in Subsection 2.3, which we then subject to a number of tests. The essence of our proposal
is that one should couple to the data of a Newton-Cartan structure whilst maintaining a
one-form shift symmetry, which is known in the Newton-Cartan literature as invariance
under Milne boosts. These boosts are absent in Son’s construction. Gauge-fixing this shift
symmetry leads to Son’s formalism, as we explain in Subsection 2.7.

Perhaps the strongest check of our proposal comes in Section 3. We find that Newton-
Cartan geometry and the shift symmetry automatically arise in the reduction of Lorentzian
manifolds in one higher dimension along a null isometry. This is exactly the boundary
geometry that appears in stringy holographic duals of Galilean-invariant field theories,
and so our proposal is realized holographically.

In Section 4, we extend our proposal to account for the symmetries of scale-invariant
Galilean field theories coupled to spacetime. These are the Galilean versions of conformal
field theories, and the scale symmetry is specified by a dynamical critical exponent z. We
remind the reader that at the particular value z = 2, the Galilean conformal symmetry
is enhanced to the Schrodinger group. Our proposal is that Galilean CFTs are invariant
under a “Weyl” rescaling of the Newton-Cartan data, wherein z encodes the relative
scaling of the time and space data. Our proposal satisfies a number of checks as we
describe there.

Finally in Section 5 we revisit the definition of symmetry currents and the stress



tensor of the field theory, and the Ward identities obeyed by them. Our discussion strongly
parallels that of [6]. These are conjugate to the Newton-Cartan data (n%, htv, o#, A;,) — the
energy current is conjugate to 1,, the spatial stress tensor to *", the momentum current
to 0¥, and the particle number current to A,. Exploiting the invariance of the generating
functional W under the various symmetries, we then compute the Ward identities for
the one-point functions of these currents. The U(1) gauge invariance implies that the
number current is conserved, the shift symmetry establishes the folklore result that
equates momentum and number currents,” and reparamaterization invariance computes
the non-conservation of the energy current and stress tensor in terms of the other data.
We also use the shift symmetry to efficiently simplify the Ward identities as in (5.21).

We conclude in Section 6. Since this article is fairly lengthy, we present a summary
of our results along with a discussion of open questions that are naturally raised by
our analysis. Various technical results on Newton-Cartan geometry are relegated to the
Appendix.

2 Coupling to spacetime

This Section is a composition of three major themes. The first is a review of some
prerequisite material on Newton-Cartan geometry, the second a statement of our proposal
for coupling Galilean-invariant theories to spacetime, and the third a sequence of sanity
checks on said proposal. At the end of the Section, we make two excursions, one on
Galilean-invariant Wilson lines, and another on the realization of our construction in
terms of frame fields and the spin connection on the tangent bundle.

2.1 A lightning review of Newton-Cartan geometry

We begin with a discussion of Newton-Cartan (NC) geometry. Since this subject is rather
foreign to the average high energy or condensed matter theorist, our review here will be
self-contained. In preparing this review, we found the works [7, 12-15] to be especially
helpful and recommend them to the interested reader. Throughout, we will quote the
results from a number of calculations whose details may be found in Appendix A.

First things first, consider a d-dimensional, orientable manifold M to which we will
couple our favorite Galilean-invariant field theory. We proceed by equipping this manifold
with a nowhere-vanishing one-form 7, and a twice-contravariant symmetric tensor h*".
The latter is semi-positive-definite with rank d — 1, satisfying h*'n, = 0. Roughly speaking,
n, defines a local time direction and h*" gives an inverse metric on spatial slices. Together,
(M, ny,, h*") defines a Galilei structure. In virtually all of the NC literature, 1,, is taken to be
a closed one-form, dn = 0. However, as emphasized in [1, 2, 6], 1, should be understood
as a source which couples to the energy current of quantum field theories coupled to NC
geometry, and so it is expedient to not restrict its derivative. In fact, restricting n to be

?As an aside, one can add disordered sources in a way consistent with this shift symmetry, so that the
relation P’ = J' can hold even in impure systems (this is in contrast with commonly and reasonably held
beliefs about this equality, as found in e.g. [11]). For example a random potential V(¥)|¥|? is Milne-invariant.
That being said, the shift symmetry is rather delicate insofar as it is broken by generic higher-derivative
interactions, which are not necessarily suppressed by factors of the inverse speed of light. Thus, even in the
non-relativistic limit, we expect Milne invariance to only be a low-energy symmetry in real-world systems.



closed may lead to a number of misleading conclusions about NC geometry, as we will
see below.

The only reference we are aware of which investigated NC geometry with dn # 0 in
any detail is [16], which has a great deal of overlap with the results obtained below. Their
results agree with ours upon translation, and we refer the reader there for further reading.

Next, we would like to define a covariant derivative, which acts on e.g. a (1,1) tensor
TH, as

D% =0T + 1% =TT . (2.1)

In analogy with Riemannian geometry, one natural possibility would be to define a
torsionless derivative under which the Galilei data (,, h*") is constant. This does not
work for two reasons: (i.) when 7, has a nonzero exterior derivative, dn # 0, we cannot
simultaneously maintain both torsionlessness and the constancy of 7, and (ii.) even when
dn = 0, the resulting derivative is only determined up to a two-form F,,,.

One criterion that leads to a unique choice of the derivative is the following. We
introduce a two-form F,, along with a nowhere-vanishing velocity vector v/ satisfying
vin, = 1. Together with the Galilei data, the velocity algebraically defines a twice-
covariant symmetric tensor /1, (which we caution is not the inverse of the non-invertible
tensor h*") satisfying

hv" =0, hyoh'? = Py = 6, —v'ny,. (2.2)
With this data in hand, we demand that the covariant derivative keeps (ny, h*") constant
and that the torsion is purely temporal. By this, we mean that the torsion T#,, =
I'*,, —T*, satisfies h,T7,, = 0.3 Then the derivative is still ambiguous up to a two-form,
which we take to be F,,. The end result is that the connection and its torsion are (see
Appendix A.1 for details)

1
"y = ofdpn, + Eh% (9uhor + Ophve — Ochup) + W', Fyo,

(2:3)
T, = 0" (dpny — dymy) ,
where we denote (anti-)symmetrization with (square) round brackets,
Alw) — 1 (AP 4+ AYHY Al — 1 (AP — AYHY (2.4)
2 2

It is easy to check that I'",, transforms as a connection under coordinate reparameteriza-
tions. It also does not take too much work to derive the identity

Fuy = —2h,,Dyo”, (2.5)

from which it follows that the geodesic acceleration 9" = v”D,v" and curl D¥v" — DVo* of

3In this work we exclusively consider Newton-Cartan geometry with vanishing spatial torsion. However
there is no technical obstruction to restoring it, as may be appropriate for the study of elastic media with
dislocations.



the velocity are given by
ot = —FF 0", DtvY — DVot = F*, (2.6)

where we have raised the indices on Fu and D, with ", i.e. D*¥ = h"*VD,,. So the two-
form ambiguity in the derivative precisely corresponds to the anti-symmetric part of the
derivative of v*.

Before going on, we observe that the term with F,, in (2.3) amounts to a tensorial
redefinition of the connection I'. As a result, it is a convention to include it in the definition
of the covariant derivative.

As a byproduct of defining the velocity vector and so h,,, we obtain a local expression
for the volume form on M. First, we define the rank d tensor and its determinant

Vv = Myt +hyy, v = det(yuw) - (2.7)

Then the volume form is
1
vol(M) = aem...uddxm AL Ndxtd Eurotta = VY €ttt 1 (2.8)

where €, ,, is the fully antisymmetric tensor density with €y 41 = +1. In simpler
terms, the volume form is just ddxﬁ.
The curvature of the derivative is defined in the usual way, through

R”vpa = apryva - aaryvp + r”aprava - ryaaravp . (2-9)

When dn = 0, one can further restrict the connection I' to be Newtonian, which means that
one demands that the curvature satisfies

R[#(VP]U) =0, (2.10)

where the third index is raised with h*" (see e.g. [12]). In ordinary Riemannian geometry,
this is a symmetry of the curvature provided that we raise the third index with the inverse
Riemannian metric. However, since the underlying geometry here is not Riemannian, (2.10)
is a non-trivial constraint on the connection. One can straightforwardly obtain

1
R = Eh”"‘hvﬁn(v(dl-")a)w, (dF)wp = 8uFup + duFop + dpFuv, (2.11)

where we have assumed that 7 is closed. Thus, when dn = 0, the Newtonian condition is
equivalent to the constraint that F is closed, dF = 0, in which case it may be represented
locally through a U(1) connection F = dA. We have not found a suitable generaliza-
tion of the Newtonian condition when dn # 0. So we will make our own definition,
which amounts to the choice which retains dF = 0. This condition is cumbersome and
unenlightening, and so we relegate it to Appendix A.2. In Section 3 we will see that a
Newton-Cartan structure with a Newtonian connection in this sense emerges from the
null reduction of Lorentzian manifolds, and so is a natural definition after all.

How should we think of F,,? We remind the reader that Galilean invariance in flat



space is tied up with spacetime symmetries. Here, we find a U(1) connection whose field
strength is naturally twisted into the gravitational connection I'. So it is not unreasonable
that A, should be understood as the U(1) connection which couples to the particle
number current. We will soon provide evidence that this is the case.

In summary, a Newton-Cartan structure with a Newtonian connection is a quintuple
(M, ny, h#v, o, AH>' which admits a covariant derivative defined through the torsionful
connection (2.3). In a slight abuse of terminology, we will refer to this ensemble as a
Newton-Cartan structure, and drop the reference to Newtonian connections.

2.2 Milne boosts

In order to define the covariant derivative in the previous Subsection, we introduced the
velocity vector v* normalized such that v¥n, = 1. This introduction is not unique. We
could define another velocity vector (v')" which still satisfies (v')"n, = 1 via

(W)W = ot + hy, . (2.12a)
Correspondingly, we redefine /1, so that the relations (2.2) continue to hold, which fixes

Let us take ny to be closed for the moment. There is a unique additive redefinition of
Ay which together with (2.12a) and (2.12b) leaves the connection I' in (2.3) invariant. It is

1
(A=A, + Py — E”thl/)vl/)p- (2.12¢)

When 1, is not closed, the story is slightly more complicated, as we explain below. In
the Newton-Cartan literature (see e.g. [14]), the redefinitions (2.12) are known as Milne
boosts. Note that these transformations mix the geometric data v with the connection A,.
Moreover, the Milne boosts only depend on the transverse part of Py

Before seeing what happens to the Milne boosts when dn is nonzero, let us first make
a comment about how we should regard the Milne boosts. If we couple a field theory with
a U(1) global symmetry to the Newton-Cartan data (1, h*",v*, A, ), we can of course
do so in a way that respects coordinate reparameterizations and U(1) gauge invariance,
but not the Milne boosts. It is a further choice not contained in Newton-Cartan geometry
to impose invariance under the boosts. This point is sometimes worded unclearly or
incorrectly in the Newton-Cartan literature, as in [14, 15].

Now let us not restrict 1, to be closed. Denoting the additive variation of an object
under the Milne boosts with a Ay, we find that the connection I' in (2.3) varies as

2

AyTH,p = 1 { (a[p”v} Py +0pgn, Py + a[anP]Pﬁ‘) Yo + % (nva[png] + npa[vna]> (2.13)

o« 1 o 1
+ Tlva[p (AlpAa} — PU}IIJ,X + 211(7}1/)2> +np8[v <A¢Aa] — PU]IIJ,X + 271(7]1/]2> }

At dn = 0 (2.12¢) is indeed the unique redefinition of A, which leaves I' invariant.



However, no such redefinition exists when dn # 0. That is, the variation of I is

2
Alprﬂvp = hHo { (a[pnv]pg + a[anv]Pg + a[anp}P:}) ll)(x + % <lea[p1’la] + npa[vnd) } .
(2.14)
We can ameliorate this problem by redefining I' with terms that explicitly involve the
U(1) connection rather than its field strength. To be precise, we define

(TA)HVP = ryvp + Kt (—Aaa[pnv] + Ayé[pn[,] + Apa[vnao
1 (2.15)
= Uiapnv + Ehytf (av<hA)pa + ap(hA)va - aa(hA)vp) ’

where in the last line we have simplified the connection by defining the Milne-invariant
(but not U(1)-invariant) objects

’Ui — U‘u —_ h‘UVAV , (hA)’,{y — h’,{y + nyAy + n]/Ay . (2.16)

The connection I'4 is invariant under Milne boosts (2.12), but it has a nonzero variation
under U(1) gauge transformations dy A, = 9, A,

OA(TA) g = W7 { =36 A D)) + 3, A D)) + 3y Ay | (2.17)

So we can choose for the covariant derivative to be either U(1)-invariant or boost-invariant,
but not both simultaneously.

