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Abstract

The interplay between quantum theory and general relativity remains one of the main
challenges of modern physics. A renewed interest in the low-energy limit is driven by the
prospect of new experiments that could probe this interface. Here we develop a covari-
ant framework for expressing post-Newtonian corrections to Schrodinger’s equation on
arbitrary gravitational backgrounds based on a 1/c? expansion of Lorentzian geometry,
where c is the speed of light. Our framework provides a generic coupling prescription of
quantum systems to gravity that is valid in the intermediate regime between Newtonian
gravity and General Relativity, and that retains the focus on geometry. At each order
in 1/c? this produces a nonrelativistic geometry to which quantum systems at that or-
der couple. By considering the gauge symmetries of both the nonrelativistic geometries
and the 1/c2 expansion of the complex Klein—-Gordon field, we devise a prescription that
allows us to derive the Schrodinger equation and its post-Newtonian corrections on a
gravitational background order-by-order in 1/c2. We also demonstrate that these results
can be obtained from a 1/c? expansion of the complex Klein—-Gordon Lagrangian. We il-
lustrate our methods by performing the 1/c? expansion of the Kerr metric up to O(c~2),
which leads to a special case of the Hartle-Thorne metric. The associated Schrodinger
equation captures novel and potentially measurable effects.
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1 Introduction

General Relativity (GR) is a well-established theory that has been thoroughly tested in many
experiments [1], but all tests beyond the Newtonian limit so far have been limited to the
classical domain. Usually GR is required to describe physics at very large scales, such as in
astrophysical observations or cosmology, but for tests that interface quantum mechanics, lab-
oratory experiments are becoming increasingly relevant [2-7]. Several experimental routes
have recently been proposed to test how general relativity affects the quantum dynamics and
imprints signatures in genuine quantum observables at low energies and in the weak limit
beyond Newtonian gravity [8-14]. However, such tests in which GR interfaces quantum me-
chanics, and for which both theories are required, have not yet been realised as the relevant
scales are still difficult to reach. An exception is the Newtonian limit: one class of experiments
involves matter-wave superpositions in the gravitational field that experience a quantum phase
shift due to the presence of the Newtonian gravitational potential [2,4,15-17]. Another class
of such experiments are bound states in the Newtonian potential of Earth that results in a
potential well and discrete energy levels for the bouncing neutrons [18,19]. For such experi-
ments Newtonian gravity is entirely sufficient and is typically incorporated by the addition of
the Newtonian potential term in the Schrodinger equation.
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With the rapid advent of ever more precise measurements of gravitational effects in quan-
tum mechanical systems, developing a systematic framework that combines the laws of quan-
tum mechanics with General Relativity beyond the Newtonian limit is of major interest. We
stress that this is not a theory of quantum gravity, but rather a way to capture the gravita-
tional effects of the background spacetime on the quantum systems. Among the myriad of
applications of such a framework, let us highlight the effects of gravitational waves on quan-
tum systems [20], post-Newtonian phase shifts [8], entanglement generated by time dilation
in composite quantum systems [9], single-photon phase-shifts due to the Shapiro delay [10],
decoherence of quantum superpositions due to time dilation [11], as well as quantum formu-
lations of the Einstein equivalence principle [21]. While these effects can be described without
a systematic framework, some of them have only recently been predicted due to a new-found
focus on low energy systems, such as composite quantum systems in the presence of gravity
beyond the Newtonian limit [9,11,12,21,22]. This has sparked renewed interest in how low-
energy systems interface gravity [23-27] and how this may be probed. Such results highlight
the interest in a systematic exploration of this limit, as new and overlooked effects can arise
when complex quantum systems start interfacing this regime in laboratory experiments.

The purpose of this paper is to lay down the foundations of a covariant framework that
utilises recent advances in nonrelativistic geometry to construct a quantum mechanical the-
ory that takes into account gravitational effects that arise from fixed GR backgrounds. The
ultimate goal is to devise a coupling prescription that gives rise to the Schrédinger equa-
tion for the centre of mass degrees of freedom of a quantum system coupled to a fixed post-
Newtonian background geometry at any given order in 1/c. For both Newtonian gravity and
GR, such minimal coupling prescriptions are well-known: in the case of GR, minimal coupling
instructs us to replace the Minkowski metric with the background metric  — g, and to replace
derivatives with covariant derivatives & — V. For Newtonian gravity the minimal coupling
to Newton—Cartan geometry follows from coupling the wave function to the metric data and
mass gauge field of Newton—Cartan geometry in a manner that respects all the local symme-
tries of Newton—Cartan geometry (see, e.g., equation (117)). It is therefore natural to ask:
what is the analogue of minimal coupling for quantum mechanics in the intermediate regime
between Newton and Einstein? While a full answer to this question is likely to involve the
1/c expansion of the Poincaré algebra and its representations, this paper considers the! 1/c?
expansion of Lorentzian geometry and complex Klein—Gordon theory to construct a theory of
quantum mechanics on post-Newtonian backgrounds order-by-order in 1/c2.

The time evolution of the quantum mechanical wave function ¥ on R® is described by the
Schrodinger equation

i— =HV¥ 1
157 ; 1)

where we set i = 1. The Hamiltonian operator H encodes the kinetic energy and the potential
energy, and the simplest Hamiltonian that describes a particle of mass m in a gravitational
field generated by another body of mass M located at the origin is

1 GmM
H=——A—
2m r

, (2)

where G is Newton’s constant and A is the Laplacian. Quantum systems described by this
Hamiltonian exhibit gravitationally induced phase-shifts that have been measured with neu-
trons [15, 28] and atoms [2, 4, 16,17,29]. Such experiments confirm that the Newtonian
interaction can be included in the usual quantum formalism as above, in the same way as

For simplicity, we consider an expansion in inverse even powers of c. This is a subsector of the solution space
of the full theory, which would involve a 1/c expansion. Not all gravitational backgrounds admit a 1/c? expansion:
They may contain odd powers.
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any other potential. But one can also obtain the above Hamiltonian starting from a fully rel-
ativistic picture: Kiefer and Singh showed in [30] how the Klein-Gordon equation on curved
space-time leads to the above Hamiltonian in the weak-field and nonrelativistic limit. Building
on these results, Limmerzahl studied how post-Newtonian corrections and electromagnetic in-
teractions yield a modified Hamiltonian to first order in ¢ =2 in [31]. Such corrections can, for
example, yield modified phase-shifts [8] which are yet to be observed. More recently, compos-
ite quantum systems have also become of interest, where the internal dynamics is affected by
gravity through time-dilation and offers new prospects for experimental studies with quantum
delocalised systems. The relevant coupling can be derived by simply using the mass-energy
equivalence (or sometimes called the mass-defect) in the above mentioned results [9,11,23],
as also confirmed from first-principles derivations [24,25].

The basic lesson of General Relativity is that gravity is geometry: gravitational effects arise
due to the curvature of the underlying spacetime. This remains fundamentally true for nonrel-
ativistic gravity, where characteristic velocities are small compared to the speed of light. This
geometric perspective is not emphasised in the approaches outlined above, but maintaining a
geometric view helps highlight how fundamental GR concepts manifest themselves at the rel-
evant scale and illuminates how unique aspects of GR affect the quantum theory. This, in turn,
leads to a deeper understanding of how GR and Quantum Mechanics interface conceptually.

What does change in the nonrelativistic regime, however, is the notion of geometry. In
the case of General relativity, the underlying geometry is Lorentzian (or pseudo-Riemannian)
geometry. Nonrelativistic gravity, on the other hand, is described by non-Lorentzian geometry
of Newton—Cartan type. Originally developed by Cartan more than a hundred years ago to
provide a geometric framework for Newton’s law of gravity [32, 33], Newton—Cartan geom-
etry has since been generalised by considering the formal expansion of Lorentzian geometry
in inverse powers of the speed of light ¢ [34-39] (see also [40-43]). These more general ge-
ometries exist at any order in ¢ and share the same underlying Galilean geometric structure
(7, h"”) consisting of a one-form 7, and a symmetric tensor h*” with signature (0,1,1,1)
whose kernel is spanned by Ty, 1€, h*”7,, = 0, where Greek letters represent spacetime in-
dices, u, v,--- = (t,1,2,3). This Galilean structure is what replaces the more familiar metric
g,v and its inverse g"” in Lorentzian geometry. To set up the nonrelativistic expansion, we
split the metric and its inverse according to

guv =—¢*T, T, +11,,, ng—ClZT“TuHW, ©)
which is reminiscent of the “3 + 1 split” of General Relativity [44]. The components T,, T",
IT,, and [T*” are then expanded in inverse powers of c, for example,
T,=7,+ c_zmu +0(c™, @
" =" + O(c™2),
where we recognise the Galilean structure (7,,,h"") appearing at leading order (LO): The LO
geometry is Galilean [38].
Here, as in the rest of this work, we expand in even inverse powers of c, i.e., we perform
a 1/c? expansion, for simplicity. As we consider higher order corrections in 1/c2, more and
more subleading fields such as m,, are included in the geometric description, and their trans-
formation properties are governed by the corresponding 1/c? expansion of the local Lorentz
transformations and diffeomorphisms (which can be formulated in terms of a 1/c? expansion
of the Poincaré algebra supplemented with appropriate curvature constraints). These higher
order “gauge” fields encode gravitational effects; for example, the time component of m,, is
Newton’s gravitational potential that features in (2).
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The Schrodinger equation (1) is nonrelativistic in the sense discussed above: it is only
valid when the particle moves slowly compared to the speed of light and the energies are
lower than required for particle production. It is well known that it is possible to turn the
Klein—Gordon equation on a Lorentzian background into an equation with the same structure
as the Schrodinger equation in position space L%(R®) by making a WKB-like ansatz for the
Klein—Gordon field and expanding in inverse powers of ¢ [13,27,30,31,45].

Our framework builds on these works and complements them by showing that nonrela-
tivistic geometry provides an organising principle behind these expansions, which were pre-
viously either highly specific [31] or generic [13]. It is interesting to note that the “wave
functions” generated by this procedure are not wave functions in the sense of Born, since their
inner product is not the standard L?(R3) norm. This is because the would-be wave functions
inherit the inner product defined on (the positive-frequency part of) the Klein—-Gordon solution
space, and a field redefinition is required for this to reduce to the L?(R?) inner product.

For simplicity, and due to its physical relevance, we take the Galilean structure to be flat,
which in Cartesian coordinates amounts to 7, = & IZ and h*” = 5? 5]?’5 U withi=(1,2,3)a
spatial index. Now, both the metric and the wave function are assumed to be analytic in 1/ c?
and hence have well-defined 1/c? expansions. Including terms that are one order higher in
1/c? means including three extra fields: one from the wave function and one from T,andIl,,,
respectively (cf., Eq. (4)). While this preponderance of fields obscures the underlying struc-
ture, their transformation properties are all inherited from the relativistic theory and follow
from a 1/c? expansion of the relativistic gauge symmetries. These gauge symmetries allow us
to iteratively write down the Schrodinger equation coupled to a curved post-Newtonian back-
ground at any order in 1/c? by making sure that all terms in the equation transform correctly
under these gauge symmetries. This requires us to derive expressions for covariant derivatives
at each order in 1/c2, which take on increasingly complicated forms as we go to higher and
higher orders in 1/c?. This allows us, at least in principle, to write down the Schrédinger
equation coupled to an arbitrary post-Newtonian background at any order in 1/c2.