At this stage, it may strike the reader as strange to consider a redefinition which gen-
erally changes the covariant derivative or makes the derivative non-invariant under U(1)
gauge transformations. Nevertheless we will provide evidence that imposing invariance
under Milne boosts amounts to imposing Galilean boost invariance, and we will thereby
find much fruit.

2.3 The proposal

We are now in a position to precisely state our proposal. Given a Galilean-invariant
field theory, it should be coupled to a Newton-Cartan structure (1, h*",v#, A;,) in such
a way that the action is invariant under coordinate reparameterizations, U(1) gauge
transformations, and the Milne boosts (2.12). Correspondingly, the generating functional
W of correlation functions (wWhere we take W = —iln Z for Z the partition function) is an
invariant functional of the Newton-Cartan data W = W(n,, h*", 0", A, ].

Later in Section 5, we will define various currents through variations of W with
respect to the Newton-Cartan data. The invariance of W under reparameterizations, &c,
will thereby lead to Ward identities which we compute there.

2.4 Relation to the Galilean algebra

Having made our proposal, we now perform a sequence of basic sanity checks on it. The
first is to verify that the global symmetries of the flat Newton-Cartan structure on R? are
generated by the Galilean algebra. This computation was originally performed in [13]. We



reproduce it here, and extend it to deduce the global symmetries of a Galilean CFT in
Subsection 4.2.

Consider an infinitesimal coordinate reparameterization ¢*, Milne boost 1, and U(1)
gauge transformation A, which we collectively notate as x = (¢", ¢, A). The infinitesimal
variation J, of the Newton-Cartan data (nw h*v, ok, Ay) under the transformation y is
given by

5)(”14 = £§n14 =¢"0y ny + nvayévl
(5Xhhv £ - Cpa W hyaaagv _ h"”aggﬂ,

Sxot = £zol + WP, = 0,00 — 0 A+ HV

SxAp = £g Ay + Pipy + 9u A\ = Ty Ay + Avdul” + Piipy + A\,

(2.18)

where £z is the Lie derivative along ¢¥. These transformations generate an algebra
with [dy,, dx,] = 0y, where x; = (et .}, Ai) and x(py) is the commutator of variations,

Xp2) = (éﬁ-?}’ 1/)}, ], Ajpp)) and is given in terms of the individual variations as

6[12 = E(;’lgg = C%avgg - ggavﬁ[ ’
12]
P = £e 2 — £} = ELOY2 + 20,8 — B0l — 9lo,d, (2.19)
Apy = £5, Ay — £, A1 = E10, Ay — £, A .
The flat Newton-Cartan structure on R? is given by#
nydxt = dx?, o, ®ad, = 69; ® dj, v'dy=09dy, A=0, (2.20)

where we have labeled the coordinates as (x°, x') for i = 1,...,d — 1. The global symme-
tries of the flat structure are generated by those infinitesimal transformations K such that
Ok vanishes when acting on (2.20). After some straightforward computation we find that
the most general such K in d > 1 is a linear combination of,

H= (—80, 0,0) , Pi = (—al‘,O, O) P (2.21a)
R;j = (¥/9; — x'9;,0,0), K; = (—x9;, —dx', x"), (2.21b)
M=(0,0,1). (2.21¢)

We compute the algebra of these generators via (2.19), from which we find

[Rij, Rit] = 6"Rjy — 6" Ry + /'Ry — 6" Ry,
[Rij, P = 6%P;— 0P, [Ry;, Ki] = 6%K; — 67°K;, (2.22)
[P, K] = =3 M, [H,K;] = —P;,
with all other commutators vanishing. Note that M is central. This is of course the Gailiean

algebra expressed in terms of anti-Hermitian generators. To obtain a Hermitian basis,
one could redefine all of the generators by a factor of —i, which would have the effect of

4Any background with a constant 09, = 9y + 0'9; and A = 0 is related to this one by a Milne boost and
U(1) gauge transformation.



redefining the right-hand-side of each commutator by a factor of i.

(2.21) and (2.22) are the first successes of our proposal. It is worthwhile to examine
how the various parts of our proposal were required in order to get (2.21) and (2.22).
First, if we did not impose invariance under Milne boosts, then it is easy to show that
the global symmetries would have instead been generated by the subalgebra spanned
by {H, P, Rij, M}. Second, if we did not demand the Newtonian condition (effectively
F = dA), then there would be no U(1) connection A;, no invariance under U(1) gauge
transformations, and so no central extension M. Moreover, (2.21) and (2.22) implicitly
support our identification of A, as the connection which couples to particle number. The
generator M in (2.21), which we independently understand as the particle number charge
operator, generates constant phases for quantum fields charged under the U(1). So M is
exactly the conserved charge for the current which couples to A.

2.5 Galilean free fields

Our next sanity check is to show that the simplest Galilean-invariant theory, that of a
free charged field (a scalar or fermion), can be coupled to Newton-Cartan geometry in an
invariant way. Consider the free-field action

o1
S free = / d?x { ‘I’*DO‘Y (DO‘F+)‘F)+MDi‘Y+Dj‘{’}, (2.23)

where ¥ couples to A, with charge m, i.e. its covarlant derivative is given by D, ¥ =
0, ¥ —imA, Y. We will henceforth shorthand ¥+ ¥ =9"D,¥ — (D,¥")¥. Note that
m appears as the charge fields carry under particle number. If one has a system in which
all fields carry charge m, then one can rescale the gauge field as mA, = A, so that all
fields have charge 1.

The natural covariant generalization of (2.23) is

ol h*v
Suo0 = / ddx\f{ etD ¥ - MDH‘P*DV‘P} . (2.24)

This action is obviously independent under coordinate reparameterizations and U(1)
gauge transformations, but what about Milne boosts? Although 7, defined in (2.7)
transforms under Milne boosts, /7 is Milne-invariant. Next, we rewrite (2.24) as

] —
Scov = / dx\/y {—T; (WAL A, — 20" A,) YT + % (0" —h"A) Y9, Y
uv (2-25)
.'.

and recall that v* — h*' A, and h*" are Milne-invariant. It is easy to show that the scalar
h*" A, A, —20F Ay is also Milne-invariant, which shows that Sy, is invariant too.

Indeed, one could have deduced the Milne boost symmetry by observing that the free
field action (2.24) is invariant under (2.12).

10



It is easy to add interactions. Any action of the form

5= / dx /7L (K Y1)

ot
Kij=—- (mi‘Y}LDV‘I’j — mj(DH‘I’;f)‘Yj)

v (2.26)

- 5 DYDY,

where ¥; carries charge m; and £ is a U(1) singlet, is automatically invariant under
coordinate reparameterizations, U(1) gauge transformations, and Milne boosts.

2.6 Magnetic moments and modified Milne boosts

In two spatial dimensions, Son [5] has added a magnetic moment g to the field theory
of the previous subsection, in such a way that it is invariant under his “non-relativistic
general covariance.” Very recently [6], that theory has been coupled to a more general
spacetime background. This theory has a significant connection to the phenomenology
of quantum Hall physics. Here we would like to understand the g; coupling in a fully
covariant way.

The action written down in [6] is

e® T (i i\ = wt =
Sson = /dxodzx ge_(b {Z;‘Iﬁ(ﬁ)ol{f - m <g” + %8”) Di‘IﬁDjT} , (2.27)

where g;; is a spatial metric which depends on space and time, /g is the square root of

its determinant, and g" is its inverse. Furthermore D; = D; + B;Dy for B; a vector which

depends on space and time, and ¢ is a spatial epsilon tensor. It is ¢/ = €/, /g with €/

the two-dimensional epsilon symbol under the convention that €2 = +1 and €% = 0.
There is an obvious covariant generalization of (2.27), namely

iv” <= 1 l S v *
o e ()

where it only remains to specify what we mean by *. Recall that the volume form on M
is given by ¢ uvp = /Y €uvp with €uvp the three-dimensional epsilon symbol. Similarly, we
can define a fully antisymmetric contravariant tensor e = e#'f /| /o with €'f again the
epsilon symbol. From this we define a spatial epsilon tensor

GPVVnp
Vo

which is Milne-invariant, and this is the object which resides in the last term of (2.28).

etV — gPP‘Vnp = (2.29)

Each term in (2.28) is manifestly invariant under coordinate reparameterizations and
U(1) gauge transformations. What about Milne boosts? As in the previous Subsection, it
is useful to rewrite the action, this time as

m i =
Sy = / d?’xﬁ{—z (42 —20- A+ Soemon, 4,0,)) ¥ + 2 (0" WA, ¥ ¥

h* + igs uvp +
—%BV‘I’ 0, ¥ — @s 1,0, Y°9,¥ ¢ . (2.30)
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Integrating the gs term in the first line by parts, we see that the action S, is Milne invariant
if the objects

A2 —20-A+ Zg—;sw"ay (nvAp) , ot — A,
are all invariant under Milne boosts (as h*" is already invariant). This is a necessary
and sufficient condition, provided that we do not endow the quantum field ¥ with
transformation properties under the boost. Since the Milne transformations of v# and h*"
are fixed, we can only modify the transformation of Ay. Then the unique redefinition of
A, which leaves this scalar and vector invariant is

s
@svf"’av (noP5ps) (2.31)

1

(A = A+ Py — st gups +

Putting the pieces together, the theory (2.28) with a magnetic moment is invariant

under coordinate reparameterizations, U(1) gauge transformations, and Milne boosts

provided that we modify the Milne transformation of A, to be (2.31) rather than (2.12¢).

Before going on, consider rescaling the gauge field so that ¥ has charge 1. Then the

action of the Milne boost is
_ _ m

(A=A, + mPy,p, — E”yllfz + nygzsngav (P tps) (2.32)

If one takes the m — 0 limit (as was used to great effect to study lowest Landau level

physics in [6]), one must rescale A, this way in order for the theory (2.24) and the
transformation laws to be non-singular.

2.7 The relation to Son’s non-relativistic covariance

Ever since a paper with Wingate in 2005 [3], Son has progressively developed a notion
of non-relativistic “general covariance,” which should be regarded as a definition of
invariance under coordinate reparameterization for Galilean-invariant field theories.
Unfortunately, as we mentioned in the Introduction, his transformation laws are not
defined in a coordinate-independent way. The three major highlights of this development
since [3] may be found in [4-6]. We also refer the reader to [17] for some applications of
this machinery.

In 2008 [4], Son first wrote down his “general covariance” in terms of the action
of infinitesimal reparameterizations of space and time, and showed that this invariance
naturally appears in Schrédinger holography. He also showed that the free field theory
in (2.23) is covariant in this sense. Five years later, Son observed [5] that his construction
is related to Newton-Cartan geometry. In the same paper he introduced the magnetic
moment gs and derived modified transformation laws so that the theory with g is
invariant under spacetime-dependent reparameterizations of space. Most recently in [6],
Son and collaborators have derived the infinitesimal transformations so that the theory
with g is invariant under reparameterizations of space and time. They also showed how
all of these transformations can be understood in a coordinate-independent way, modulo
those of A, for which they require some choice of coordinates.

For our third and final sanity check, we will show how our proposal for covariance
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reduces to Son’s upon gauge-fixing the Milne symmetry. To do so, we will consider
the theory with nonzero gs. The relation with g = 0 may be obtained by simply sub-
stituting g; — 0 in what follows. We first recall the result of [6] for the variations of
(®, &ij, Bi, Ao, A;, ¥) under a coordinate reparameterization ¢ and U(1) gauge transfor-
mation A which leave the action (2.27) invariant. They are

6P = &9, d + Bi& — &,
6Bi = &19uBi + B0ic! — 0,80 — Bi(E0 — i),
6gij = &10,gij + 8k0il* + g0, + (Bigik + Bigik)E*,

: 8s ij [3 ik 5 o gk A 2.
640 = 89 A0+ At — el [o (g3t + Bigpdt] + A, (233)

5A; = §royAi + Auaigt + e®giél + 572 ie* [5]‘ (8kz§l) + ngszl} +0iA,
0¥ = ¢t ¥ +imAg,

where 0; = 9; + Bido, a dot refers to a derivative with respect to x°, and our convention
for ¢" is minus that of [6]. Note that ¥ is the only field which transforms like a tensor
under reparameterizations.

We would like to recover (2.33) from our construction. To do so, we first observe that
the theory (2.27) they write down is of the manifestly covariantly form (2.28) upon the
identification

nydxt = e=®(dx® — Bidx"),
B9, @9, = B2 @0+ B (@0 + 9 @) +870 29,
v'9, = e®9y,

hydx! @ dx" = gijdxi ®dx!,

(234)

where B’ = g'/B;. As we showed in the previous Subsection, the covariant theory (2.28)
is invariant under coordinate reparameterizations, U(1) gauge transformations, and
modified Milne boosts (2.31). The infinitesimal form of those transformations under a
variation x = (¢", ¢, A) is

57(1/1]4 = gvavny + nvay‘gv ’
e = GO, D, — 9,
50t = E0,0" — 09,8 + iy,
Sxhyy = E00phyy + hypdy & + hypdy, & — (n, P + n,PY) 9, (2:35)
8
Oy = C0 AL+ A + Py + ey (1 Prpe) + 0,
0¥ = ¢lo, ¥ +imAY.
Now we come to the crux. Given (2.34), we can completely fix the Milne symmetry by

demanding that o' = 0. Under an arbitrary reparameterization ¢#, we must also perform
a Milne boost to keep v' = 0, which fixes the boost parameter 1, in terms of ¢". We have

6,0 = —ePE + hVp, =0, (2.36)
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which then implies
hw1,bv — ,311/70 +gl]¢j — e@gl , (2'37)
or equivalently P'p, = ¢®g;;¢/ (note also that P = 0).
We will now show that the infinitesimal transformations (2.35) subject to this con-

straint lead to exactly Son’s non-relativistic “general covariance” (2.33). We begin with ®,
using that we can write the variation of v¥ in two ways,

5,0° = e®6,® = gﬂayvo — & + 1%y, . (2.38)
Using that o° = ¢® and
By = Bryo+ B = Bi(B'yo +87y;) = T’ (239)
we find
5y ® = g0, @ — & + B, (2.40)

which exactly reproduces the variation of ® in (2.33). Similarly, we write the variation of
Bi in terms of variations of n; and & to obtain

OxBi = —0y (eq’ni) = —eq’éxni +Bi = 0,®
= —e® (§"0u(—e"pi) +e 0, — e B ) + pic" 0, @ — i (€ + BE ) (24D)
= 91— g+ Boid — i (&0 BT ),

which is the variation of f; in (2.33). Because 5Xvi = 0 under these constrained transfor-
mations, it also follows from hy, 0" = 0 that d,ho, = 0. The only part of h,, which varies
is its spatial part, giving

Oxij = Oxhip = §'0ygij + Sdj " + gkdil" — (”fP /P f) Py

, (2.42)
= 19,8 + idjC* + gjk0it* + (Bigjk + Bjgik) €°,

coinciding with the variation in (2.33). We are then left with A,. Substituting n,dx" =
e ®(dx® — B;dx') and P!y, = e®g;¢/ into the infinitesimal variation of A, in (2.35)
immediately gives the variations of Ap and A; given in (2.33).

We see that the coordinate reparameterizations of Son’s non-relativistic “general
covariance” [4] (and its most recent incarnation in [6]) are nothing more than the infinites-
imal reparameterizations acting on a Newton-Cartan structure subject to invariance under
Milne boosts (2.35) under the constraint that v = 0.

This is not the whole story. After writing down an action of the form (2.27) and
infinitesimal symmetries (2.33), the authors of [6] restore the most general configuration
for the velocity v¥. The most general v* consistent with the background for (r,, h"")
appearing in (2.27),

nydxtt = e ®(dx" — Bidx') , 19, ® 9, = B9 ® dp + B’ (dp ® 3; + 9; ® ) + §70; ® 9},
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can be parameterized by the spatial covector u; to give
v'9, = e®9y + ¢® (ﬁiuiao + ui8i> , (2.43)
where 1! = gij uj, which in turn leads to

hyydxt @ dx” = gijdxi @ dx! — e®u; (nydx” Qdx' +dx' ® nydx”) + ezq)uZnP,nvdx” QdxY.

(2.44)
The authors of [6] then claim that the inhomogeneous infinitesimal transformations (2.33)
are a consequence of a tensorial variation under coordinate reparameterization, e.g.
6hyy = £hy,,. From this they obtain the infinitesimal variations of u; and u?, which they
use to construct a new, twisted U(1) connection Ay from Ay, u;, and u?. It is>

- 1 L .
Ag = Ay — Ee‘buz — %8” (aiu]- + ‘Biu]') ,

- 1 o .
A=A+ eqpui + ieq’uzﬁi + 57;1 iS/k (a]'uk + ﬁjuk) .

(245)

This connection has the virtue that it transforms as a one-form under their infinitesimal
variations
0Ay = £:Ay+ 9. (2.46)

They then claim that the generating functional is a functional of (1, k", v¥, AH)' in such
a way that it is invariant under redefinitions of A, and v* that leave A, invariant.

How do we understand these results in light of our construction? There is no covector
in the Newton-Cartan data (n#,hP”’, ?J'“,Ay) by which we can covariantly redefine A,
to give something like A,. That is, A, cannot be constructed from the Newton-Cartan
structure without picking a coordinate system.

Nevertheless there is a way that we can make sense of A,,. The covector u; parameter-
izes an arbitrary Milne boost,

Pudxt = e®udxt . (2-47)

That is, the Milne variation of v#9, = ¢®9, under this boost is

which coincides with the velocity (2.43), and in the same way the Milne boost of h,,
coincides with the expression in (2.44). The Milne boost of A, (2.31), gives

1
(A')o = Ao+ Py, — 5”01,”2 + nof—;eway (nng zp(,> 10
1 C . - )
=Ay)— §€®M2 — 57;18” (aiuj + ﬁiuj) = Ay,
and similarly we find (A’); = A;. So fly is just the Milne-boosted A, and redefinitions
of Ay and v" which leave A, intact are shifts of the u;, which we recognize as Milne
boosts. In this sense, the authors of [6] agree with our proposal: when they demand

5The expression for A; in [6] agrees with ours, insofar as they ignored O( [32) terms.
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invariance under redefinitions of A, and ov* that leave A, unchanged, they effectively
demand Milne-invariance.

Let us summarize. First, the infinitesimal reparameterizations appearing in Son’s non-
relativistic “general covariance” are the infinitesimal reparameterizations/Milne boosts in
Newton-Cartan geometry subject to the condition o' = 0. Second, the new gauge field
AV appearing in [5, 6] is the Milne-boosted gauge field where initially v’ = 0. Third, the
condition introduced in [6] that the generating functional W should be equal for different
choices of A, and v* which leave A, intact is essentially our condition that W is invariant
under Milne boosts. Finally, the formalism of [6] is almost, but not quite fully covariant.
As an intermediate step in their analysis, they require the variations of A, in (2.33) and
the boost parameter u;, both of which are inherently non-covariant.

2.8 Frame formulation

We would like to deduce an equivalent formulation of Newton-Cartan structure and Milne
boosts in terms of the spin connection. Recall how this works for Riemannian geometry.
Here one has a positive-definite non-degenerate metric g on spacetime, and derivatives
are taken using the Levi-Civita connection constructed from g. In addition to the tangent
bundle TM we require the frame bundle FM. Recall that at any x € M, the tangent
space Ty M is isomorphic as a vector space to R?. Denote a basis of d vectors for T, M
as B, (x), and its inverse as (5_1);;‘(3(). The fiber of FM at x is just the union of all such
bases.

In any coordinate patch on M, we can choose a basis via a section of FM, which
we notate as B/, and which we refer to as a frame. The transition maps which relate the
frame in two overlapping coordinate patches are valued in GL(d), and so FM is a GL(d)
bundle. In this frame the metric g,, can equivalently be expressed as a3 = BliBY Suv, and
the connection I'*,,dxf is equivalent to a spin connection wAByde by demanding

f)y(.B_l)f/Ll = ay(ﬁ_l)f - rpvy(ﬁ_l);? +WABV(.B_1)5 =0, (2.50)

where lo)y refers to the spin covariant derivative. This gives

WAB# = (ﬁilmDﬂﬁ%r (2.51)

where here D, only acts on the spacetime index of Bj. Equivalently, I'#,, is determined
from the frame and the spin connection. Here I'#,, is the part of the connection which
acts on spacetime indices, and the spin connection w”, the part which acts on frame
indices. One can restrict the frame to be orthonormal with respect to the metric g,

8AB = 551,3%8;11/ = 04B. (2.52)
A
"
The transition maps which preserve the orthonormality condition (2.52) are valued in
O(d) C GL(d), and so in the Riemannian case FM can be reduced to an O(d) bundle.
In an orthonormal frame, gap = d4p is an invariant tensor of O(d) which descends to a
covariantly constant tensor on M. By (2.50) and the constancy of g, we have 19);,17 Ap =10

Then the frame is usually called a vielbein, is denoted as EZ, and its inverse as e
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which implies that d¢ qwC pju = 0, so that the connection one-form w?

So holonomies of tensor fields are valued in O(d).

What is the corresponding situation for our local Galilean invariance? Our approach is
to determine the correct formulation by the same logic we reviewed above. We start with
Newton-Cartan geometry and Milne/U(1)-invariance on M and reduce the structure
group on FM from GL(d) to the smallest possible subgroup. Our results have some

g is valued in o(d).

overlap and variance with those obtained in [1, 2, 18], as we discuss at the end of the

Subsection.
In our version of NC geometry, the derivative is specified by demanding that the
tensors (11, h"") are covariantly constant, the torsion satisfies T#n, = —dn, and

— 2h,, D)o = Fyy . (2.53)

Because (ny,h’“’) are constant, we then further restrict our choice of frame to be
a Galilei frame, which we notate F]f1 and the coframe as f]f‘ We restrict n, = f;j and
h'v = §UFl F/. The transition maps that preserve these conditions are valued in the
Principal Galilean group, PGal(d). It is a semi-direct product O(d — 1) x R?~! (isomorphic
to ISO(d — 1)) which is faithfully represented by matrices of the form

_ (10 d-1 _
M = (K R) , {KeR*,ReO(d-1)}, (2.54)

which acts on the coframe ) via right multiplication, and the frame (Fg‘ Ff’) via

My
Ju
inverse left multiplication. So FM reduces to a PGal(d) bundle, and the spin connection
wA
oMliwil; = 0. The K part is a local boost and the R a local rotation. Under an infinitesimal

PGal(d) rotation
(0 0 i i
MZJ = eXp <_Z (Z)io vij>> s Ul] = _v]l s (255)

the coframe and spin connection vary as

p is valued in the algebra of PGal(d), and so has nonzero components wij and w'y, with

A A (B i i ik ik
Sofy = —v"Bfy, Sp' Ay = 00" g + W'y U A4 — VW py - (2.56)

The torsion is a vector-valued form

TA:—<de+wAB /\fB) , (2.57)
with T = —df® = —dn. So it only remains to impose (2.53). To do so we use that since
Fg’ny = vtn, =1, we have

Ff =o' +Y¥",  Y¥'n, =0, (2.58)

that is, one can use a Milne boost to set v* = F}. We can think of ¥* as a “bifundamental”
object which transforms under both Milne boosts and local Galilean boosts. After some
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work, we find that we ought to demand
i R
w'o A fi = F+dt—,TH, tH:‘{’H—EnH‘P, (2.59)

where we have f; = §;; ff and have lowered indices with h,,,. Crucially, both sides of this
constraint transform in the same way under local rotations of frame, and so this is a
consistent restriction.
At this stage the Milne boosts have nothing to do with action of PGal(d) on the frame
and spin connection. Furthermore, v* and A, are inert under the action of PGal(d).
However, in a sense which we will now make precise, the Milne boosts are (almost)
the boost part of the local Galilean rotations, at least for gs = 0. Suppose we solder
the action of the Milne boosts and local Galilean boosts together by setting ¥# = 0. To
retain (2.58) under both local Galilean rotations, we must accompany local rotations with
a compensating Milne boost. Then v* is no longer inert under local Galilean boosts, (2.54),
but transforms as
(" =0t + 9, (2.60)
where
yt = —F (R K, (2.61)

which looks just like the Milne boost. Similarly, A, inherits a transformation under local
Galilean boosts. The action of PGal(d) can then be efficiently described by combining
n

the coframe with A, into a column vector fZ , on which PGal(d) acts by right
AV
multiplication via matrices of the form
1 0 0
Mas=| K R 0|, {KeR"'RecO@d-1)}. (2.62)
—1K? —K'R 1

But this is a little deceptive. If we demand ¥# = 0, then the final constraint (2.59) on
the spin connection is no longer a consistent constraint: the left and right sides would
transform differently under local Galilean boosts. For this technical reason, the Milne
boosts are a different transformation than local Galilean boosts.