Rather than deriving the form of the Schrodinger equation by starting from the flat space
result (1) and requiring that it transforms correctly under gauge transformations introduced
by coupling to post-Newtonian gravity order-by-order in 1/c?, we may also start directly from
the Klein-Gordon Lagrangian and expand it in powers of 1/c2. At low orders in 1/c2, this was
also considered in [38]. We show that this produces the same Schrédinger equation as our
algebraic/gauge-theoretic prescription.

To illustrate our techniques in a concrete setting, we work out the nonrelativistic expan-
sion of the Kerr metric in Boyer-Lindquist form, where in the process of the 1/c? expansion
we perform a coordinate transformation from oblate spherical coordinates to ordinary spheri-
cal coordinates. This leads to the Lense-Thirring metric with an additional term proportional
to J2 where J is the angular momentum. This metric is also the Hartle-Thorne approxima-
tion of the Kerr solution. This defines a nonrelativistic geometry to which we may couple
the Schrodinger equation using the formalism that we develop. This gives rise to a quantum
Hamiltonian that takes into account the gravitational effects from both the mass and the ro-
tation. If we set the rotation equal to zero, we get the 1/c? expansion of the Schwarzschild
metric in Schwarzschild coordinates. These coordinates are related to isotropic coordinates
via a c-dependent coordinate transformation, and we connect our expansion to the 1/c? ex-
pansion of the Schwarzschild metric in isotropic coordinates, which are the coordinates used
in [31].

The paper is structured as follows. In Section 2, we review and further develop the for-
malism of 1/c? expansions. We show how the 1/c? expansion leads to a universal Galilean
structure at LO, and how the subleading fields that appear in the expansions of (4) encode the
information of the Lorentzian spacetime to the given order in 1/c2. We then discuss the gauge
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symmetries of these fields in Section 2.2, where we also consider flat Galilean structures.

In Section 3, we discuss how a WKB-like ansatz for the Klein—Gordon field leads to a
Schrodinger-like equation, which in the limit ¢ — oo becomes the free Schrédinger equa-
tion. Using our results for the gauge structure of nonrelativistic geometry, we then develop a
framework in Section 3.1 that allows us to derive the Schrodinger equation on a gravitational
background order by order in 1/c2. In Section 3.4, we show show how to pass from the inner
product of the Klein—-Gordon fields to the L?(R?) inner product by performing a background-
dependent field redefinition. We then expand the Klein—-Gordon Lagrangian in Section 3.5
and demonstrate that this leads to the same equations of motion as those we obtained using
bottom-up methods in Section 3.1.

We then turn our attention to an explicit example in Section 4. We begin by performing
the 1/c? expansion of the Kerr metric in Boyer-Lindquist coordinates in Section 4.1, leading
to a generalised version of the Lense-Thirring metric which takes the form of a nonrelativistic
geometry. Having identified the geometric structures, we then apply the formalism we devel-
oped in the first part of the paper to write down the Schrodinger equation on this background
in Section 4.2.

We conclude with a discussion and outlook in Section 5. We have included Appendix A,
which explicitly recovers previous results in the literature using the formalism we develop
here. In this appendix, we furthermore discuss subtleties that arise when performing co-
ordinate transformations that explicitly depend on c¢. We illustrate this by considering the
Schrodinger equation on a Schwarzschild background expressed in either Schwarzschild or
isotropic coordinates, which are related by a c-dependent rescaling of the radial direction.

2 Nonrelativistic expansion of spacetime geometry

It is well known that the nonrelativistic limit of a relativistic theory may be obtained by ex-
panding in inverse powers of the speed of light c. Rather than coupling to familiar Lorentzian
spacetimes, i.e., pseudo-Riemannian geometries of signature (—1, 1, 1, 1) in four spacetime di-
mensions, these expanded theories couple to spacetimes that arise by expanding the Lorentzian
spacetimes in 1/c.

In this section, we expand Lorentzian geometry in powers of 1/c2. Such systematic expan-
sions in inverse powers of the speed of light were considered in [34] (see also [41,42]), and,
more recently, an appropriately truncated expansion of the expanded geometry was used to
write down an action for nonrelativistic gravity [35,37,38] (see also the review [39]). These
geometries do not possess a Lorentzian metric, but rather come equipped with a Galilean struc-
ture consisting of a nowhere vanishing corank one “spatial metric” and a nowhere vanishing
“clock” one-form. These geometries generalise Newton—Cartan geometry, which was originally
conceived by Cartan [32,33] (see, e.g., [46, Ch. 12] and [47] for a pedagogical introduction)
to provide a geometric framework in which to formulate Newton’s equations of motion in
a covariant way, just as Lorentzian geometry provides the geometric framework underlying
Einstein’s equation. To distinguish this original Newton—Cartan geometry from the one em-
ployed in the formulation of off-shell nonrelativistic gravity [35, 37, 38], the latter geometry
was dubbed “type II torsional Newton—-Cartan geometry”.
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2.1 1/c? expansion of Lorentzian geometry

Consider a (d + 1)-dimensional? manifold M equipped with a Lorentzian metric 8uv
(u,v=0,1,...,d). We split the metric into timelike and spacelike components as follows

guy=—CT, T, +11,,, (5)

with a similar relation holding for the inverse metric g*”
v 1 v v
gl == THTY + 11", (6)
c
The objects T, and T1,, and their inverses satisfy the relations
T, =0="TF,,, T,TH=-1, &) =—T"T,+I,0°". 7

We emphasise that this still describes a Lorentzian structure: The above is just a reparameteri-
sation of the metric g, and its inverse. To turn this into a “nonrelativistic” (NR) geometry, we
formally Taylor expand the fields T and IT in powers of 1/c2.® Note that concrete applications
of this scheme requires the existence of a suitable characteristic velocity v, < ¢ such that the
formal 1/c? expansion turns into an expansion in the dimensionless parameter € = chh/ 2.
Hence, the geometric fields T, and I1,, are expanded as

_ -2 —4 -6
T,=7t,+c “m,+c "B, +0(c),

_ _ (8
M,,=hy,,+c 2<I>W+(’)(c 4.

Here at each order new fields are introduced, which will be discussed further below. The field
T, is known as the clock 1-form and measures the proper time 7 along any curve y in the
resulting nonrelativistic geometry

7'=f T dxt. 9
Y

When 7 AdT = 0, in which case 7 gives rise to a foliation in terms of hypersurfaces of absolute
simultaneity, the field h,,, measures spatial distances on these hypersurfaces when pulled back
to the leaves of the foliation. The condition T Adt = 0 is implied by the Einstein equations for
suitable matter [38]. The expansions of T, and II,,, mean that the metric expands according
to [38]

Guv =—CT,Ty+h,,+c 28, +0(c), (10)

where

}_II“, =hy,, —27(,m,, (11a)

&y, =&,,—m,m,—2B,T,). (11b)
For the inverse structures, we have similar expansions

TH=vH 4+ c2XH 4+ cT*YH + O(c79),

(12)
T = B*Y 4 ¢ 72PHY 4 c4QMY + ¢ OWHY + O(c78).
The relations (7) imply that the leading order (LO) fields satisfy
vhr, =—1, vWhy,, =7 ,h"" =0, ot =—vt7, +h"Ph,, . (13)

2While the analysis in this section is performed in general spacetime dimension, we will later specialise to the
physically relevant four-dimensional spacetimes.

3In principle, we should also include odd powers, but we leave them out for simplicity. See [48] for a treatment
of such terms in the context of gravity.
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Figure 1: A cartoon of Newton—Cartan geometry. When dt = 0, there exists an
absolute time t. Then ¥; and X, are equal-time hypersurfaces which are equipped
with a Riemannian metric, namely h,,, restricted to the spatial surface. The inverse
timelike vielbein v# is an observer-dependent (since it transforms under Galilean
boosts) vector that points away from equal-time hypersurfaces.

Together, the fields (t,,,h"") define a Galilean structure. As we will see in Section 2.2, these
fields are inert under local tangent space transformations. Subleading fields, such as m,, and
®,,, can be considered as “gauge fields” that are defined on a nonrelativistic spacetime. These
subleading fields are part of the 1/c? corrected geometry and are dynamical fields in a theory of
nonrelativistic gravity [38]. The causal structure of a Galilean geometry is entirely determined
by the properties of the clock form [49-52]; we will be interested in the case when 7 is (locally)
exact in which case there exists a notion of absolute time: That is, the proper time 7 in (9)
between any two points in the nonrelativistic spacetime is the same regardless of the curve y
that connects them (see Figure 1). An exact clock form is required to obtain the Newtonian
limit of GR [38]. In fact, we will see in Section 3.5 that, at least in the absence of an external
electromagnetic field, the clock form is determined by the WKB phase that defines the relation
between the Klein—Gordon field and the nonrelativistic wave function. This observation was
also made in [38], where it was shown that various (bosonic) matter field theories, including
electromagnetism, have actions that expand in such a way that no torsion is generated.

The relations (7) furthermore imply that the subleading fields that appear in T* and IT*”
are entirely determined by the subleading fields that appear in T,, and IT,,,. Explicitly, we have

Xt =—vle —h'Pv7e,
YH =yHe2 — vim,h"Pve e, , +v'v'B, + "X,
— 9y LpY) —
P*" =2v*h"Pm, —h*Ph7 &,
QM = vV hPTm m, + 2v(“h”)po —2yHp"P m, (14)
—2vWRRhPAm 8, + hPPRX
WHY” = yhy? [2hpUBpmg —20hP7m,m, —hplhm(mlO My @y |
+VPRPX, + v P X + WP ROX
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where we will not need the explicit forms of X, X, X, X, and where we defined

®=—vm,. (15)

In deriving these expressions, we have used the fact that the LO relations (13) imply that any
symmetric contravariant 2-tensor X*” may be decomposed as

XM = *cp*r,lv“v”X“”1 + h“"haph”'ch,dX'OA — 2v(“h”)"homep’1 . (16)

In Section 3.5, we will consider the 1/c? expansion of actions defined on Lorentzian back-
grounds, which involve the integration measure /—gd?*'x, where g = det(g,,) is the deter-
minant of the metric. For the square root of the determinant of the metric, we write

\/—det(g) =cE, (17)

where E expands in powers of 1/c? as

E =e(l+c2[®+3h""8,,])+O(c™), (18)

where e = \/ det(t,7, + h,,) defines the integration measure ed?*1x of the Galilean structure.

2.2 Gauge structure & flat LO geometry

The subleading fields that appear in the expansion of T, and II,,, up to (and including) next-
to-leading order (NLO) are 7,,h,,,m,,®,,. These data define a type II torsional Newton-
Cartan geometry [35,38]. In order to determine the metric at order ¢ 2 we need to include
the NNLO field B, from the expansion of T},. In this section, we work out the transformation
properties of these fields, which will allow us to uniquely fix the structure order-by-order of
the Schrodinger equation coupled to a nonrelativistic geometry up to a given order in 1/c2.
In particular, the local tangent space symmetries of (d + 1)-dimensional Lorentzian geometry
form the Lorentz group SO(d,1). By expanding the corresponding Lie algebra so(d, 1) in
powers of 1/c2, one obtains, after suitable quotienting, the local tangent space algebra of the
nonrelativistic geometry at that order (see [35,38,53] for more details).

To elucidate the local tangent space structure, it is useful to decompose I1,, that appears
in the decomposition (5) in terms of spatial vielbeine 5;1 as

My = 64, E5E7, (19)
where a,b = 1,...,d are spatial tangent space indices. The vielbeine have a 1/c? expansion
of the form

a__ ,a =2, a —4
Ep=e,+com+0(c™), (20)
which means that
hyy = 5abeﬁez, ®,, = 25abefunl;), 2D
which implies
vy’ =0. (22)

The metric transforms under diffeomorphisms infinitesimally generated by a vector =" as
0=8uv = L=8,y, where L denotes the Lie derivative. The vector Z* has a 1/ c? expansion
of the form [38]

B = ER 4 20 4 e+ O(c7P). (23)

9
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We are demanding that the diffeomorphisms preserve the 1/c? expansion properties of the
metric.

The LO diffeomorphism £ will behave as diffeomorphisms in the nonrelativistic geometry,
while the subleading diffeomorphisms will not: instead, they admit an interpretation as extra
gauge symmetries in the theory. In addition to diffeomorphisms, the vielbeine T, and Eﬁ
transform under local Lorentz transformations (A%, A*), where A% is a local rotation and A®
is a local boost, as [38]

-2
5ATH =cC Aagﬁ,

a__ pa a ¢b 24)
SAE, = AT, +A%E ).
The local rotations and boosts have 1/c? expansions of the form
A=A+ 2+ O(c,
i (25)

Aab = Aab +C_20'ab + O(C_4),

where A%} is a local rotation in the nonrelativistic geometry, while A is a Galilean boost.
Again, we are assuming that the local Lorentz transformations preserve the 1/c? expansion
of the vielbeine. The subleading boosts n* and rotations 0%, act as gauge symmetries on the
NLO fields. Combining all these transformations, we get

5*5“ =£§’L'N,
Ohyy = Lechy, + Zlaeﬁurv) ,
5mM:£€mM+£gru+Aaeﬁ, (26)

6%, =Lr®,,+Lh,,+ ZAaeElev) + ZAaﬂ:?MT,,) + ZnQeElMT,,) ,

6B, =LeB,+Lym, + LT, + naez + Aarcz.

At this stage, it is useful to introduce an inverse vielbein e}, to eﬁ, which satisfies e T, =0and

eﬁeg = 0}. We then have h*” =6 ab ek e, In terms of the vielbeine ez and e, the completeness

relation reads e;’ez v, = 5&, which we can use to write A, nz = A, ﬂ:iel’;eg — ATV T,
Hence, we find that
Nay + ATy, = 1€, + Aanie;’ez — Ay Ty, = Tlaey — AphP IV Py Ty, (27)
where 1), =1, + Abnze;’ and where we used
AphPoVi@g, = AmpvF, (28)

which follows from (21) and the definition AM =21, ez. We can use this to eliminate ”Z from
the gauge transformations of ¢,,, and B,, in favour of ®,,, since it allows us to write

09, =L:Py,+ Lrhy,, + ZAaeE‘umv) + Zﬁaezlufv) —2A,hPV ® T T,

~ (29)

0B, =L¢B,+Lym, + LT, + naez —AhPoVER T,

We will assume throughout that the clock one-form 7 is closed, i.e.
(d7)yy=9,7,— 9,7, =0. (30)

Since we will not allow for non-contractible closed timelike loops, this is equivalent to saying
that 7 is exact, i.e., that time is absolute. Using that dt = O the transformations in (26) can
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be written as

57, =8,(7,E"), (31a)
Ohyy = Lehy, +2A,75), (31b)
om, =[,£mu+8MA+7LH, (310)
08y, =Le®yy + Lehy, +2A,myy — 24, hPTV @ T, T, + 27, T ), (31d)

0B, = LB, + Lemy + Gy x + 1, —A,hP7vE@q T, (31e)

where we defined

A=1,0",
X =Tk, (32)
ﬁu = ﬁaez,'

This is the form of the gauge transformations that we will work with in what follows.
We will furthermore assume that the LO geometry described by 7, and h*” is a flat. This
means that we can go to a Cartesian coordinate system in which
_ s i _sisj _ st _ sk
h*" = &, 5}’6”, huv—‘SL‘S]véij: T'u—(g)-”, v =-6,, (33)
where we split the spacetime index according to u = (t,i), where now i, j,k,---=1,...,d are
spatial indices.

The residual gauge transformations of this gauge choice are all the transformations for
which & T, =0 and 5huv = 0 where the transformation is given in (31). This means that
El=cst, A, =0, A; = —3,& and 5,7 + 8j£i = 0. The latter equation can be solved by hit-
ting it with g, leading to J; (al- &j+0;¢ i) = 0, where &' = &,. For the flat spatial geometry,
where indices are raised and lowered by a Kronecker delta, we do not distinguish between
raised and lowered indices. Next, we write down all three cyclic permutations of this equa-
tion by permuting the indices i, j, k. Adding two of these and subtracting the third leads to
Ok (8j§i - 8i§j) = 0. Adding this to J; (8i§j + 8j<§i) = 0 leads to 3, 9;€; = 0. This equation can
be solved to give . . . .

g'=da'(t)+A(0)x. (34)

This solves 3,&7 + ajgi = 0 provided A j = —AJ;. The residual gauge transformations
are thus time-dependent translations a'(t) and time-dependent rotations A j(t). The vec-
tors £ = £'9, + £19; with (£%,&") as above are Killing vectors in the sense that they obey
Let, =0=Lh"” = 0. These Killing vectors form the Coriolis algebra [54].

Omitting the time-dependent rotations, it follows from (31) that the subleading fields for
a flat LO geometry transform as

sm, = a'd,;m, + m;8,a’ + A, (35a)
sm; =a’dm; —d,a' + A, (35b)
5®;, = ! 9;®; + ¥;;0,a) +1); —m,B,a' + 3.L;, (350)
5®;; = a8, ®;; —m;8,a) —m;d,a' +28,¢y, (35d)
5B, = a'd,B, + B;0,a' — ®;.0,a' + Ad,m, +m 3, A+ {'dm, + m;3,{' + 3.y, (35e)
§B; = a’8;B; + 7i; + Aoym; + m, O, A+ {1 3;m; + m;3,¢7 (35f)

where a' only depends on t and where A, 7);, {; and y are arbitrary. We note that we can
always set ®;, = 0 by fixing the 7); gauge transformation which describes a subleading local
boost. The residual gauge transformations have an 4j; that can be solved by setting 6®;, = 0.
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This however makes the transformation of B; a bit more complicated, and hence we will refrain
from doing this.

These transformations will play a key role in the next section. The next ingredient we need
is the notion of a complex scalar field, i.e., the wave function, that is defined on the flat space-
time as described above. This requires that we understand the 1/c? corrections to the wave
function as well as the transformation properties under diffeomorphisms and subleading dif-
feomorphisms. This allows us to define covariant derivatives acting on the wave function from
which we can build equations of motion that couple the wave function to the 1/c? expanded
geometry. This will be the subject of the next section.

3 Gravitational corrections in quantum mechanics

It is well known that a complex scalar ¢ that obeys the Klein—-Gordon equation in Minkowski
space gives rise to a wave function W that satisfies the Schrodinger equation upon making the
decomposition [13, 25,27,30,31,45]

¢KG — e—imcthj , (36)

where m is the mass of the complex scalar, which also becomes the mass of the Schrodinger
field in the nonrelativistic quantum mechanics picture. The Galilean absolute time t that
appears in the exponential factor defines the clock form via

T=dt. (37)
In Minkowski space, the Klein—-Gordon equation for a free scalar field reads
n‘uvauavqbKG_mzczd)KG =0, (38)

where n*¥ = (—c2,6Y) is the (inverse) Minkowski metric. Using the decomposition (36), the
equation above becomes

1
Z 02 (39)

1
13t\IJ == ——3i8i\I/ +
2m

If we expand the field ¥ = (o) + c_zlp(z) + O(c™*) we obtain the LO and NLO Schrodinger
equations

. 1
10 () = —ﬂai Y0y > (40)

. 1 1
10 ()= —%aiaﬂl’(z) + ﬁaﬁb(oy (41)

In the rest of this section we will design a coupling prescription that allows us to couple these
equations to a NC geometry plus its 1/c? correction.

3.1 LO Schrodinger equation

In order to describe modifications to Schrédinger’s equation (40) due to relativistic effects
and gravity, we must include 1/c? corrections in its formulation. In this section, we develop
a framework that allows us to obtain Schrodinger’s equation using the geometric framework
developed in Section 2. We make the simplifying assumption that the Galilean structure is flat,
cf., (33). As discussed above, to derive the 1/c? corrections, we assume that

v = 1,[)(0) + C_zw(z) + O(C_4) . (42)
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The Klein—Gordon field ¢ transforms under infinitesimal diffeomorphisms generated by ="
(cf., (23)) as a scalar, i.e.,

6 dxg = EH0,¢xg (43)

where =" expands as in (23). As we saw in Section 2.2, the residual temporal LO diffeomor-
phisms &° that preserve the LO Cartesian structure (33) (see also (37) above) are just constant
shifts. In what follows, we take &' = 0 since this particular transformation will not be useful
when fixing the form of the Schrodinger equation. This means that the decomposition of the
Klein—-Gordon field in (36), and its expansion in (42), combined with the transformation (43)
and the expansion (23), lead to

8v gy = a' B (o) — imAY gy,
0P (a) = a' 0 () —imAY 3y + AB o) —imy P (o) + {0 0y »

where A and y are defined in (32) and where we used (34). We also used that the global time
t is inert (since we took &' = 0), and where we omitted the time-dependent rotations A’ ()
since they will not be needed in what follows. The transformations of v () and v (y) are of
course such that

(44)

g = et (Yoy +c 2Py +O0(c™) , (45)

transforms like a scalar field under general c-dependent coordinate transformations.
These transformations can also be understood as follows. Under a global time translation
t' =t +ty, x* = x' we have (cf. (42))

W(t,x) = e 0w(t — tg,x). (46)

If we assume that t is small, then to first order in t;, we obtain
SW(t,x) =W (t,x)—W(t,x) = imc?to¥(t,x) — to¥'(t, x). (47)
If we gauge this symmetry by replacing t, with —=! and expand the latter in 1/c? as follows
B =c2A+ Tty + O, (48)

we obtain (44) (with al =0 = 4 ) where we also expanded ¥ in ¢~2. In the expansion of =*
we omitted the LO term &' since this was also not considered in (44) as this is just a constant
since we are not changing coordinates at LO. What this shows is that the appearance of the
A and y terms in (44) is due to time reparametrisations in GR. Similarly, the presence of ('
(and a') is dictated by spatial coordinate transformations in GR. The field (o) transforms
as a complex scalar field with respect to the LO diffeomorphisms and it has a (linear) local
U(1) transformation acting on it whose parameter A comes from NLO time reparametrisations
(see [55] for related observations). The U(1)-like transformations with parameters {A, y } will
play an important réle in the construction of suitable gauge covariant derivatives, which allow
for a natural formulation of Schrédinger’s equation coupled to the 1/c? expanded geometries
described in Section 2.