This point is further underscored when we reintroduce the magnetic moment gs, so
that the Milne transformation of A, must be modified as in (2.31). Since the modified
transformation involves a derivative of the boost parameter ¥, it cannot be realized via
any linear action of PGal(d) on A,,.

We now compare and contrast these results with those appearing in the recent
works [1, 18] which also claim to describe the coupling of non-relativistic theories to M
in terms of spin connections.

1. Strictly speaking, one should not compare our results with those of [1], as those
authors consider the coupling of non-relativistic theories without boost-invariance to
M. However, there is some overlap. Suppose that v* (and so h,,) is also covariantly
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constant.® We can then restrict our choice of frame fields to be of the form (ZJP‘ Fi” )

with hy,, = d;; f; fé By assumption, v* is covariantly constant, so T/M can be further
reduced to an O(d — 1) bundle, where O(d — 1) is embedded in GL(d) via

M = ((1) 12) , {ReO(d-1)}, (2.63)

which again acts on the coframe via right multiplication.

This is exactly the spacetime geometry to which [1] couples non-relativistic theories
without the Galilean boost symmetry. So in the language of our work, they couple
theories to Newton-Cartan geometry (n,, h*",v"), for the special case when v is
also constant. Since theories without boost invariance do not necessarily possess
global symmetries, they do not necessarily include an A,, and when they do it is
not twisted into the connection I'*#,,. In this context, the generating functional W of
the theory is a functional W = W[ny, f;,wij, ok, Ay] where A, collectively denotes
a background gauge field which couples to any global symmetry currents. W is
invariant under coordinate reparameterizations, local O(d — 1) rotations, and gauge
transformations. Equivalently, W is a functional W = W{n,, k""", v#; A,] invariant
under coordinate reparameterizations and gauge transformations.

2. Unlike [1], the authors of [18] claim to couple Galilean-invariant theories to M. Their
approach is rather different than ours, and we postpone a detailed comparison with
our work until Appendix B. For now we give the highlights. While they manifestly
realize the rotational and U(1) subgroups of the Galilean symmetry, they impose
the Galilean boosts through the addition of a dynamical field u'. Integrating over u'
enforces the boost symmetry. Already, this should alert the reader that their work
presumably makes contact with the physics of spontaneous symmetry breaking,
rather than the coupling of a general Galilean-invariant theory to spacetime.

In their construction, quantum fields are coupled to a coframe f;f‘, a vector-valued one-
form (), in which the connection w'o, appears, and a connection with components
wim and A,. The coframe f;f‘ and the connection coefficients (w’ Aus Ay) transform
in the same way as the coframe and connection in our analysis in (2.56). However
the Milne boosts do not appear in their setup.

There is another difference between their work and ours. Their auxiliary field u’
appears algebraically in the coframe f’j‘ and A, but through a derivative in Q;,.
Given a local microscopic action in which (), does not appear, u' is an auxiliary field
and may be integrated out to give a new local microscopic action with the same
symmetries. However, when the microscopic theory has couplings to Q)/,, u’ appears
through derivatives in the action and is not an auxiliary field: integrating over u'
produces a non-local action.

Nevertheless, we find that the construction of [18] can be healed as we describe in
Appendix B.4. The resulting geometric structure is equivalent to writing FM as a

6Since we are coupling theories without boost-invariance to M, we no longer require invariance under
Milne boosts.
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PGal(d) bundle and restricting the frame so that the Galilean boosts on F.M become
the Milne boosts as in (2.62).

3 Galilean boosts from null reductions

Holographic duality relates quantum gravity on certain spacetimes with boundary to
quantum field theories that, roughly speaking, “live” on the boundary. The canonical
example of holography is the equivalence between type IIB string theory on AdSs x S°
(here AdSs is five-dimensional Anti-de-Sitter spacetime) and four-dimensional N =4
super Yang-Mills theory [19]. There are also holographic dualities that equate quantum
gravity on so-called Schrodinger spacetimes with Galilean-invariant field theories [4, 8—10].

Holography has the very useful feature that it dynamically incorporates the coupling
of field theories to curved spacetimes. The dual field theory simply couples to the
geometry on the boundary of the higher-dimensional spacetime. This geometry is not
arbitrary: it must be realized dynamically in a consistent theory of quantum gravity. In
this way, holography implicitly answers the question of how to couple Galilean-invariant
theories to spacetime.

In this Section we show that our proposal in Subsection 2.3 describes the boundary
geometry of asymptotically Schrodinger spacetimes. That is, our proposal is realized
holographically. To do so, we first recall that the boundary geometry of Schrodinger
spacetimes is a Lorentzian manifold with a null isometry, and second show how the
reduction of these manifolds along the isometry leads to a Newton-Cartan structure and
Milne invariance.”

3.1 Manifolds with null isometries, Newton-Cartan structure, and boosts

Consider a d + 1-dimensional Lorentzian manifold M;,; with metric G and a null
isometry generated by nd),. The geometry of M, is that of a fiber bundle over a
d-dimensional base M, where the fibers are either S! or R depending on whether the
integral curves of the null isometry are compact or non-compact. We choose coordinates
on My,1, xM = (x#,x7) so that the null isometry is n™d) = 9_, where x~ denotes
the affine parameter along integral curves of 1, and the components of G are explicitly
independent of x~. The x* furnish coordinates on M.

Locally, we can parameterize the most general such G that manifests reparameter-
ization invariance on M, along with reparameterizations of x~ of the form (x')~ =
x~ A+ f(xM). Itis

G = 2n,dx (dx™ + Audx") + hy,dxtdx”, (3.1)

where hy, is a positive semi-definite tensor of rank d — 1. However, this parameterization

is redundant: the most general G with n™d) = 9_ null has w —1 = @)

2
independent components. There are 2d independent components of (1,, A,) and the

7Our results have some overlap with those of [7, 20] and especially [16]. The first showed how Newton-
Cartan structures with dn = 0 arises via a null reduction, the second considered null reductions of Einstein
manifolds, and the third investigated Newton-Cartan structures with dn # 0 from null reductions from the
point of view of non-relativistic holography.
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M —-1= W independent components of the degenerate %,,, so that there are

d — 1 redundancies. We will see shortly that these are exactly the d — 1 Milne boosts.
The inverse of G is

G l=0_® (v —n"A,) 0, + (V" —h"A,) 9, ®0_

2
+h"9, ®0, 4+ (A*—20-A)d_®0_, 52)

where A% = h"V A, A,. Here, 09, is the unique zero-eigenvector of 1, which (i.) does not
have a component along x~ and (ii.) satisfies n,0" = 1, and h*" satisfies

Wn, =0,  hyh'* = Py =6, —vt'n,. (3-3)

The measure is

V=G = \/det (mumy + ) = /7. (3.4)

The components along M, of the Levi-Civita connection I'g built from G are

1 1 N
(rG>y vo = Evia(vnp) + Ehyg (av(hA)pa + ap(hA)W - aa(hA)vp) = (FA)VVP ’ (3-5)
where vi =o' —h"A, and (ha)uw = hyw + ny Ay + ny Ay Here we recognize I'g to be
the torsionless part of the Milne-invariant, but not U(1)-invariant connection I' 4 which
we defined in (2.15). Because n™ generates an isometry and is a null vector, its covariant
derivative under I', satisfies

1
(Dg)mnn = EFK/JN , Fyin = OMnN — ONTIM , Fynn™ =0, (3.6)

where we denote this tensor with an F in analogy with the field strength of a U(1)
connection.

In fact, in (3.1), (3.2), (3.4), and (3.5) we recognize all of the tensor data (1, k""", v, A,)
and a derivative that defines a Newton-Cartan structure. Note that A, is the graviphoton of
the reduction. This verifies our claim that the Newton-Cartan data automatically arises on
the base manifold M. One can also turn our logic around, and build a d 4 1-dimensional
M1 from a Newton-Cartan structure on M. This higher-dimensional construction
also clears up one nagging aspect of the Newton-Cartan analysis, namely that there was
no connection on M which was simultaneously Milne-invariant and U(1)-invariant. On
M 11, U(1) gauge transformations are additive reparameterizations of x~ along M. The
gauge variation of the torsionless part of I'y4, (f A)”Vp, is just the tensorial transformation
of (I'g)*,, under this reparameterization.

The other part of our claim is that Milne boosts naturally arise from the null reduction.
To see this, note that the identification of A, and h,, from the metric G (3.1) is not unique.
We could just as well have identified

(A=A +¥, (W) =hw — (¥ +m¥y) (3.7)

for an arbitrary ¥,. That is, G = 2n,dx"(dx~ + A") + (1) ,udx"dx". However, requiring
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that /1, remains rank—(d — 1) fixes ¥, to be of the form

1
Y, =P, — En,ﬂpz. (3.8)

Of course this redefinition is just the Milne boost (2.12). So we see that Milne boosts are
indeed realized on M, : they correspond to an ambiguity in the identification of the
Newton-Cartan data from the higher-dimensional metric G.

It is clear that a different organizing principle is required to obtain a magnetic moment
from the null reduction and so from holography. We leave this question for future work.

We conclude this Subsection with a study of FAM ., along the lines of Subsection 2.8.
We can define a torsional connection I'r on M ;1 under which G and n are covariantly
constant, so we can restrict the frame to be a vielbein E% so that e?wdxM = nydx?*,
EMayp = n™Moy = 9_, and the metric is

G=eE"@e +e @+ . (3.9)

That is, the metric in this frame is the flat Minkowski metric where (0, —) are null
directions. It almost immediately follows that FAM ;. can be reduced to a PGal(d) bundle
over M1, where PGal(d) is embedded into GL(d + 1) via matrices of the form

1 0 0
Mr=| K R 0|, {KeR"!,Re0(d-1)}. (3.10)
—1K?* —K'R 1
ey
In this way, PGal(d) acts on the coframe e;, via right multiplication and the frame
o
H

(Eg El' E! ) via inverse left multiplication.

In Subsection 2.8, we found that the action of the Milne boosts was not a consequence
of the action of PGal(d) on the tangent space data. However, by restricting the Galilei
frame further so that Fgf = v#, the Milne boosts could be realized through the action
of PGal(d), at least for gs = 0. PGal(d) then acted on the coframe and A, via (2.62),
that is through matrices of the same form as Mr. Can we understand this from our
higher-dimensional construction?

There is a natural restriction of the frame on M ; which indeed leads to (2.62) upon
the null reduction. Restricting the coframe (and so the frame) to be

nydxt
(efhax™) = | eldxr |, (E¥om) = (v" (3 — 4ud-) F' (3 — Aud-) 0-)
dx~ +A
| (3.11)
where we denote F/' = h’”éije{,, then the action of PGal(d) on the coframe via (3.10)
My
descends to the action (2.62) on | ¢, |. So e, becomes the spatial coframe f}, in the

H
AV
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Newton-Cartan geometry. Similarly, the action (3.10) on the restricted frame (3.11) de-
scends to the action of PGal(d) on the restricted frame (zﬂ‘ Fi” ) in (2.54).

3.2 Using the reduction to construct tensors

Let us briefly return to our discussion of Newton-Cartan geometry in Subsections 2.1
and 2.2. One of the results in Subsection 2.2 was that there was no way to define the
covariant derivative that was simultaneously invariant under Milne boosts and U(1)
gauge transformations. As a result it is cumbersome to construct Milne/U(1)-invariant
tensorial data out of the background fields. One approach would be to build Milne-
invariant tensors from the Milne-invariant derivative defined through (2.15) and the
Milne-invariant combinations of background fields (n#,hP”’, Uff\), and then afterward
deduce U(1)-invariant combinations.

Thankfully, we do not need to determine tensors in that thankless way. We can instead
use the embedding of the Newton-Cartan data into a metric G and null isometry n on
M1, which automatically incorporates the Milne and U(1) symmetries. It is easy to
compute tensors on M, built from G and 1, and thereby obtain Milne/U(1)-invariant
tensors from reduction.