The Schrodinger equation for v (o) can be formulated as Oy = 0 where O is an operator
that does not depend on (). The object O gy (without setting it to zero) should transform
like ¢ (). We will denote O gy by “LO Eq.”, i.e., the leading order equation, and since this
should transform like vy we demand that

5(LO Eq.) = a'4,(LO Eq.) —imA(LO Eq.). (49)
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The LO Schrodinger equation should contain (40). In other words, we must construct an
object X that enters the LO equation as

. 1
LO Eq. = 18t1,b(0) + ﬂaiaﬂ/)(o) +X, (50)

in such a way that (49) holds.
In order to construct this X, it is useful to introduce a gauge covariant derivative D,, that
acts on the LO wave function v y) as

Dy oy == 0y o) +immy3p o) - (6D

The combination D, ) transforms as

S Dy oy = —imAD, Y gy, (52a)
8,D(0) = a'8(Dyy () + (8,a ) Doy , (52b)
6. Doy = ajaj(DiT/)(o)) —iml/J(O)afai ’ (52¢)

where we used equations (35a), (35b) and (44). By the 6, transformation we mean all the
ai-dependent terms in the transformations of (35a), (35b) and (44). We note that the a'-
dependent terms have two origins: one is from Lie derivatives with respect to residual LO
diffeomorphisms acting on the gauge field m, and the other is from the residual Galilean
boosts with parameter A, = 0, A; = —3,a’. When we say the derivative D, is covariant we
mean here with respect to the A gauge transformation.

We also need the double spatial covariant derivative

which transforms as
6ADLD]/"/)(O) = _lmAlDl,D]’l/)(O) N (543)
SaDiDjlp(O) = akak(DiDjll)(O)) - Zimata(jDi)d)(o) . (54b)

The usefulness of the covariant derivative (51) stems from the property that it is constructed
precisely such that if we replace all ordinary derivatives in (40) with covariant derivatives, we
automatically make sure that the LO equation transforms covariantly under A transformations.
Thus, the equation

. k
LO Eq. =iD (o) + %Dipiw(o) , (55)

where k is a real constant that will be fixed shortly, transforms correctly under A-
transformations. We must also check that the LO equation transforms correctly under time-
dependent translations a' (that preserve the frame choice h;, = 0 which is affected by a com-
pensating local Galilean boost transformation with A; = —atai), and using (52b) and (54b),
we find that the LO equation (55) transforms as

8,(LO Eq.) = a/3;(LO Eq.), (56)
provided we take k = 1, in accordance with (49). This means that X in (50) is given by
i i
X =—mm)g)+ Emipiw(()) + Eai(miw(o))- (57)

The LO equation (55) is defined up to the addition of any terms that by themselves transform
as in (49). The minimal choice is to set these terms to zero.
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3.2 NLO Schrodinger equation

The NLO equation is an equation for the NLO wave function 1),y of the form Oy + éw(o)
where O and O are operators independent of Y(o) and Y (9). By (44) we would like this to
transform as

5(NLO Eq.) = a'3;(NLO Eq.) —imA(NLO Eq.)

. 58
+ A8,(LO Eq.) —imy (LO Eq.) + {'3,(LO Eq.). (>8)

The first line corresponds to homogeneous terms and the second line to inhomogeneous terms.
Adopting the same approach as for the LO equation, we can guarantee the correct transfor-
mation properties under the gauge transformations {A, y} if we express the NLO equation
in terms of a covariant derivative that transforms in the same way as 1)(,) with respect to the
{A, x} transformations. By combining the transformations (35a)—(35f) with (44), we find that

Do) = 0 () + imm ) + imBp )y — m Dy () ,

. . (59)
Diypa) = G (o) +imma (o) +im (B; — @;,) Y (o) — MDY () »
transform correctly; i.e.,
5gaugeDt¢(2) = _imA,th(z) + Aat(th(O)) - iTn)CYDtl/)(O) 5 (60)

5gaugeDi¢(2) = _imADiw(Z) + Aat (Diw(o)) - imXDiiﬁ(o) P

where 8g,,5e = 04 + 6, denotes the combined gauge transformation. The reason we take
B; —®;; in Dj3(y) is because we need the B; to ensure that we have the right transformations
under A and y, but B; shifts under the transformation with parameter 7j;. However, so does &,
and therefore the difference is invariant under 7);. Since no other fields transform under %; this
is the only way to ensure that the expressions built from these covariant derivatives will be inert
under this transformation. Furthermore, since ®;, is inert under both A and y we do not spoil
these transformation properties of the covariant derivative. The f7j; transformations admit an
interpretation as subleading local Lorentz boosts; more generally, the LO local Lorentz boosts
are Galilean transformations with parameter A; and the subleading corrections are described
by 7j;. We need all equations of motion to be invariant with respect to these LO and subleading
boosts. The double spatial covariant derivative is

DD oy = 8 (D (ay) +imm; D gy +im (B; — @) Do) — m; D (D3 o)) » (61)

which transforms as

6gauge (IDIIDJ’l/)(z)) = _lmADlD]/l/J(Z) + Aat (DLD]w(O)) — lmX,DlD]'l/)(O) . (62)

This means that we can tentatively write the NLO equation as

. k
NLO Eq. = lDt'(/)(z) + ﬂDiDin) +Y, (63)

where k is a real constant and where Y represents any additional terms that ensure that (58)
will hold. In order to produce the correct inhomogeneous terms in the second line of (58) that
involve A and y, we need to set k = 1. However, we will find it instructive to delay setting k
equal to unity. The Y term should be inert under the y transformation and transform under
the A transformation as 6,Y = —imAY . Furthermore, the Y term must be such that the whole
equation transforms correctly under the ¢' and a' transformations as well.

How do we find such an expression for Y in (63)? If we look at (35a)—-(35f), we see that
the B,, B; and ®;, gauge fields also transform under the ¢! gauge transformation. These are

15


https://scipost.org
https://scipost.org/SciPostPhys.16.3.088

Scil SciPost Phys. 16, 088 (2024)

subleading diffeomorphisms. With respect to these transformations equation (63) transforms
as

: k . k e
oy (lptll)(z) + %D{Diw(z) + Y) ={’0; (IDH/)(O) + %Dipilp(m) +i(1 k)3, ' Dy gy
k .
(64)

If we choose k = 1 then the first term on the right hand side is equal to the LO equation
(which is the last term in (58)) and furthermore we can get rid of the second term on the right
hand side. There is thus a cancellation between terms coming from the D, (5) term and terms
coming from the D;D; (5) term that involve J,¢". This cancellation is important because there
seems to be no terms that can be added to Y that would be able to cancel a term proportional
to 0,¢ iDillJ(o). We wanted to highlight this, but from now on we will set k = 1. The remaining
terms can be cancelled by choosing Y to be

! 1 1 3
Y= om [_q)ifpipfw(o) - (31"1’1'1 - gaj‘l’ii) Djhoy+ lmgar‘l’iﬂ/)(o)} +Y,  (65)

where Y is inert under the ¢' and y gauge transformations and transforms as follows under
the A gauge transformations
5,Y =—imAY . (66)

Since ®;; is inert under A and y gauge transformations we have
OgaugeY = —1mAY . (67)

It then follows that for this choice of Y and with k = 1 the combination (63) transforms like
in (58) for all gauge transformations. It is left to check that this combination also transforms
correctly under the a' transformation and to fix Y.

Before we fix ¥ we mention that we could have added to equation (61) the term —y iijk"/)(Z)

where y lk] is given by
1

Such a term is reminiscent of a Levi-Civita connection but for the NLO diffeomorphisms gen-
erated by ;. The second term in parentheses in the expression for Y is in fact just xl.lj.

Since the Y term is inert under y and {' and transforms covariantly under A it can only
be built out of covariant derivatives of 1. Demanding that the NLO equation transforms
correctly under the a' transformations we find

o 1 1 A
Y= %Mitpil/)(m - ﬁDfDH/J(O) +Y, (69)

where we defined
My, = za[umv] > (70)

as the field strength of m,. This field strength also arises as the commutator of two covariant
derivatives (51) acting on the LO wave function

[Dy, Dy 1Y 0y = imM,,, 9 g - (71)
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The term Y in equation (69) is any term that is inert under y and ¢ ! transformations and that
transforms as

5Y =a'd,Y —imAY, (72)

under the A and a' transformations. The Y is not needed to make the NLO equation transform
correctly and so the minimal choice is to set ¥ = 0, which we will do in what follows. The
final NLO equation is thus

. 1 1 1
NLO Eq. = Ith(z) + ﬂpﬂ)ﬂl)(z) — % I:(bijDiquwb(O) + (6‘i<1>ij — Eajcbu) DJIP(O):I
1
2m

1 1 (73)
+ izat‘l’ii%b(o) + 5 MiDio) = 5D Do) -

The first two terms and the last term in this equation follow directly from (41) by replacing
ordinary derivatives by covariant ones. The remaining terms then follow from covariance with
respect to the {* and residual &' transformations.

3.3 From Cartesian to spherical coordinates

We have chosen to work in Cartesian coordinates to keep things simple. On the other extreme
one could work in an arbitrary coordinate system and study how the LO and NLO Schrédinger
equations transforms under LO diffeomorphisms. This will be done in Section 3.5, but only at
the level of the Lagrangian. It is often convenient to work with different LO coordinate systems,
in particular spherical coordinates. The latter would arise naturally when looking at 1/c?
expansions of the Schwarzschild geometry in Schwarzschild coordinates. In this section we
discuss how we can transform the previous Cartesian results for the LO and NLO Schrodinger
equations to an arbitrary new set of spatial coordinates. At the end of the section, we provide
an explicit example by introducing spherical coordinates which we will use in Section 4.