This is a particularly simple task when it comes to finding scalars, as we now show.
At zeroth order in derivatives, the tensor data on M is just the metric G, the epsilon

M.

tensor eMi-Mii1 and the null vector n. There are no scalars, on account of the fact that n

is null. At first order in derivatives one can construct tensors from (D, )pynn. However,
the symmetric part of this tensor vanishes by the fact that n generates an isometry, and so
we only have the antisymmetric part dn,

F'=dn. (3.12)
By the isometry condition and 7 being null, we also have
FinnN =0,
so that in the coordinates (x",x~) in which n = d_ and G is given by (3.1), we have
F' = 1I-}'C,H\,dx]vl AdxN = 1IF”de“ Ndx" . (3.13)
2 2

At second order in derivatives, one has the Riemann tensor RM ~npQ, the second
derivative of n, DumDnynp, and tensors built from two factors of F”*. While there are many
tensors that can be formed from this data, there are few scalars. The scalars that can be
constructed from the Riemann tensor are the Ricci scalar R and R = RayniMnN for
Rmn the Ricci tensor. However one can easily show that the isometry implies

1
Run = E(Fn)MNFZT\I/IN- (3.14)

Similarly, all scalars that can be built from the second derivative of n are proportional to
(F™)2. As a result the independent two-derivative scalars are R and (F")2.
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So far we have considered scalars on M1, which reduce to scalars on M,. There
are also objects which are not quite scalars, but whose integral over M, is invariant under
the symmetries of the problem up to boundary terms. Here we follow the discussion
of [21], and a similar discussion may be found in [22]. Consider a current X M which is
identically conserved on M, ; and which moreover is explicitly independent of x~. Then
its — component transforms under reparameterizations y = y(x) as

-
- MY
X7 = XM (3.15)
so that

/ dhx /7 X (3.16)

is reparameterization-invariant up to a boundary term. In this way, this object is a Chern-
Simons term on My,

We can also obtain invariant tensors which include quantum fields on M. For
instance, consider a complex field ¥ on M as in the free-field theory (2.24). We can extend
¥ to a field ¢ on M, in the coordinates used in (3.1) by letting ¢ = ¢ ¥ (x#). Note
that ¢ is not invariant under the the action of n, but is an eigenfunction thereof,

Enp =img. (3.17)

Then the free field theory (2.24) is efficiently written in terms of ¢ as

d i +H _ ﬂ t _ 1 [ EaMNy

(3.18)
Similarly, suppose that we wish to write down the action of a point particle coupled

to the Newton-Cartan data on M. We can deduce the correct Milne/U(1)-invariant action
by starting with a point particle on M1, whose worldline time is parameterized by
and whose position is given by the fields X (7). At leading order in gradients, the most
general action for a point particle on M, that couples to G and the null isometry # is

/G (X) XMXN
Xen,

d+1 /dT XVan , (3.19)

The analogue of (3.17) here is that the momentum along x~ is constant. Denoting said
momentum as 11, it is a straightforward computation to show that the point particle action
becomes

XX Iy,
/dT XPan +m/P[A] —|—q/P[n], (3.20)

where the details of f are absorbed into a constant g, P refers to the pullback of a form
on M to the worldline, and we recognize the usual U(1)-invariant “electromagnetic”
coupling in the P[A] term. Observe that if one chooses T such that XPn, = 1, then the first
term is effectively the ;mo? kinetic energy of a point particle.
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3.3 An aside on Galilean-invariant gravitation

We now have an algorithm to determine U(1) and Milne-invariant tensors via the null
reduction. With this technology, there is a toy problem we can efficiently attack: namely,
imagine promoting (a subset of) the Newton-Cartan data to be dynamical fields, and
writing down the most general low-derivative effective field theory that describes their
dynamics. Suppose we let the Newton-Cartan data (ny, h*v, ok, A},) be dynamical. This
would be a sort of Galilean-invariant gravitation.

To our knowledge, there are a variety of papers which study this toy problem, none
of which derives field equations from the most general two-derivative action consistent
with the symmetries of the problem. It seems that the reason for this oversight is that
most of the literature on this subject is focused on Newtonian gravity, rather than effective
field theory. The equations of motion we find below do not yield Newtonian gravity.

From the previous Subsection, there are no invariant scalars with zero or one deriva-
tives, and there are two independent scalars with two derivatives, R and (F")2. (Here we
assume that parity is preserved, so that we do not include scalars with an epsilon ten-
sor.) So the most general two-derivative effective action that describes Galilean-invariant
gravitation is

SGal = /ddxﬁ {1626 (R—2A)+ 4;2(1?”)2 - (9(83)} : (3.21)

It is easy to verify that the Euler-Lagrange equations that come from varying the NC data
are not those that arise in the Newtonian limit of GR.

4 “Weyl invariance” and Schréodinger symmetry

In certain field theories the Galilean symmetry is enhanced to its conformal extension,
known as the Schrodinger group. Recall that the Schrodinger group has a dilatation
subgroup under which time scales twice as much as space, that is Schrodinger-invariant
theories are characterized by a dynamical critical exponent z = 2. There are other examples
of scale-invariant, Galilean-invariant theories with z # 2. In any case, we would like to
understand non-relativistic conformal symmetry in the same way as relativistic conformal
symmetry, which we remind the reader is invariance under coordinate reparametrizations
as well as under Weyl transformations of the background metric.

4.1  Weyl rescalings of Newton-Cartan geometry

Our proposal is that in order to couple Schrodinger-invariant field theories to curved
spacetime, we must couple to a Newton-Cartan structure (ny, hHv ok, Ay) in a way that
is invariant under reparametrizations, Milne boosts, u(1) gauge transformations, and
“Weyl” transformations

ny — emny , BV — o721 ol — e 2k Ay — Ay, (4.1)

25



where () is a general function on M. These rescalings preserve the defining relations
h*'n, = 0, &c of the Newton-Cartan structure. There is an immediate generalization of
this proposal for Galilean-invariant, scale-invariant theories with z # 2. Namely, couple
to a Newton-Cartan structure so that the theory is invariant under the modified “Weyl”
transformations

ny — eZQnH , W — e 20pm ot — e

o, A, e84, (4.2)
The peculiar transformation of A, when z # 2 is required in order for the Weyl and Milne
symmetries to generate an algebra. However, this is not completely satisfactory, as then
the Weyl and U(1) gauge symmetries no longer generate an algebra. So we henceforth
restrict ourselves to consider z = 2.

4.2 Relation to the Schrodinger algebra

In the same spirit as in Subsection 2.4, we would like to perform a couple of sanity checks
on this proposal. First, we will recompute the global symmetries of the flat Newton-
Cartan structure where we now include the action of Weyl transformations. For z = 2, the
symmetry algebra should be the Schrodinger algebra.

Collectively denoting an infinitesimal reparameterization, Milne boost, U (1) gauge
transformation, and Weyl transformation as xy = ((Z”ay, Pudxt, A, Q), the action of 4, on
the Newton-Cartan background is

S Mt = £zht" — 200 h*Y = ¢PO MM — hHP0,CY — h'Po,gH — 2Q0 WY,
00t = £e0t + Wy, — zQ 0t = §Vo, 0t — 09, ¢F + W p, — 2Q00F,
OxAp = £e Ay + Pty + 0y A = §9y Ay + A0l + Pitpy + 0, A

(4-3)

These transformations generate an algebra [6,,, 6,,] = Oxpz With X(12) = (Cﬁz]aﬂ' q;lel dxt, Apog, Qo))
given by

Clia) = £,85 — £,81 = ¢{auCh — §50u8T,

12
P = £ 0 — £ = SO + W0 — 30,0} — WLAES,

Apg) = £ M0 — £, A1 = gi’ay/\z — 65’8;,/\1 ,
Oy = £5,0 — £, = §19, 00 — §50, 0 .

(4-4)

The global symmetries of the flat Newton-Cartan structure on IR are generated by
those infinitesimal transformations K for which dx annihilates the structure. Recall that
the flat structure is specified by n,dx" = dx", h"9, ® 9, = 09; ® dj, v"d, = do, and
A = 0. It is easy to show that the space of such K is finite-dimensional for d > 1 and is
spanned by

H = (—80,0, 0) ’ Pl - (_ailol 0/0) 7 (4‘5a)
Rij = (xjai — Xia]', 0, 0, O) P Ki = <_xoaiz _dxi/ xir O) s (45b)
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M =(0,0,1,0), D = (2x%9 + x'9;,0,0,-1),  (4.50)
) ) L 42
C= (-(xO)ZaO — x%79;, —x'dx’, xz,x0> . (4.5d)

We compute the brackets of these generators by (4.4), and find that they satisfy the
Galilean algebra (2.22) along with the extra commutators of D and C. The latter are given

by

[H,D] = 2H, [P, D] = P, [K;, D] = —K;, (4.6)
[D,C] =2C, [H,C] =D, [P, C] = —K;,

~

with all other commutators vanishing. (2.22) and (4.6) are just the brackets of the
Schrodinger algebra expressed in a basis of anti-Hermitian generators.

4.3 Conformally coupled free fields

As a second sanity check, we would like to exhibit a free field theory coupled to M
which is invariant under reparameterizations, Milne boosts, U (1) gauge transformations,
and now Weyl transformations. So we return to the free field theory of a complex scalar
coupled to M (2.24),

il i h#v
Seov = /ddx\/»{ —Y'D ‘Y— MDi‘F+Dj‘P} .

In Subsection 2.5 we showed that this theory is invariant under reparameterizations,
Milne boosts, and U(1) gauge transformations. In order to also be invariant under Weyl
transformations, we require z = 2 so that v transforms with the same weight as #*". Note
that /7 transforms under Weyl transformations as

VY = im0 A (4.7)

s0 S¢op is invariant under position-independent Weyl rescalings (4.2) provided that ¥ also
transforms as
_d=10)
¥Y—e 277, (4.8)

and the same for ¥*. However S, is obviously not invariant under general Weyl rescal-
ings. The remedy is to add a term to the action which couples ¥ to the background
curvature, analogous to the conformal mass coupling in relativistic quantum field theory.

In this instance, this is more than analogy. Recall that we can obtain S., from a
null reduction of the free field action (3.18) in one higher dimension, where ¢ carries
momentum m along the extra null direction. Now, note that in terms of the d + 1-
dimensional metric in (3.1), the Weyl transformation (4.2) for z = 2 is just a higher-
dimensional Weyl transformation

G — 2© (Znydx”(dx_ + Aydx") + h;,vdx”dxv) : (4-9)

As a result, the action of a conformally coupled free field ¢ carrying momentum m in the
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null direction reduces to the action of a free ¥ conformally coupled to M. This is

_ 1 d MN + t _ d—1
Sconformal - %/d x\/g{G aM(P aN(l)+€Rq) QD} ’ g - W/ (4'10)

where R is the Ricci scalar curvature of the d 4+ 1-dimensional metric G in (3.1). Note that
the scale dimension of a free relativistic scalar in d + 1 dimensions is 45!, which is exactly

the weight with which ¥ scales here. This action has been obtained previously in [23].

5 Currents and Ward identities

As a basic application of our machinery, we now define various symmetry currents
conjugate to the Newton-Cartan data (ny, hHv, oH, Ay) and compute Ward identities for
them. We express all of the Ward identities in terms of the U(1)-invariant, but not Milne-
invariant derivative defined from the connection I' in (2.3). Our results in Subsections 5.1
and 5.2 have a great deal of overlap with those obtained in [6]. However, there are some
differences between the two analyses, as we detail in Subsection 5.2.

5.1 Constrained variations

When defining the various currents and stress tensor, we will vary the generating func-
tional W with respect to the background fields (nﬂ, hv, o#, AP,). However, these variations
cannot be arbitrary: they must be consistent with the relations

1’114]/1;“/ — 0, n;ﬂJ‘u — 1 , ’U]/lh]'ﬂ/ - 0, hﬂphl/p - P;{ .

As a result, choosing to let the variations of 1, be arbitrary, the variations of (hMv, vk, hw,)
are constrained. For instance, we have

6 (n,oM) = otény, +nyéot =0, (5.1)

from which it follows that
oot = —ovMvVén, + PlovY, (5.2)

where 00" is unconstrained. Similarly we have

SHW = — (UﬂhVP + vVhP‘P) (Snp + PKP:T/(SITIPU,

. (5-3)
Shyy = — (nuhyp + nyhyp) 60° — hyahygoh™F

where §h" is unconstrained.

We define connected correlations of operators through the variations of the generating
functional W with respect to the conjugate background fields. We take the gauge field
Ay to be conjugate to the particle number current J#. The velocity (or more precisely, the
unconstrained variation thereof) is conjugate to momentum P,,. The clock covector n,, is
conjugate to the energy current, and the spatial cometric h*" (again, the unconstrained
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variation) to be conjugate to the spatial stress tensor T,,. In an equation, we have

SW = /ddxﬁ {Mygf*) — 60" (Py) — ony (EF) — ‘m;v <Tw>} , (5-4)

where (P,) and (T},) are transverse.

5.2 Ward identities for one-point functions

In order to obtain the Ward identities, we require (5.4) as well as the variations of the
(ny, h*v, gH, Ay) under the local symmetries. For now, we will take the magnetic moment
gs of Subsection 2.6 to vanish, and restore it below in Subsection 5.6.

The derivation of the Ward identities is straightforward, so let us present the main
ingredients that go into their computation. First, one needs the variations of the NC data
under an infinitesimal reparameterization, Milne boost, and U(1) gauge transformation
X = (", ¢, A), which may be found in (2.18). For example,

Ony = £gny = —FP’[“VCV + Dy (¢"ny) , (5.5)

where F" is given by
F;}V = 0ty — Oyny, .

We then plug the infinitesimal symmetry variations (2.18) into the variation of W (5.4),
and use that W is invariant under the action of the symmetries

5W =0. (5.6)

Schematically, one uses (2.18) and (5.4) to write the variation J, W as

5 W = /ddxﬁ{Aj—i—h”"l/Jva +ET) (57)

from which the Ward identities are simply J = 0, P, M, =0, and 7, = 0.

The gauge parameters A and ¢# appear through their derivatives in the symmetry
variations (5.5). So to proceed we must integrate variations of the gauge parameters A
and ¢* by parts. Using

ay\ﬁ = ﬁrvvy ’ (5-8)
and following [6], we define
Gy =T" = —Fj0", (5.9)

so that for any vector field v* we have

1% v v 1 1
(Dy—Gp) 0" = [0 + TV — (TV — TV0) ] 0¥ = Waﬂ (Vv") , (5.10)

which gives the integration by parts formula

/ddxﬁ (D, — Gy) v* = (boundary term) . (5.11)
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We may now proceed efficiently.
After some computation, we find that the full set of U(1), Milne, and reparameteriza-
tion Ward identities for (J*, Py, EF, Ty, ) are

(5.12)
= ot (EAE") — Eul")) — 3 (DM 4+ D'oH) (T),

= 0'D*(Py) = Dy (v"(PH))) + Fu (J") = (F")F0(EY) .

(D}’ o gﬂ) <€H
(Dy = Gu) (T

The first line is the U(1) Ward identity, the second stems from Milne invariance, the third
is the longitudinal component of the diffeomorphism Ward identity, and the last the
transverse part. Further, indices are raised throughout with h#*".

There are two minor differences between the final result (5.12) obtained here and that
in [6], both of which stem from the same fact. As we explained at the end of Subsection 2.7,
in Son’s “general covariance” one can combine A, u;, and u?> (where we remind the
reader that u; and u? are secretly components of /i, in a particular coordinate system)
to obtain a new U(1) connection A, (2.45). This new connection has the virtue that it
transforms like a one-form under Son’s non-relativistic diffeomorphisms.

However, as we pointed out in Subsection 2.7, there is no generally covariant version
of A,. That is, A, does not exist in Newton-Cartan geometry. Our reparameterization
Ward identities then differ from those in [6] in that (i.) our field strength is the curvature
of A, whilst theirs is the curvature of A, and (ii.) our current J¥ is conjugate to A,
whilst theirs is conjugate to A,,.

5.3 Milne variations of currents

The various currents and stress tensor defined in (5.4) have non-trivial transformation
laws under Milne boosts. For instance, the momentum current has a Milne variation
which is determined by the variations of /,, and (J#) via the Milne Ward identity (5.12).
We will presently determine the variations of (J*) along with the transverse variations
of (73},) and <TPV>' Because the momentum current, spatial stress tensor, and energy
current are defined through constrained variations of W, our method is not sufficiently
refined to directly compute the longitudinal variations of () or (T},), nor the variations
of the energy current. Rather, we obtain the variation of energy current at the end of
Subsection 5.5 using the Milne-invariance of the Ward identities.
To proceed we exploit the Milne-invariance of W,

Wlny, b, o', Ayl = W = Win,, b, (v)*, (A"),], (5.13)
which implies that

ShHv

SW = /ddxﬁ {5A%(]”> — 50 (P,) — Ony (EF) — (Tw,>}

- (5.14)
= [t {0y = 80Py — onder) = T T
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Using (v')" = o¥ + h*yp, and (A'), = Ap + Py — In,p?, we find

— 1 -
5(0" ) = sat + Shp,, S(A")y =6A, —ny (55”1,% - 25thlI)V¢?p> : (5.15)

Substituting into (5.14) we obtain
g =Jm, (5.16)

and

(PH)! = (PF) = W ynp(JF),

v\/ v v, v 101.V0 " (517)
(TH)" = (T") = ((PH)R' + (PY)RM®) o + B R o ipona (J°) -

Note that the Milne variation of (PP#) is exactly what we get from the Milne Ward identity
(PH#) = PH*,(J") upon using that the U(1) current is Milne-invariant. From (5.16) and (5.17)
we define a Milne-invariant stress tensor

(TH) = (T) + (PH)o" + (P1)ol + o'o"ny(JF) , (5.18)

which will be rather useful below and in our companion papers.

5.4 Weyl Ward identity

Recall our proposal in Subsection 4.1 for the coupling of scale-invariant, Galilean-invariant
field theories to M, namely to impose invariance under the action of “Weyl” transforma-
tions (4.2). The corresponding Ward identity comes from 6oW = 0, where 6 denotes the
action (4.3) of an infinitesimal Weyl transformation. For z = 2 this readily gives the Weyl
Ward identity

2n,(EF) — W (Tyw) = 0. (5.19)

5.5 Ward identities, simplified

In obtaining the reparameterization Ward identities in (5.12), we did not use the Milne
Ward identity. We presently use it and the Milne-invariant stress tensor (5.18) to dramati-
cally simplify the result.

After some straightforward manipulations which frequently involve the decomposi-
tion

1 1
Dy’UV == —TZ”EV + EB],L]/ + 0_]4]/ + ﬁpﬁﬁ, (5.20)
where
E],{:Pyyvv, BVV:P]SP](/TFPUI
1 2
1.9 - DV'UH, (T‘MV - E <D‘MUV + DVU‘u - d—lhi/wﬂ> ’
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we find that the reparameterization Ward identities in (5.12) simplify to

(DH B gﬂ) <514> = gH<5P‘> - hp(yDv)vp<Tw> ’

(Dy — Gy) (TH) = —(F")F,(EY). (5.21)

Using n, (T"') = (J'), the U(1) Ward identity is just the longitudinal part of the stress
tensor identity,

My (DV _gv> <TW> = (D;t - gy) <]H> =0.

With (5.21), it is easy to tie up the remaining loose end from Subsection 5.3 and
compute the Milne variation of (/). Using that (7#") is Milne-invariant and the Milne
variation of the connection (2.14), the left-hand-side of the stress tensor Ward identity has
a Milne variation

Ay [(Dy = Gu) (TH)] = (8T py) (T*")

1 (5.22)
= (B (25 = i) ().
Comparing with the right-hand-side of the stress tensor Ward identity, we find
U\’ _ U © 1 2 uv
(ry = (") — (Pl — smap? ) (T™). (523)

5.6 The story at gs # 0

So far we have derived Ward identities and Milne variations of the currents in the absence
of a magnetic moment coupling gs. We will now do so for gs # 0, where we remind the
reader that the Milne variation of A, is modified as (2.31)

1
(A" = Ap+ Py — En“¢2 + nyﬁevf"fay (noP5ps)

The U(1) and reparameterization Ward identities in (5.12) did not depend on the Milne
variation, and so they are unchanged. But now the Milne variation of W is modified as

oW = [ ey { [P+ S5 m,em7d, (npP2y) | () = 19, (P) } (524)
= /d3x\fh”"lpy{ vp [(Ip> 8 sp"‘a (n U(I"))] = <73V>} + (boundary term),

where we have used that /7y e*P7 = ¢*P7 is just the epsilon symbol along with e/’ = e np.
So the Milne Ward identity becomes

(P =l { (') = B3, (na (1)} (5:25)

We deduce the Milne variations of (J#), (P,), and (T,,) via (5.14). Setting the vari-
ations of 1, to vanish as we are not computing the Milne variation of (£*), we now
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have

1 .- ShVPh
5(A/)H = (SAH —ny <5z}"4;v + 25hVPl[)lep> + nyf—;%gﬂéﬁ?aa (nﬁp,‘;¢5) , (5.26)

apy — e

where we have used that ¢ 5 with €*P7 the epsilon symbol, the variation of the

measure for én, = 0 is

5\ 1 1 .-
and no term comes from the derivative by virtue of <5PiyS = —60°n,,. The same logic that

led to (5.17) now gives the transverse Milne variations of the momentum current and
stress tensor, which in turn gives

(PH)! = (PF) = W punp(J°),
(TH)" = (T") = ((PM)R' + (P*YR) p + WOR pgpona (J°) (5.28)

+ hHVfT;g“ﬁVBa (nﬁPiYsllJ(s) no(JF) .

This implies that the object (7") we defined in (5.18) is no longer Milne-invariant for
gs # 0. Its variation is

(THY =(T") + h’“’f—;s"‘maa (@Pé%) np(JF). (5.29)

Note that the variation of the momentum current in (5.28) is what follows from the Milne
Ward identity (5.25) upon using that (J*) is Milne-invariant.

6 Discussion and outlook

In this work we have sought to answer the question of how to couple Galilean-invariant
field theories to a background spacetime M. Our proposal is that one couples the theory
to a Newton-Cartan structure, which is parameterized by the data (n,, h*",v", A;,) on M.
Here n,h*" = 0, v#n, = 1, A, is a U(1) connection, and the covariant derivative is defined
through (2.3). In coupling the theory to this data, one should maintain invariance under
coordinate reparameterization, U(1) gauge transformations, and the Milne boosts (2.12).
This last transformation is a spatial vector’s worth of shift symmetries, which imposes the
covariant version of Galilean boost-invariance.

This proposal passes several tests. In Subsection 2.4, we recovered the centrally
extended Galilean algebra as the isotropy algebra of the flat Newton-Cartan structure on
RY. Galilean field theories can be covariantly coupled to M as in (2.24). The infinitesimal
form of the reparameterization/U(1)/Milne symmetry transformations reduces to Son’s
non-relativistic “general covariance” [4], even with a magnetic moment [5, 6], upon
gauge-fixing the Milne boost symmetry. See Subsection 2.7 for details.

A somewhat orthogonal check on our proposal comes from holography. In Section 3
we found that Newton-Cartan structures subject to the Milne symmetry come from the
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boundary geometry of asymptotically Schrodinger spacetimes. So the field theory duals
to quantum gravity on Schrodinger spacetimes (see [4, 8]) naturally couple to Newton-
Cartan geometry with a Milne-invariant partition function. Somewhat relatedly, as these
field theories are often conformal, we also proposed that scale-invariant Galilean theories
coupled to M are invariant under a “Weyl” transformation (4.2) of the Newton-Cartan
data.

With the background fields and symmetries in hand, it is easy to derive Ward
identities for the one-point functions of the energy current, stress tensor, &c, as we did
in Section 5. For the most part, these agreed with the results recently obtained in [6],
and the differences can be traced to the fact that one can form tensorial invariants of the
non-relativistic “general covariance” in [6] which are not tensors of the Newton-Cartan
geometry. We also used the underlying Milne invariance to compute the Milne variations
of one-point functions and to greatly simplify the Ward identities, as in (5.21).

We conclude with some open questions and obvious directions for future work.

1. Many Galilean-invariant field theories are the ¢ — oo limits of relativistic field
theories. How is the ¢ — oo limit related to what we have done here? Does a Newton-
Cartan structure automatically appear in that limit, replete with the derivative (2.3)
and Milne boosts?