Our derivation of the Schrédinger equation above involved Cartesian coordinates for the
flat LO geometry. In this section, we change coordinates from spatial Cartesian coordinates
(x,y,2) to an arbitrary set of spatial coordinates; note that the absolute time t is unaffected by
this change of coordinates. Denoting the Cartesian coordinates by x! = x, x> = y and x®> =z
and the new coordinates by x = (x’!,x’?,x’®), the relation between the components of the
flat space metric in Cartesian coordinates h;;(x) = 6;; and the components of the metric in the
primed coordinates h; j(x’ ) is

§yjdx'dx) = hj;dx"dx" . (74)

Unlike in Cartesian coordinates, the indices i, j,... in the primed coordinates are raised and
lowered with h'V (the inverse of h; j) and h; ;- We write the square root of the determinant of
the metric in the primed coordinates as

det(hgj(x’)) . (75)
Changing coordinates, the Laplacian becomes

1 y g
300 = ﬁa;(\/ﬁh'v B/po)) = hUVITiaplo =2 Ay, (76)

where 1 (o)(t, x) = wzo)(t, x’), and where V! is the Levi-Civita connection in the primed coor-

dinates with al/ = %. We also have that

oym; = 1/%81.’ (ﬁm’i) =vm' =h"Ivim], (77)
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where m/ obeys m;dx’ = m/dx" and where m" = h'" m;.. This means that the LO equation
with flat LO geometry in the primed coordinates becomes

: 1
LO Eq. = iDjt g + ﬁh“fpﬂ?;&/)zo), (78)

where
ol / . 707
Dtlj)(O) = 8t1/)(0) + 1mmt¢(0) ,
Iyl Al : /47
Dizp(o) = E)i 111(0) + 1mml.1/)(0) )
RV D{DMO) = AQ,[JEO) + imz/)EO)h“ngm; + 2ik’Y mgaj’ngo) —m?h'i mgm;.gbéo)
1/ 198 1./ . 198 1./
=1 (ViDjbigy + imm D)

(79)

and where m;(t,x’) = m(t, x). Following the same line of reasoning, we can write the NLO
equation in primed coordinates as follows

Y YN 1 115NN 1/
NLO Eq = Ith‘/"(z) + ﬁh l]DiDj'lp(z)

1/"/kl//// //1// /.
_ﬂh Yh q’iijDlw(O)_l_ Viéjk—ivk<l>ij Dl’l’b(o) (80)
i/ij// i/ij///_i///
+ 2B o)+ 2 H ML Dby = =D Dby,
where
/o ’ . Y . /o7 P
th/}(z) = 8t1/)(2) + 1mmt1/)(2) + lthllJ(O) — mtthp(O) ,
Dl{lpEZ) = ai/‘rbzz) + iWMZ¢Ez) +im (Bl/ _q)gt)l'bEO) - mZDZd’Eo) ) (81)

D Diaf(yy = Vi (Diahly,) +imm!Diap(, +im (B, — &],) Diap(o) — mD(Diary,).

and where wzz)(t, x")=1)(9(t,x), B{(t,x")=B,(t,x) and <I>§j(t, xdx"tdx"] =o;;(t, x)dxidx/.
Equations (78) and (81) are valid in any coordinate system that we choose to represent a
flat 3-dimensional Euclidean space. In the remainder of this section, we choose the primed
coordinate to be spherical coordinates (r, 6, ¢) and give explicit formulae that will be useful
in Section 4. In that case, the relation between the coordinate systems is

x =rsinfcos¢,
y=rsinfsing, (82)
z=rcosf.

We again emphasise that the absolute time t is unaffected by this change of coordinates. The
components of the metric in spherical coordinates are h; ].(x’ ) = diag(1, 72, r?sin? 0), which

means that the measure becomes vh’ = r?sin 6.

3.4 The inner product & field redefinitions

The wave function ¥ defined in (36) comes with a non-standard inner product up to a given
order in 1/c2, and we must perform a field redefinition to bring it to the standard L? form
which allows for the usual probabilistic interpretation of the norm of the wave function. More
precisely, the inner product (¥|¥) descends from the Klein—-Gordon inner product, as we will
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now show. Assuming that the Lorentzian spacetime (M, g), in which the Klein-Gordon the-
ory is defined, is globally hyperbolic and stationary, the Klein—-Gordon inner product of two
different positive frequency solutions ygg and g is given by (see, e.g., [56])

(pralvkg) =ic™! f d%x V7" (Y68, P — Prcdutka)
=
(83)

=ic™! J ddx V _gg'uvavt (TI)KGapL(P[zG - (PIEGaMQIJKG) 5
t=cst

where X is a Cauchy hypersurface defined by t = cst with outward pointing timelike unit

normal vector n* = (—g“)_l/2 g"”d,t, while v, is the induced metric on the hypersurface
Y. whose determinant satisfies ,/yn* = /—gg"”d,t. As in Eq. (36), we make the following
decomposition of the Klein—-Gordon fields*

Yrg = e—imcth> , wKG — e—imcthl’ (84)

which means that the inner product becomes

(¥xcl¥ka) :—chf d%xy —gg""T, T, V"
t=cst (85)

+ic! J d¥x+/—gg""7,(5,8" —9*3,¥).
t=cst

Using the relations

1
V—g =ce (1 +c72 (<I> + Eh‘“’fbm) + 0(0_4)) ) (86a)
1
gyt = —c242c7* (<I> + Eh’“’mumv) +0(c™®), (86b)
g, =c 2 (W —h"m,) + O(c), (860)
® =)+ 2P+ 0™, (86d)
U= ’(,b(o) + C_Z’(,b(z) + O(C_4) , (86e)

we obtain

(¢xcl¥xe) = me

t

1
d * —2 * * *
d®x e(w(o)ﬁo(o) +c [11)(0)90(2) + l/)(2)(/7(0) + Ehuvq)qu(o)w(O)
=cst
i * * -
5 (Yo OF =B m ) Dl — ooy 0 = m,) Dyt ) |+ O 4)),
(87)

where D;ﬂ/)(o) is defined in equation (51). For a flat LO geometry in Cartesian coordinates (33)
the inner product (87) becomes

d * —2 * 1 * 1 * 1 *
d X|:¢(O)‘P(o) +c QP(O)(%?@) - _Dt@(o) - _mmiDi‘P(o) + _q>ii¢(0))

(oralvke) = sz om 2 4

t=cst

. i i 1 B
+c 290(0)(%[’(2) +5 Doy + 5 -mDipo) + Z‘I’iﬂﬁm)) +0(c 4)] : (88)

“Note that we use the same symbol for the field & involved in the redefinition (84) as we do for the subleading
geometric field @, that features in (8), which always appears with indices. We hope this will not cause confusion.
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We note that this inner product (87) is Galilean boost invariant. It is straightforward to see
that the inner product is invariant under the y transformations. To see that the inner product
is invariant under the ¢’ transformations we observe that the terms at order ¢ 2 transform into
a total derivative. We assume that the boundary terms arising from applying Stokes’ theorem
vanish. To see the invariance under the A transformation we have to integrate by parts the
transformation of the m; terms (which couple to the spatial part of the U(1) Noether current)
and use the LO equation of motion.
We would like the inner product to take the standard L*(RY) form

(Prcl¥xe) = 2mf

t=cst

ddx['ll’(oﬂp(*o) +c? (1/)(0)95(*2) + @(0)1/3(2)) + 0(6_4)]

(89)

- sz dx (o) + 2oy + O™ (9foy + 2y + OTH).
t=cst

This can be achleved if we deﬁne

+ +—
VY2 =V o Doy o

where X and X' are arbitrary real objects (that drop out of the inner product when integrating

by parts) and where the dots denote terms proportional to the L.O equation of motion. There

are no obvious choices for the X and X' terms that would make the redefinition simpler.
With X' = X = 0, the redefinition of the NLO wave function takes the form

1
m; D ll)(o)-f- ¢11¢(0)+1Xw(0)+x 81(,0(0)4- QO(O)aX +..., (90)

A 1 R
Yoy =Y+ —DHP(O) + o Diboy + ‘1>u'¢(o) 2P+ 0Y (), €29)
where we defined the operator
A i i 1
0= %Dt + %mﬂ)i + Z‘I)ii . 92)
We find that 1,[:(2) transforms as follows under the gauge transformations {A, y, ¢’}
&, =—imy o), (93a)
R . A i
oA (2) = —imAY 5y + AdP (o) + %31‘/\171‘%0(0), (93b)
" 4 1 .
o) = "0y + Ell’(O)aié'l . (93¢)

We will next define a gauge covariant derivative @u that acts on 1[)(2) so that 15“1,[:(2) has the

same transformation properties under A and y as 1)(5). A convenient choice is to define the

covariant derivative in the same way as we defined w(z) in (91), i.e.’

D2y = Dytpio) + 0Dt o) - (94)
More explicitly we have
'Z/\)t’(ﬁ( =0 ’Lﬂ(z) + 1mmt1/)(2) + lthd)(O) —m; D 1,[’(0) 8 m; D ?.l)(o)
1
+ Emthﬂ#(o) - Zatq’iiw(o) , (95)

Do) = 0 o) +immv o) +im (B; — @;,) Y (o) — m; Do) — ﬂaimjpjw(o)

1 1 1
+ Eijij'(/)(o) + EMitw(O) - Zaiq)]'jq‘p(o) ’ (96)

>We emphasise that this choice is not unique. There are other combinations that transform correctly
under {A,y}; for example, a more “minimal” covariant derivative, which doesn’t involve ,,, is given by

Dyt = Duthy + 18,8:% ) + 35 [Py De I 0y
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where it is useful to note that [Du,Dv] on any number of covariant derivatives acting on
Y (o) is equal to imM,,, times that same set of covariant derivatives acting on v (). It can be
explicitly verified that

5, Dy = 8, Duih(z) = —imyDyipoy (97a)

. R i
SADuw(Z) = —lmA'Dull)(z) + Aat'DHd)(o) + ﬂai/\pip“l[)(o) . (97b)

We also need an expression for the double contracted spatial covariant derivative, and we can
use the same trick for this, namely we define

@i@ﬂ/;(z) =DiDi(q) + O(Dipilp(o))- (98)
Explicitly, this is given by
DDy = 8 (D 2y) +imm Dy oy + im (B; — &;,.) Dyp o) — m; D Dih o)
- ﬁaimjpjpi"p(o) + %ijijDiw(o) + %Mitpiw(o)
—%3i¢jjpi¢(0)~ 9
This quantity transforms as

5, (DiDiy) =6, (DiD () = —imy D Do), (100a)

A A n . A A n 1
55 (DiDia)) = —imADDin ) + AB, DDt oy + 7-OADD; Do) - (100b)

We can thus recast the NLO equation (73) in terms of lﬁ(z) entering the standard inner prod-
uct (89) as

; 1 1 ) (101)
+ Zaﬁbiill’(m + %Mitpiw(o) - %DrDﬂl)(O) —O(LO Eq.),
where we have used that the terms on which the O operator acts precisely combine to give the
LO equation of motion. Thus, when imposing the LO equation of motion, the NLO equation
written in terms of the redefined fields (91) assumes the same functional form as the NLO
equation written in terms of the original fields (73).
As a last remark, we note that the NLO equation involving the wave function with the
standard inner product of nonrelativistic Quantum Mechanics (101) in spherical coordinates
takes the form

Y 1 ,ia,n, nr
NLO Eq. = iD;) 5 + o WD Dy
1, 1
- ﬁh’”h”‘l [q,;kp;.pl’wgo) + (vgcp;k - Ev/kcbgj) D{quo)] (102)
Y P L viiags oy 1 A/
+ Zh Y 3t¢ij’l/)(0) + ﬂh lJMit’Dj”(/J(O) — %Dtth(O) — 0 (LOEq.),
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where

Dty = 8ty imm( )+ imB{atg) — m D) — S Dl
+ SR ) — SR O8] (103)
WIDD ) ) = WOV (Diahyy ) +imh T miDaf ) +imhY (B — @], ) Diapry
—hmDDin(y) — ﬁh’“h’fkv;mgppl’wgo) + %h’ijh’kl m; M, Do,
+ SHIM{ Dty = ZH A8, D (104)

and where

At i
O =—

i 1 ..
=D+ ﬁh’”mﬂ); + 3. (105)

In writing the above, we used the notation introduced in Section 3.3 where a prime indicates
that we are using spherical coordinates.