2. There are also holographic questions. In Section 3 we showed that a Newton-Cartan

structure with the symmetries above appears in the reduction of Lorentzian d + 1-
dimensional manifolds along a null isometry. So the field theory duals to quantum
gravity on asymptotically Schrodinger spacetimes naturally couple to Newton-Cartan
geometry. In particular, the Milne boosts (2.12) correspond to an ambiguity in the
identification of the Newton-Cartan data from the d + 1-dimensional metric.
If our proposal is correct, then Milne boosts must act on the boundary geometry of
all gravity duals of Galilean-invariant field theory. Recently, it was claimed [24, 25]
on symmetry grounds that Horava-Lifshitz gravity [26] on spacetimes with certain
asymptotics is holographically dual to some Galilean-invariant field theories. In
particular, [24] showed that the boundary geometry is comprised of the various
background fields appearing in Son’s non-relativistic “general covariance” and that
bulk symmetry transformations with support at the boundary act as Son’s non-
relativistic diffeomorphisms on that data. If the claim of [24, 25] is correct, then there
must be a whole Newton-Cartan structure on the boundary of these gravitational
backgrounds, complete with invariance under Milne boosts. The simplest example
of the Horava-Lifshitz holography arises from a null reduction of Einstein gravity on
AdS; 1, so in that case there will indeed be a Newton-Cartan structure and Milne
invariance. The question is whether the more general Horava-Lifshitz gravities lead
to this boundary geometry.

3. Relatedly, there are consistent string theory embeddings of quantum gravity on
so-called “Lifshitz” spacetimes (introduced in [27, 28]), dual to non-relativistic field
theories without Galilean boost invariance. What is the boundary geometry in this
case?® In field theory terms, what is the correct geometry to which one should couple
a non-relativistic field theory without Galilean boosts? A potential answer to this

8 After this work was completed, two works appeared [29, 30] which argue that this boundary geometry is
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question was given in [1] (which we reviewed in Subsection 2.8), which amounts to a
Newton-Cartan structure (ny, h*,v#) where all of this data is covariantly constant.
We are very sympathetic to this proposal, and would like to see it verified or ruled
out by a holographic analysis.

. What is the Galilean-invariant version of a spinor on M? Perhaps one can define a
Galilean spinor through the null reduction we mentioned above, provided that the
higher-dimensional Lorentzian manifold is spin.

. Consider a gapped Galilean theory at zero temperature, coupled to M such that the
Newton-Cartan data varies over length scales parametrically longer than the inverse
gap. The low-energy effective action may then be expressed as a local functional in a
gradient expansion of the background fields. Recently, there has been a great deal of
attention devoted to this gradient expansion for topologically non-trivial phases of
matter in two spatial dimensions (a partial and somewhat idiosyncratic list of such
work is [1, 2, 5, 6, 31-34] and references therein). There one can form Chern-Simons
terms out of the background fields, e.g. A A dA, which encode transport phenomena
of the edge states on the boundary of a finite slab of such material.

These effective actions must be invariant under the symmetries of the problem. In
the Galilean-invariant context, Son’s non-relativistic “general covariance” has been
used to parameterize the most general low-energy effective action. So presumably
the effective actions appearing in e.g. [31] can be written in a way that is invariant
under coordinate reparameterizations, U(1) gauge transformations, and Milne boosts.
However, there is a puzzle in that we have yet to find the Milne-invariant version
of the topological terms appearing in these works. The Chern-Simons term A AdA
illustrates the puzzle nicely. The Milne variation of this term at g = 0is 2® AdA +
® A dP where

P = (P;flpv - inylpz) dx". (6.1)

We have yet to find a U(1) and reparameterization-invariant term which can cancel
this Milne variation. Similarly, we have yet to see how to redefine the Chern-Simons
three-form built out of the gravitational connection (2.3) in a way that is invariant
under U(1) gauge transformations and Milne boosts.

At least when g; = 0, it should be possible to construct such a Milne/U (1)-invariant
Chern-Simons term from the null reduction of a Lorentzian manifold in one higher
dimension, as we describe in Subsection 3.2. We expect that the Chern-Simons term
is encoded in an identically conserved vector built out of the higher-dimensional
background.

. Relatedly, it should be clear that one cannot take various results about Chern-Simons
terms and anomalies from relativistic field theory and naively apply them in the
Galilean-invariant setting. We further underscore this point below, but for now we

NC geometry in a similar sense to what we have described, and in particular there is a “hidden” Galilean
boost symmetry. It is our opinion that these works represent several steps in the right direction, but that
there are some remaining puzzles surrounding the particle number symmetry that should be solved before
accepting this conclusion. Should these puzzles be resolved in such a way that these authors” conclusion is
unaltered, i.e. theories of gravity on “Lifshitz” spacetimes are dual to Galilean theories, then we must ask:
what sort of gravitational theory is dual to a non-relativistic theory without the Galilean boost symmetry?
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explain our concern with an example. There is a folklore theorem (see e.g [35-38]) in
the condensed matter community which implicitly assumes that many features of
anomalies in relativistic field theory are present in non-relativistic theories. The claim
is that the thermal transport on the boundary of a two-dimensional topologically
non-trivial phase is governed by a gravitational anomaly on the edge, signaled in the
bulk via a gravitational Chern-Simons term in the low-energy effective action. This
chain of logic is fraught with peril. In order to verify it, one must do three things.
First, one should obtain the U(1) and Milne-invariant completion of the gravitational
Chern-Simons term. Second, one must verify whether the boundary variation of said
Chern-Simons term indeed corresponds to an anomaly on the edge. That is, one
must see whether that variation may be removed by the addition of a suitable local
counterterm on the boundary. Finally, one must use the symmetries of the problem
to relate the anomaly to thermal transport. However the only non-perturbative
arguments of this sort are those used in [21, 22] for relativistic field theory. Those
works crucially employed Riemannian geometry and so do not obviously generalize
to the Galilean setting.

. There are two other questions about Galilean field theory which we tackle in our
companion papers [39, 40]. The first is to revisit these theories at nonzero temperature,
and the second to initiate a study of anomalies in the context of Newton-Cartan
geometry. At nonzero temperature, we recast non-relativistic fluid mechanics in
a manifestly reparameterization, U(1), and Milne-invariant way, which we then
couple to M. As a useful example, we determine the first-order hydrodynamics of
parity-violating systems in two spatial dimensions, which end up looking rather like
the corresponding results [41] for relativistic hydrodynamics in the same setting. We
also construct the hydrostatic thermal partition function using the same logic as in
relativistic field theory [42—44].

In the second companion paper, we explore two potential classes of anomalies. The
first are pure Weyl anomalies for z = 2. Exploiting the map in Section 3 between
the Newton-Cartan data and a metric on a higher-dimensional manifold with a null
isometry, we efficiently solve the Wess-Zumino consistency condition to determine
the spectra of potential Weyl anomalies. We do so in detail for theories in two spatial
dimensions. We also consider potential flavor and gravitational anomalies. Our
approach is selective: we study the anomalous variations that would be natural in a
holographic setting, corresponding to Chern-Simons terms in a dual gravitational
description on asymptotically Schrodinger spacetimes. However, it turns out that
these anomalous variations can be removed by the addition of a suitable local
counterterm, which we compute via the transgression machinery of [45]. However
this counterterm violates the Milne symmetry, in such a way that cannot be removed
by the addition of any other local counterterms. So these Chern-Simons terms do
correspond to mixed anomalies in the NR theory, where the anomalies are “mixed”
between the flavor/gravitational symmetries and the Milne symmetry.
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A Details of Newton-Cartan geometry

A.1 The covariant derivative and Milne variations thereof

Here we justify various results quoted in Subsections 2.1 and 2.2. We begin with the
covariant derivative D, given the Galilei data (1, h*"). To define D, we also introduce
v satistying n,0" = 1 and so hy,, via (2.2). We demand that this derivative is compatible
with (n,, h*"), that is

Dyn, =0, D, =0, (A.1)

as well as that the spatial part of the torsion T#,, = I'*,, — I'*;, vanishes, i.e. h,,T?,, = 0.
To determine the constraints this imposes on the connection, we decompose I'*,, into
components along and perpendicular to n via

Ty = 0" (To)up + 1 (Th) gup - (A.2)

Spatial torsionlessness implies that (I';)svp = (I')opv- Demanding that 7, is covariantly

constant, we find
D”ny = ayn]/ — ].—‘p]/],lnp - ayny — (FU)]/F - 0, (A.3)

which immediately gives
(To)vp = Ouny . (A.g)

This also demonstrates our assertion that we cannot simultaneously maintain the con-
stancy of 1, and torsionlessness of the derivative when 7, is not closed.
Covariant constancy of 1" is then equivalent to

havhgoDyh"® =0, (A.5)
as nyD,h"? = —h"?Dyn, = 0. Simplifying, we have
0= hwhﬁprhw = havhpp (ath + IV hP + Tpgyhvg)

= —PYP{oyhy, + 2p§"p§> (Th)von

(A.6)
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where we have used

bl = hey [0y (hgeht?) — W00, ] =~ — BE (P +0%ng) Qg

) v us o (A7)
— n‘B (_hp(y+Pahpy) a;ﬂ] _P“Pﬁayhyp = _P(XP‘Bayhvp.
Using that (I';) o = (I'i) pv, (A.6) can then be solved to give
1
(Tn)pvp = 5 (9uvhyp + Ophyy — Ouhyp) +n(,Fpy,,  Fow = —Fy. (A.8)

At this point, F is an arbitrary antisymmetric tensor. Putting the pieces together, the
connection is the result we quoted in (2.3),

1
Iy, = vMopn, + Eh}"’ (9vhop 4 Bphoy — dohyp) + H' 1, Fpy, . (A.9)
Next, we compute the antisymmetric part of the derivative of v#. We have
2hy(, Dy0f = hpy (9,0 + TP 07) — hpy (040" 4T 5,07
= 0 (Byhtvp — Bultup) + 07 (P (Th)aow = P (Th)acy )

= 20°3y, ), + 07 (a(,h[,w] + 0ty — a[ﬂhv]g)

(A.10)
— %P (aahﬁ[vnm + n[ﬂav}haﬁ — aahﬁ[vnm) + Pﬁth]a + v”Pﬁan}Fga
= ~Fu =" (n[VFV]a = Faputt) + ”[ﬂnvlvﬁp"‘ﬁ>
= —Fy.
This implies that
FFyo¥ = —0"Dyof + vt'n,Dyof = —oF — oo’ Dyn, (A1)
—_—
where we have defined the geodesic acceleration
ot = v'D, ot . (A.12)

Raising the indices on both sides of (A.10) with h*¥, we find that the curl of the velocity is
D#vY — DYoot = F*, (A.13)

where D' = h""VD, and F' = h*?h"F,,. Putting these together, we see that the necessary
and sufficient condition for F,, to vanish is if " is both geodesic and curl-free. In this case
the Newton-Cartan structure is called a Newton-Cartan-Milne structure [14].

Next we obtain the variation of the connection I'*,, under Milne boosts. The velocity
and hy, transform under the boost as (2.12a) and (2.12b), and we leave the variation of
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A, arbitrary. Then the variation of I'#,,, which we notate with a Ay is given by

Ayt = W' Ps0,n, + %h”" [81, (—(—in(‘}‘ + ne Py ) o + npnggbz)
+3p (= (1P + 1P+ 1o ?) = B (= (P + 1, P+ mmy?) |
+ 1 (1A AgAg) + 1 By Ao
= ht { (a[an]Pg‘ + 9oty Py + a[anP]Pﬁ‘) Yo — %BU (n,,npgbz)
+1, (a[p (BpAs = P + ;apngl;ﬂ) (A1s)

1
+n,0 <a[v (AlIJAU] — P[D;]lp,x) + zavnlﬂl)z)}
1102
= h'v { <a[p”v]Pg + 91y Py + a[anP]PS) Pu + ) (n’/a[PnU] + npa[vi’lg])

1 1
The expression in the last equality is the one (2.13) which we quoted in the main text.

A.2 Properties of the curvature tensor

In terms of the connection one-form I'*,, = I'*,,dx, the curvature tensor R*,,; is equiva-
lent to the curvature of I'*,,
Rf, =dIt, +TH, AT, = %R”Vpgdxp Adx”, (A.15)
which immediately leads to the Bianchi identity
DR¥, =0. (A.16)

Here we have implicitly defined the exterior covariant derivative D which acts on matrix-
valued two-forms as DR¥, = dR*, + [I', R]",. The covariant constancy of n, and h"¥ also
implies

n‘llRul/‘DU = _[Dp/ DU]”V =0,

(A.17)
HPWRY) g = %[Da,Dﬁ]hV" =0.