3.5 The 1/c? expansion of the Klein—-Gordon Lagrangian

In this section, we expand the Lagrangian for a complex scalar field in powers of 1/c2. This
leads to an off-shell formulation of the theory we developed above. Furthermore, we will no
longer restrict to a flat LO geometry, and we will see that the theory can only couple on-shell
to LO geometries that admit a notion of absolute time, i.e., amv] = 0 (this was also observed
in [38]). For other examples of theories obtained by 1/c? expansions as well as more details
about the general framework of 1/c? expansions, we refer to [35,36,38,39,53,57].

The Klein—Gordon Lagrangian for a complex scalar field is

L=—"" vV —8 (guvauqbKGaquIzG + m2C2¢KG¢EG) . (106)

Just like in (36), we expand the Klein—Gordon field according to
g = €< 0w, (107)

and we will see that 6 is related to absolute time. The wave function ¥ admits an expansion
of the form
U= ?.l)(o) + C_zll)(z) + O(C_4) . (108)

Using equations (6) and (17) for the inverse metric and the metric determinant, we can write
the Lagrangian as
L= —c4E\IJ\I/*H“”6H9(O)8v9(O)
+ 2E[U*(TH3,0())* — m>T* +il1*"3,0(0)(¥* 0, ¥ — w3, ¥") |
+cOE[-11"73,3,¥" +1T"3,0(0)T (3, — " 3,¥) |
+c2ETHTY3,00,0" .

(109)

Using furthermore the expansions (12) and (18), the Klein—-Gordon Lagrangian expands as

L= C4£O(c4) + Czﬁo(cz) + Lo+ C_ZENLO + O(C_4) , (110)
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where the Lagrangians at orders c* and c? are given by

Loty = e o) iy 3,010)8:60(0) (111)
Loy =—e($o)¥(z) + P @¥ (0))h" 9u0(0)9+0(0) = €% (0)¥ (0)1"” 9 010) 91 010)
— e 0 () 2R P m, —h*P R D, )8, 6(0)8,0(0) + €W (0¥ {0y (V" Bu(0))?
+eh”3,010) (1) % (0) = Y (0)Dv ¥ gy) — em* Y0y ¥{) - (112)

The Lagrangian at order c* gives the equation
h*73,6(0) =0, (113)

when varying® Y (0)- Upon imposing this equation, the Lagrangian £ 4y vanishes identically.
This same equation is imposed by 15y in L 2), and combined with the equation from v (g,
we find

v“ﬁMG(O) =m, (114)

and the Lagrangian £ 2y again vanishes identically when imposing these equations. Together,
Egs. (113) and (114) imply that

1
TM:—;aMG(O). (115)

This equation tells us that this theory can only be defined on backgrounds with a notion of
absolute time, which in an appropriate gauge is given by t = —6(¢)/ m.”

Going forward, we will impose this condition at the level of the Lagrangian. Had we not
done so, they would have been reproduced as equations of motion for subleading components
of ¥. This means that the LO Lagrangian, which appears at order c°, can be written as

‘CLO = iem(v“ - hwmv)(#’(o) %TPEO) - qrbzo) 3u1/’(0)) - ehuvaulp(O) 3v¢fo)
* 1 v
— 2em2¢(0)¢(0) (<I> + Eh“ mumv) , (116)

which is the Schrédinger model of [58] (see also [59]). We can rewrite this in terms of covari-
ant derivatives as follows

Lio =iemv! [ Yoy (Dy) —¥ipDutb) | — el Db oDyt - (117)

The equation of motion obtained by varying with respect to 1/)20) is

—ivED o) + %w(o) = —ie‘lDu(eh“’”thp(o)), (118)
where
K=—e"19,(ev") = —%hl”ssvhw, (119)
with the “extrinsic curvature”® given by Kyy = —%$vhw, where $ denotes the Lie derivative.
This extrinsic curvature is symmetric and spatial, i.e.,
K, =0. (120)

The equation of motion for B0y is 0 = e-la“(ew(o)wgo)hwavem)), and is identically satisfied when using the
on-shell condition (113) for 6.

7In the presence of an electromagnetic field, it is possible to relax the requirement of having an absolute time;
see [38] for more details.

8Note that calling this an extrinsic curvature is a slight (although standard) abuse of terminology. In particular,
K, is not invariant under Galilean boosts.
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When the LO geometry is flat, the LO equation of motion (118) reduces to (55) if we choose
Cartesian coordinates.

Using equations (12), (14), and (18) for the expansions of the inverse metric and the metric
determinant, we can obtain the NLO Lagrangian from (109) in which we set 3,6y = —m<t
The result can be written as

ue

Lo = Lo+ (®+ %hpaq’pa) Lo, (121)
where
Lyio =iem Yo" (Dyh) =i Dube) + Yo" (Dutb o))’ =¥V Do)
—eh"” [(Dyy0) Dytbi) + (Db ) Dutboy ] (122)

+eh"?h" &, (D)) Dy 0y + ev*v " Dya) () (Do (o))" -

In writing these expressions, we used the covariant derivative with a spacetime index acting
on Yy as

D;ﬂl’(z) = a'ul,l)(z) + 1mmuz,b(2) +im (BH + Vvqh“,)’l,b(o) + mMVpr’l,l)(O) 5 (123)

which in flat space reproduces (59), and where we remind the reader that ®,, = 0 as follows
from equation (22). We emphasise that we cannot just use Ly; o to compute the NLO equation
of motion since that would miss terms arising from integrating by parts the second term in
(121) when varying 1) ) and 1/120).

When the LO geometry is flat, the NLO Lagrangian takes the form

Lyio =—im [w(o) (P @2) = %Pt + Y2 (Pt o) — sz)th(O):I
— (D) P2y — (Dih ) Pivdoy + Detbo)(Petpo))
+@;; (D) Pjtbo)

1
+ (‘I’ + Eq)jj) (—im(w(o)(pﬂl’(o))* — Y0P o) — Di¢(o)(Di¢(o))*) ,

(124)

and the variation with respect to z,b(*o) produces the NLO equation plus a contribution propor-

tional to the LO equation of motion’

1 . 1

where NLO Eq. is given in (73).

The final step in our derivation of the NLO Schrédinger equation involves identifying the
wave function with the standard inner product of nonrelativistic Quantum Mechanics as ex-
plained in Section 3.4. Generalising the result (91) to curved space is straightforward and
produces the relation

. i 1 )
Yoy =%@)— ﬂV”DM#(o) + th%vlﬂ(o) =:Y(2) + 0Y (), (126)
with ) 1
A 1
0= —%{)MDH + ZhW‘I)W' (127)

This step can be implemented at the level of the NLO Lagrangian, which we discuss further in
Appendix A.

°The LO equation arises as the equation of motion for 1[!{2) in the NLO Lagrangian.
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4 Quantum mechanics in a Kerr background

In this section, we study the Schrédinger equation on a nonrelativistic approximation of the
Kerr background. By expanding the Kerr metric in powers of 1/c?, we obtain a “generalised”
Lense-Thirring metric that is valid beyond the regime of slow rotations. By identifying the
appropriate nonrelativistic geometry, we can apply the formalism developed in Section 3 to
write down the LO and NLO Schrédinger equation on this background.

4.1 From Kerr to Lense-Thirring

The Kerr metric in Boyer-Lindquist coordinates can be thought of as a deformation of
Minkowski spacetime written in terms of oblate spherical coordinates

x=vR2+a%sin®cos ¢, (128a)
y=VR2+a?sin®sin¢, (128b)
2z =RcosO, (128c)

where a is a fixed length. The flat metric in oblate spherical coordinates is

2 .
dsi, =—c*dt* + Bt dR? + ©.d©? + (R* + a?)sin*© d ¢ 2, (129)
where
Y =R?>+a’cos’O. (130)
We can write the Kerr metric as
xr.R r.R 2
2 _ 2 s 2 S .2
dSKerr_ dsﬂat+ de + ?(—cdt+asm @d¢) , (131)
where
2GM
ro= , (132a)
cz
J
a=—, 132b
M ( )
A=R?>+a*>—rR, (132¢)

where J and M are the angular momentum and mass, respectively, of the Kerr background.
We assume J and M to be independent of ¢ (see [48] for alternative choices). This implies
that the metric can be expanded in ¢ 2, i.e., without using odd powers of ¢ ™. The definition

of the oblate spherical coordinates (128) implies the following relation!°
2ry? g2 _
R2+a? R2

1. (134)

Hence, surfaces in R® of constant R form oblate spheroids. The solution to this equation has a
1/c? expansion of the form
J? x2+y? J? sin®6

—4y_ 2 47
M2 r2c2 Ol =r M2 2

+0(c™), (135)

101t also implies that
2 2 2
X+ 4
—L__E__g, (133)
sin"®  cos?©
which shows that surfaces of constant © are hyperboloids of revolution. For a = 0 this becomes the equation of a
cone.
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where r2 = x2+ y2?+22 is the radial coordinate of a spherical coordinate system, and where we
used that © = 0 + O(c?). The relation between the Cartesian coordinate z and the spherical
oblate angular coordinate © in (128c) combined with the expansion of R in (135) tells us that

) 2 .
(%Y _ 1=z, =sin"0 4y J“cos 0 sin 6 —4
© = cos (ﬁ)—COS (;+W+O(C ))_9_W+O(C ), (136)

where 6 = cos™!(z/r) is the polar angle coordinate of a spherical coordinate system. Making
factors of ¢ explicit in (131) and expanding to order ¢ 2, using our results above, we get

2GM  2GJ? 2GM
dsf(errz—(l— Gz +M—;I4P2(c059))c2dt2+(1+ 5 )dr2
rc r3c i rc (137)
+1r2d6% +r?sin> 0 d¢p? — — sin@dtd¢ +O(c™),
re
where 1
Py(x) = S (3x* —1), (138)

is the second order Legendre polynomial. We remark that this metric is the 1/c expansion
of the Hartle-Thorne metric [60] specified to the case of the Kerr black hole. It would be
interesting to consider 1/c expansions of the general Hartle-Thorne metric which is an ap-
proximate solution outside a rotating object. In addition to mass and angular momentum, the
Hartle-Thorne metric contains a quadrupole moment as a free parameter.

If we assume that the black hole rotates slowly, J < 1, so that we can ignore the J? term,
the above reduces to the Lense-Thirring metric. Setting J = 0 lands us on the 1/c? expansion
of the Schwarzschild metric, which we consider in Section A.2. The geometric data of the
nonrelativistic geometry is given by

T, dx! =dt,
hydxtdx” = dr?+r2d6%+r?sin? 0d¢?,

GM
m,dx* = ———dt,
2G’” (139)
M
®,,dxtdx” = —dr?,
r
GJ? 2GJ ., G*M?
B,dx" = sz(cos 0)dt + —,sin 0de¢ — 52 dt.

Thus, the LO geometry is flat in spherical coordinates (cf., Section 3.3). All the rotational
aspects (terms proportional to J) are captured by the B,, gauge field. This means that the LO
Schrodinger equation does not notice the rotation.

4.2 The LO and NLO Schrodinger equation on a Kerr background

On a Kerr background, where the geometric structure up to NLO is given by (139), the LO
equation of motion (78) becomes

1 mM
id =——A —-G— . 140
Y (0) > V() " Y(0) (140)
The NLO equation (102) becomes
A 1 A GmM - GM
[0, 9y = ——— At gy — + 22
0@ =—5- Mo~ — Yo+ 00
mGJ> mG2M?>
+ ———P,(cos 6 — —2iGJr—33 (141)
s P2(cos 0o = — 5= W (0)
GM

_ 1 GM »
- TlDﬂP(O) + ﬁpﬂ)ﬂﬁ(o) + Ew(o)A(r ),
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where we dropped the prime we used earlier for fields in spherical coordinates. Using the LO
equation of motion (140), we can write the double covariant time derivative as

ﬁpﬂjﬂﬂ(o) =3 Aoy — —Ul(o)A(r (142)
Hence, by using the LO equation (140), we can write the NLO equation as
0Py = —LAT/J@) - G—M‘P(z) W‘Pm)
- mcz;ilzwzw(m - @1@1»1/)(0) . =A%) (143)
+ Z—A(r_l)w(o) + G—azw(o) + 2G Y0y + ZG—N/J(O)

This allows us to read off the effective Hamiltonian governing the evolution of the wave func-
tion in a “generalised Lense-Thirring” background. We define the total NLO wave function to
be

=9+, (144)
and adding the LO and NLO equations as
LO Eq. + ¢ 2NLO Eq., (145)
we find that
iat\i/ =HV+0(™, (146)
with
mG3 M2 2GJ 1 A2 (147)

r

the Hamiltonian.
The inner product is

(p|Y) =Jdrd9d¢rzsin9¢*¢. (148)

An operator O is Hermitian if (¢|0y) = (O¢|y) for all ¢,2). Any O of the form

O:f(r)8r2+(3rf +§f)8r, (149)

where f is any radial function is Hermitian (ignoring issues with boundary terms or fall off
conditions for the fields ¢, ). The Laplacian in spherical coordinates is

2 1
A= ar2+;ar+§Asz, (150)

where Ag: is the Laplacian on the unit 2-sphere.

Using the above we can see that the radial part of the last three terms in (147) conspire,
as indeed they must since the KG theory is Hermitian, to form the Hermitian combination

o (32 iar) ) (151)
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We thus have

1 GmM GM -1 mGJ2P,(cos 0)
H=——A— + A+ ——2 7
2m r 4mc2 Mc2r3
mG*M?  2GJ . 1,

_ 225, — (152)
2c¢2r2 c2r3 8¢2m3

GM ( 3 1 1
+—| = 32+—a)+—A )
czm(Zr( L 2r3° %

If we denote by L the Hermitian angular momentum operator with components L,., L y»> L, then
we have

L,=—idy, Ag=L*=L-L. (153)
Finally, if we define, as usual, the momentum p; = —id; in Cartesian coordinates then we get
2 4
GmM GM GM o
g=£2 2" A(r T — P4 (—3xlpix1pj +12%)

2m r 4mc2 8c2m3  2mc2r3 (154)

mG*M?  2GJ mGJ?P,(cos )

2c2r2 237" Mc2r3

where we wrote r ! (8r2 + %ar) =r2rd.(rd,) as —r_3xipl-xjpj. This is our final result for the
Hamiltonian of a spinless particle in a Kerr background up to order ¢ 2. The JL, coupling in
the Hamiltonian has also appeared in, e.g., Refs. [61-63] which consider the Lense-Thirring
effect in quantum mechanics. The result above includes further novel effects of order J? which
may potentially be measurable.

5 Discussion & outlook

We conclude with a discussion of our results and an overview of future directions. We have
presented a general framework based on symmetries for deriving the Schrodinger equation on
a given gravitational background that can in principle be applied at any order in 1/c? and for
a wide range of metrics. This relied on recent advances in the description of nonrelativistic
geometry using covariant 1/c? expansions, which allowed us to use symmetry to uniquely fix
the form of the equations (up to non-minimal terms). Complementary to this “bottom-up”
perspective, we showed that it is also possible to get these equations by 1/c? expanding the
Klein—Gordon Lagrangian. We then used this formalism to write down the Schrédinger equa-
tion on a Kerr background up to O(c™2), which led to a generalised Lense-Thirring geometry
and to a novel Hamiltonian on this geometry.

With the ultimate goal of deriving a general minimal coupling prescription that allows us to
write down the Schrodinger equation on a post-Newtonian geometry at arbitrary order in 1/c,
this work paves the way for many interesting avenues of research. A general minimal coupling
prescription should, in particular, make it immediately clear what the covariant derivatives at
any given order are, and so likely requires us to understand better the representation theory
of the 1/c? expansion of the Poincaré algebra. An immediate generalisation of the methods
we develop would be to include odd powers; i.e., to consider a 1/c expansion rather than a
1/c? expansion. This will lead to a different geometric structure compared to Section 2, and
would allow for the expansion of a much more general class of metrics, including metrics in
Kerr-Schild form and metrics that include retardation effects such as pp waves. Moreover,
the inclusion of electromagnetism and spin would allow us to apply our formalism to a much
broader class of physical systems.

In this work, we have only discussed single particles. It would be very interesting to extend
the formalism to describe composite systems. It was recently shown that when going beyond
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particles that are fully described by a single parameter m, new effects can arise. For example,
systems that keep track of time, and are in quantum superpositions that are delocalised over a
region in the gravitational field, will experience time-dilation induced entanglement between
the internal and external degrees of freedom [9,22]. This can result in new effects that can be
probed in experiments, such as decoherence of superpositions or dephasing of clocks [9,11,
26]. Importantly, such effects only arise within the quantum framework when post-Newtonian
corrections are included, and thus their observation amounts to a test of GR in an entirely new
domain. A general geometric formalism that includes such effects will be able to highlight what
aspects of the theory are probed and how to design novel tests that go beyond the current
paradigms. The methods presented in this paper are ideally suited to isolate fundamental
principles that can become accessible in such experiments, and to pave the way for novel
experimental designs to probe the elusive interplay between quantum systems and general
relativity.
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A Schrodinger’s equation on Schwarzschild backgrounds

In this appendix, we perform the 1/c? expansion of the Schwarzschild metric in isotropic
coordinates and use the methods of Section 3 to write down the Schrédinger equation, which
we then match with the results of [31].

A.1 Schwarzschild metric in isotropic coordiantes

In four dimensions, the Schwarzschild metric in isotropic coordinates was first written down
by Eddington [64] and reads

2
1+ 2% re
2rc?

where 2 = x? + y2 + 22 Expanding this to O(c™2), we get

gs? = (1 26M 2G*M?>
B rc2 rc4

) dez+ (14250 Jopdxiax + 0. (a2)
r
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This allows us to read off the fields that describe the geometric data

Ty dx* =dt, (A.3a)
mudx“ =&dt, (A.3b)
hyydxtdx” = &;dx'dx/ (A.30)
@, dxtdx” =—285;;dx'dx’, (A.3d)
1.,
B,dx" = §<I> dt, (A.3e)
where, for simplicity, we defined
GM
&=, (A.4)
r
The LO equation (55) is
1
iD =——03%Y(y), A5
Do) > Y(0) (A.5)
which we can also explicitly write as
. 1 GmM
i (0) = —ﬁazl,b(o) +m®Y gy = ——3 Yoy — —1/)(0) : (A.6)
The NLO equation (73) on this background becomes
_ 1, 1 o,
Doy = —%3 Y+ %Dﬂ)ﬂl)m) - ;a Y(0)> (A7)
where )
. i
th(Z) = at”l,b(o) + 1m<I>1,b(2) + qu)zl,b(o) - q)th(O) . (A8)

Rewriting the NLO equation (A.7) using the LO equation (A.5), we obtain

. 1 3% 1
102 = ——32¢(z) +mPY(z) — 2—32¢(0) - —3341/)(0)
82
+ q)z’l,b(o) + _w(O) + —8 &0 W(o) ,

(A.9)

where we used that
1 1, 1, 1
ﬁptptw(O) = —%8 1/)(0) + 4—m(8 q’)'{/)(o) + ﬂaiq’ai’(/)(o) . (A.10)
We can also write this in terms of the wave function 1/3(2). For Schwarzschild in isotropic
coordinates, the operator 0 given in (127) becomes
i 3

—D,— =%
2m 2

N i
0= —0 — 2% . A1l
o ‘Y0 V(o) (A.11)

Hence, the NLO equation written in terms of the wavefunction 1[)(2) in (101) takes the form

. ~ ]_ ~ ~ 1 .
102y = ——32#)(2) + mdyY (g + —DzDﬂP(O) +i®D Y ()

m<I>2 2%
+ —¢(0) - —¢(0) - —3 Yoy — —3 @04y +O(LOEq.),

(A12)

30


https://scipost.org
https://scipost.org/SciPostPhys.16.3.088

Scil SciPost Phys. 16, 088 (2024)

and imposing the LO equation produces the equation

. 1 . 1
102y = —%321/)(2) + mdyY (g — ﬁaﬂl)m)

(A.13)
ma? 30%% 30 _, 3
+— Yoy — v Yoy — %3 Yoy — %31“1’31%0(0) .
Defining ¥ =g + c_zq,b(z) and adding the LO and NLO equations as
LO Eq. + ¢ 2NLO Eq., (A.14)
we find that the equations of motion above can be combined to give
1 3 1
10,0 = ———3°¥ + modv — %W — otw
2m 2mc2 8m3c2
m 32 1 (A.15)
+ —3%0 + U+ XY AVR
2¢2 4mc2 2mc2

In [31], Limmerzahl writes down the 1/c? expansion of the Klein-Gordon equation on a back-
ground given by the parameterised post-Newtonian (PPN) metric. The dictionary between
Schwarzschild in isotropic coordinates and the PPN metric is

B=r=1, U=—o, (A.16)

in which case (A.15) matches Eq. (8) of [31].
Doing the same for (A.13) and defining ¥ = Yoy + c_zz,b(z) gives

A 1 A a 1 A
0,0 = ——32¥ + mo¥ — oM
2m 8¢2m3 (A.17)
me?s 3070, 3% op 3 Laadt0( .
2c2 4mc2 2mc2 2me2 't ’

which agrees with Eq. (16) in [31].