We now turn to the Newtonian condition, which we discussed at the end of Subsec-
tion 2.1. After some straightforward and tedious calculation using the definition of the
connection (2.3), we find that the Riemann curvature obeys

Rk = %h”"‘h“ﬁn(v(d}")g)aﬁ +2(FM) o by s Do (A.18)
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where we remind the reader that we have denoted

So when dn = F" = 0, demanding that the left-hand-side of (A.18) vanishes imposes
dF = 0. The analogous condition at dn # 0 is

R[u(vp]g) —2(FM¥ i) hva]”(uha)ﬁDvUﬁ =0, (A.19)

which we find rather unenlightening.

B A detailed comparison with Brauner, et al

In this Appendix we compare our construction of Newton-Cartan geometry with the
proposal for coupling Galilean theories to M outlined in [18]. We do this in steps. First, we
review the basics of the coset construction of nonlinearly realized symmetries, including
an alternative approach to Riemannian geometry. We then recap their work, compare
it with our own, and find that the two methods give different results. The work of [18]
seems more appropriate to describe the effective action of systems with spontaneously
broken spacetime symmetries. However, we find in the last Subsection that their approach
can be modified so as to give a coset construction of Newton-Cartan geometry, which
matches our results in Subsection 2.8.

B.1 Basics of the coset formalism

Consider a theory with a global symmetry group G which is spontaneously broken to a
subgroup H. The coset formalism is designed to compute the G-invariant tensors which
may appear in effective actions using the Goldstone modes of the symmetry breaking.
Another way of thinking about it is the following: given a theory which manifestly
preserves a symmetry group H embedded in a larger group G, one can add extra degrees
of freedom parameterizing a coset G/ H so that the full symmetry group is G.

Let us warm up with the case G = U(1), H = 1 for a relativistic field theory, as in the
abelian Higgs model. The coset construction involves two ingredients: (i.) the Goldstone
mode ¢ which transforms under local U(1) transformations as ¢ — ¢ + A, and (ii.) a
background gauge field A, which couples to the U(1) symmetry current. The Goldstone
mode only appears through its derivative via

Dyp =0, —Ay. (B.1)

Now consider a field theory whose effective action S,fs is a functional of D, ¢ alone,
rather than 9, or A, separately. Integrating over ¢ enforces the U(1) Ward identity, as

) =0. (B.2)

sS,
DMUH):Dy( 1 5W>:< 1 ff

V=8 0A, V=8 d¢

The coset construction generalizes the elements in this basic example. ¢ becomes a
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field y*(x) which parameterizes elements in the coset G/H. A coset is not usually a Lie
group in its own right, but its elements can be represented as elements of G. Let T, be the
generators of the Lie algebra of H and B, the remaining generators of the Lie algebra of
G. Also, suppose that G/ H is connected. Then elements of G/H may be represented as

UeG/H U = exp (iy"(x)Ba) , (B.3)

Group multiplication endows U with a left G action. For the G = U(1) example, G/H is
the Lie group U(1) and its elements can be parameterized as

U = exp(ig). (B-4)

The second ingredient is to introduce a connection A, valued in the algebra of G. The
final step is to define the Maurer-Cartan (MC) form, which generalizes D, ¢ above. It is

wye = iU (d—iA)U. (B.5)

In order to build actions which are invariant under G, one uses the components of the
Maurer-Cartan form rather than the connection .A. Under gauge transformations g(x) € G,
the connection transforms as

A= g(A+id) gt (B.6)

Meanwhile the y* transform in a non-trivial way which depends on the G action,

exp (i(y')*Bx) = g - exp (iy*By) . (B.7)

To see how this works, consider a case with an arbitrary G which is completely
broken. Then the coset is just G and the G action is just left multiplication. Under a gauge
transformation, the MC form is invariant

wype — iU g™ (gAg’l —igdg ™' + z'd) gU =il ' (A—id)U = wpc. (B.8)

So a theory whose effective action is a functional of wyc is indeed invariant under G
upon integrating out the coset fields y“.

B.2 Riemannian geometry from cosets

Following [18], we will now use this formalism to reconstruct (pseudo-)Riemannian
geometry. We will start with G = SO(d — 1,1), the Poincaré group and H its Lorentz
subgroup SO(d — 1,1). This is guaranteed to work. The tangent space to a point in M is
isomorphic to R? and in an orthonormal frame the metric is just the Minkowski metric 7 45.
Of course R? equipped with 1745 can be represented as the coset ISO(d —1,1)/SO(d —
1,1), where 743 is inherited from the invariant tensor 745 of the Poincaré group. So there
is a natural ISO(d — 1,1) action on FM.

We continue with the Poincaré algebra. It is generated by rotations R“ 5 and momenta
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P4, and we use 1745 to raise and lower indices. The algebra is defined through

[R5, RCp] =i <77ACRBD — 0AREE — 6SRAp + WBDRAC) ,

(B.9)
[RAB,Pc] = l ((SéPB — WBCPA> .
Elements of G/H ~ R can be represented as
U = exp (iyAPA> . (B.10)

Unlike in the usual setting, the y** will not be dynamical fields. They will instead serve as
a means to building a vielbein.
We parameterize the connection A as

1
A= pPy+ ECUABRBA, (B.11)
where w5 satisfies w? = —wB4. The MC form is
w_(A_dA_ABP }ARB_AP lARB B
mMc = \P y© —wTsy" ) Pat 5w R4 = " P+ 5w Ry (B.12)

where in the second equality we suggestively define a vector-valued one-form e” through
the expression in parenthesis. Under an infinitesimal gauge transformation

. 1
g =exp (l [AAPA + szBRBAD , (B.13)

with 948 = —vB4, the y4 and components of A vary as

(S)(yA — /\A - ,OAByB ,

Spt = dA — o5 fB 4 wApAB, (B.14)
Sywp = dolp + wlcvCp — vcwCp.
The last line gives the transformation rule for the spin connection, and substituting these
variations into the definition of ¢# in (B.12) gives the variation of ¢4,

5XeA = —vigeb. (B.15)

Two observations are in order. First, the elements of the MC form are invariant under

local translations A4. Second, in (B.14) and (B.15) we recognize the transformation laws

A
14

formalism gives us a vielbein and a spin connection and so the basic building blocks

of the inverse vielbein ¢/} and spin connection under local Lorentz rotations. So the coset

of Riemannian geometry, provided that the y are non-dynamical. When the y* are

dynamical, this formalism still gives a vielbein and spin connection, but in a way that is
ready-made to address aspects of spontaneous symmetry breaking.
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B.3 The comparison

In the same spirit let us now take G to be the centrally extended Galilean group. The
algebra is spanned by the generators of spatial rotations R’ j with R = —RJi, Galilean
boosts K;, time translation H, spatial momenta P;, and particle number M. We use 6" to
raise and lower spatial indices. Expressed in terms of Hermitian generators, the algebra is

[Rij, RN = i (6%Ry — 3R} — OFR] + 6 R™) ,
[Rij, B =i (8B — 6P , [Rij, K] = i (31K} — K7,
[P, Kj] = —ié;iM, [H,K;] = —iP;
with all other commutators vanishing. We collectively denote H and P; as P4, with Py = H.
The authors of [18] proceed by taking H to be the subgroup SO(d — 1) x U(1)
generated by R'; and M. Then the coset G/H is not a subgroup, as the remaining
generators (K;, P4) do not form a subalgebra. Moreover, the tangent space to M has

nothing to do with G/ H. Nevertheless the authors of [18] forge ahead by parameterizing
G/ H through elements of the form

U =exp (iyAPA) exp (iuiKi) , (B.16)

where as above the y* are non-dynamical. However and crucially, the u' are dynamical.
Parameterizing the connection A as

. 1 . .
A= pAPA + w'oKi +mM + EwljR]i/ (B.17)
with w’ = —w/, the MC form is

wue = (10 = dy’) H+ (p' = dy’ = wlay® + 1 (p° = dy) ) P+ (wlo — dus’ — iy ) K;

p’ —dy°

g 1 . .
5 u® + w”yiuj> M+ EwljR]i

+ <m — wW'olyi +uy®) +u' (pi — dy;) +
. 1 . .
= APy + Q'Ki + AM + EwljR]i/ (B.18)

where in the last line we have implicitly defined the vector-valued one-form f4, )/, and
A. Under an infinitesimal gauge transformation

' . 1. .
g =exp <1 [AAPA + 00K+ AM+ zvliji] > , (B.19)
with v/ = —v/, the yA, u', and components of A vary as
5XyA — )\A _ UAByB , 5}(1/[1' — viO _ vi],uj ,
5XpA —d\ — vABpB + wipAB, (5Xwi0 = dv'y + wijvjo — vi]wjo , (B.20)
Ooym = dA — viopi + Ajw'y, 5Xwi]- = dvi]- + wikvkj — vikwk]- .

43



From this we determine the variation of the components of the MC form
Suft = —0Pf®, 50T =00, GA=d(A-dy). (B.21)

Note that the fA, w'o, and wij transform in exactly the same way as the Galilean
coframe f4 and spin connection of NC geometry as we described in (2.56). So this
construction succeeds in that it gives a Galilean coframe as well as the various connections
(w' 4, A) of NC geometry. However, there are no Milne boosts.

The other major difference with our analysis is the following. For a local field theory
which couples to the coframe 4 and the (w';, A) components of the connection, the
dynamical field u' only appears algebraically in the action through those fields. Integrating
it out yields another local action invariant under the symmetries of the problem. Now
consider a local theory which couples to the w'y components of the connection. In the
construction of Brauner et al, those couplings would be introduced through (¥, in which
u' appears through derivatives. In this instance integrating out u' will not lead to a local
action. At best one might hope to make the u' parametrically heavier than the other
degrees of freedom in the system, so that the effective description at lower energies is a
local Galilean-invariant theory coupled to M. However it is not clear if the most general
Galilean theory may be coupled this way. In particular, it seems unlikely that Schrodinger
CFTs can be coupled to M using this method.

B.4 Newton-Cartan and Milne boosts from cosets

We now present an alternative use of the coset construction that will give NC geometry
without introducing additional, dynamical fields. As above, take G to be the Galilean
group, but now take H to be the subgroup generated by rotations R’;, boosts K;, and
particle number M. (This possibility was raised in [18] but not studied in detail.) Then
G/H is a Lie group isomorphic to R?, which as a vector space is isomorphic to the tangent
space to M. Moreover, the invariant tensors of the Galilean group descend to invariant
tensors 6" and 6% on the tangent space. These are the invariant tensors of NC geometry,
and so this construction is guaranteed to recover the NC structure.
We proceed by parameterizing the elements of G/H by

U = exp (iyAPA> : (B.22)

As in Appendix B.2, the y* will be non-dynamical fields which we use to obtain a Galilei
frame. Next we parameterize the connection A as

, 1 . .
A= pAPA +mM+ CUZ()KZ‘ + Ewl]'R]i, (B23)
so that the MC form is
e = (19 — dy®) H i dvt — i) P — W\ M i K li‘Rj,
me = (P’ —dy’) H+ (p' —dy' —w'ay®) P+ (m — w'oyi) M+ w'oK; + Sw'iRY;,

) 1 . .
= fAPA + AM+ wWoK; + EwljR]i , (B.24)
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where in the last line we have implicitly defined f4 and A. Under an infinitesimal gauge
transformation (B.19) the y* and components of A transform as

Syt = A4 — ohgyP, Syp = dAt —vfpp® 4+ wpAP, (B.25)

Sym = dA — v'op; + Miw'y, Syw'a = dv' s + w4 — 0w 4.

We remind the reader that v*4 and w®4 both vanish. From this we find the gauge
variations of the remaining components of the MC form,

S fA = —vhpfB,  SA=d (A - vioyi> — vlf;. (B.26)

Note that wy,c is invariant under translations A4. The f 4 and spin connection w4
transform in exactly the same way (2.56) as the Galilei frame and PGal(d) connection in
our frame formulation of NC geometry in Subsection 2.8. So the f4 defined here furnishes
a Galilei coframe on M. Finally, the gauge field transforms under Galilean boosts in the
same way as we found in our analysis at the end of Subsection 2.8, wherein we fixed the
0-component of the frame as F) = ov*. To summarize, the data (f#,w’4, A) obtained here
gives the building blocks of NC geometry, provided that we realize Milne boosts through
the action of PGal(d). However, note that w'j is not constrained as in (2.59). So this is a
slightly different version of NC geometry than that considered in this work.
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