A.2 From Kerr to Schwarzschild

At this stage, one may wonder how to obtain (A.17) from the results of Section 4, where we
expanded the Kerr metric in Boyer-Lindquist coordinates. Setting a = O in the expression
for the Kerr metric (131) gives the Schwarzschild metric in Schwarzschild coordinates, which
are related to the isotropic coordinates employed in Section A.1 by a c-dependent coordinate
transformations. In general, c-dependent coordinate transformations mix LO terms with NLO
terms. Moreover, although the wave function ¥ that descends directly from the Klein—-Gordon
field, cf., (36), transforms as a scalar under c-dependent spatial coordinate transformations,
the same is not true for the wave function with the standard inner product of nonrelativistic
Quantum Mechanics . This is because the operator O defined in (127) receives 1/c? correc-
tions. The fact that ¥ transforms differently under c-dependent coordinate transformations is
already evident from the different transformations of 5y and zf)(z) under infinitesimal sub-
leading diffeomorphisms ¢ in (44) and (93c), respectively. In this appendix, we illustrate this
using two well-known coordinate systems for the Schwarzschild metric: Schwarzschild coor-
dinates and isotropic coordinates, and ultimately show how this allows us to match with our
results for Kerr.
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A.2.1 Schwarzschild coordinates

The Schwarzschild metric in Schwarzschild coordinates (t,r, 8, ¢) is

2GM 26M\ !
2 _ 2 2 2 21.2
dSSChW__(l_—Czr )c dt +(1— 2, ) dr®+rodsg,,

(A.18)

where dsg2 = d6? +sin?(0)d ¢ is the metric on the unit two-sphere and M is the mass of the
black hole. Setting J = 0 in (139) gives gives the following geometric data up to 1/c?

T, dx* =dt,
hydxtdx” = dr? +1r2d6?% +r?sin? 0d ¢?,
GM
m,dx" = ———dt,
2G],;/[ (A.19)
@, dxtdx” = —dr?,
r
GZMZ
B,dx" =— ;) dt.

The Schwarzschild coordinates are related to the isotropic coordinates used in Appendix A,
which we here denote by (t,r’,0,¢) or, in Cartesian form, (t,x,y,z) by the c-dependent
coordinate transformation [64]

GM \? ,
r= (1 + 2c2r’) r, (A.20)
where
r'2=x2+y?+22, (A.21)
with

x=r'sinOcos¢,
y=r'sinfsing, (A.22)

z=r"cosH.

Note in particular that time t and the angles (6, ¢) in Schwarzschild coordinates are the same
as the time and angles in isotropic coordinates when expressed in spherical form.

A.2.2 Schrodinger Lagrangian on Schwarzschild backgrounds

The comparison between the NLO theory in Schwarzschild (which are unprimed) and isotropic
(which carry a prime) coordinates is perhaps most transparent at the level of the Lagrangians
that we worked out in Section 3.5. When going from Schwarzschild coordinates to isotropic
coordinates, the c-dependent rescaling of the radial direction (A.20) implies that the NLO La-
grangian in isotropic coordinates £ picks up a contribution from the LO Lagrangian (cf., the
expansion (110)). While the wave function ¥ defined in (36) is a scalar under spatial reparam-
eterisations, and as such transforms as ¥’(r") = ¥(r) (omitting the remaining coordinates),
ie.,

Yo =), and () =iy, (A.23)

the same is not true for the wave functions with the standard inner product of nonrelativistic
Quantum Mechanics that we discussed in Section 3.4. Defining

wSchw(Z) = ,(/)(2) + éSchw'(/)(O) > and 1/){50(2) = 1/)22) + (A)I/SO'IIJEO) > (A.24)
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the expansion of the inner product in (87) that led to the definition of O implies that when
changing coordinates from Schwarzschild to isotropic, O, will pick up 1/ ¢? corrections. In
other words, 0, and by extension ¥, do not transform as scalars usually do, i.e., as in (A.23).

Taking this into account results in a commutative diagram of NLO theories

/
‘CSchw,NLO ? 'Clso,NLO

\LéSchw \LOIISO

A / A
ﬁSchw,NLO ? £Iso,NLO .

Lagrangians decorated with a hat are expressed in terms of the wave functions with
the standard inner product of nonrelativistic Quantum Mechanics in (A.24) which are im-
plemented by the operator O in (127), while the prime denotes changing coordinates from
Schwarzschild to isotropic. In what follows, we will explicitly demonstrate that this diagram
commutes.

Starting with Schwarzschild coordinates, the relevant derivatives that appear in the NLO
Lagrangian (121) are

B , 3im®>
Doy = 0 (2) + imPY () — 2 Yoy —23Y(0)> (A.25)
D2y =Y (),
where, for convenience, we defined
GM
d=—-". (A.26)
r
This means that the NLO Lagrangian (121) becomes
Lyio =—v88 [ 3,0 + Bt iy 3 0y | — 2/8®81 )8, o)
+ VB )8y + 2im /B 108y — i Pt (o) | 27

+ im«/?[w&,)atw(z) - w(o)athz) + wfz)aﬂﬁ(o) - Il)(z)aﬁﬂfo)]
—2/8m2® [ Yiayio, + ¥y Pioy | + AVEMI X0yl

where g;; is the flat metric in spherical coordinates (cf., Section 3.3) satisfying /g = r?sin@.
Note that in Schwarzschild coordinates, we have that

1
@+ hP7By, =0, (A.28)

which means that the term involving the LO Lagrangian in (121) is zero. In other words, we
have that
Lnio = £n1os (A.29)

in Schwarzschild coordinates.
On the other hand, in isotropic (spherical) coordinates, which we denote with a prime, the
relevant derivatives are

r / N im_, / /
Detpia) = Gy +Im®Py) = 5 @) = 20 ).
’ /
Di’w(z) - 3i/¢(2),

(A.30)

where

(A.31)
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In contradistinction to what happens in Schwarzschild coordinates, the term involving the LO
Lagrangian is no longer zero and instead depends on the number of spatial dimensions. In
three spatial dimensions, we get

1
Iy Tplpog!  _— __o&!
+2h ¢, =29, (A.32)
This means that the NLO Lagrangian now becomes

Lromo = V8" [8/4(58/w() + 88/ Wo) |~ 21/ 8184 3,8/ )
+ V80021 + 2V Y [i0) i)~ V)2 iy | + 2V B i
=2V [y i) + i)W o] i [, 8kt — Y02V
Vgm0, 8/~ ()8 1h(p)) 22 Lo
= Vg8 [ 8585+ 8438 (o))
VB0 + MY [0y Bty — oy 8y |+ 6V Moy
=21/ [ioy o)+ Yo |+ MV [wie Wiy — i8]
+ivem (%380~ ¥ 2/V)
(A.33)

where we used that
Lio10 lm‘/_[l%)ar‘%) - 11’20)3{11’26)] 2¢/g'm*®’ Yoo~ Ve'g"o V09 IP(O) )
34

We now want to explicitly change coordinates from Schwarzschild to isotropic. Usmg the
relation between the radial directions in Schwarzschild and Isotropic coordinates (A.20), we
find that P
d

#(r) =)+ 20 0,

Je= \/_( 2<1> (r’))+0( 4y, (A.35)
8, =0, +0(c™.

The fact that both v gy and v (y) transform as scalars under c-dependent coordinate trans-
formations (A.23) implies that the only contributions to the NLO Lagrangian when changing
coordinates from Schwarzschild to isotropic come from the LO Lagrangian (A.34). Explicitly,
changing coordinates leads to

2 : X
E/Schw L0 £;so o™t [ —2im+/g’®’ (wzo)ar w(o) "‘l’(o)at w(o))

(A.36)
+ 21/ 2@ i) + 24/ 7% 0] 8Ly ],

where the terms at order ¢—2 will contribute to the NLO Lagrangian: adding these terms to
L o Precisely leads to L NLO in (A.33).

Now we turn our attention to 'CSCthLo and EISO NLo» Which are expressed in terms of the
wave functions with the standard inner product of nonrelativistic Quantum Mechanics (A.24).
In Schwarzschild coordinates, the operator Og,,, is given by

A i
OSchw = 2_8t_q>: (A-37)
m
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and hence the NLO Lagrangian (A.27) can be expressed in terms of Qf)schw(z) as

Lsamnio =—vE8" [ 8:70)8schwz) T 0 ey B () | — 2v/E0, W10y 0)
* ij * 1 *
- «/?@#J(o)atw(o) - \/Eg g (2<P3i¢(o)3j¢(o) - ;5’1‘1/)(0)31@1/)(0))
* * 2 7~ * %
— VEB 303,y + Wiy (o) — 2VEM R [ Psctmuy¥ iy + Ve P ) |
+imy/g [wfo)aﬂf’&hw(z) — (0% () T Vochmzy 2V ©0) — Qf’sCtlw(z)aﬁl’Eo)] :

(A.38)
In isotropic coordinates, the expression for the operator OI’SO is different:
A i / /
O = ﬂat —29". (A.39)

The origin of this is, as we alluded to above, the fact that the wave functions with the standard
inner product of nonrelativistic Quantum Mechanics transform in a non-standard way under
c-dependent coordinate transformations. To see why, consider the inner product (87) that
allowed us to read off the operator O. In Schwarzschild coordinates, we can write this inner
product as

(Yxcl¥xe) = 2mJ

d’x «/E[ll’(O)<P(*0)+C_2¢(0)(05chw¢(2))*+C_2<Pfo)és(:hw¢(2)+' o ] , (A.40)
by

where Og,, is defined in (A.37), and X is a constant-time hypersurface. Changing coordinates
from Schwarzschild to isotropic, we get an extra contribution at order ¢ ™2

<901/<G|wf<c> = sz

t=cst

s g/[‘l’EO)%) + ¢ P0) Osenw P2y ~ 2 ¢(0))"
(A41)
—2 (A7 ’ /7
+ 200 (Ogenthiay = #'igy )+ }

which correctly reproduces the following relation between (A.37) and (A.39)
01/501/)22) = Oéchwwzz) - ‘I’/U)Eo) . (A.42)

Using that the wave function ¥ with a nonstandard inner product transforms as a scalar (A.23),
we get the relation

A

O =¥

Iso

1 _,.
/ 18,1 —4
Schw + C_Z(p ‘IJISQ + O(C )J (A.43)

where
"y o / Y /
Ysehw = Vo) T Vsewzy:  and Wigo = i) + Py (A.44)

respectively. To get the NLO Lagrangian in istropic coordinates, we must add to (A.38)
the terms that arise from the LO Lagrangian, given again by (A.36), and also express the
Schwarzschild wave function in terms of the isotropic wave function as per (A.43).

Note that one might also derive the relation (A.43) in the following way:!! the inner
product in (89) of the rescaled wave functions can be written as (¥|®) = f - d®x ¥*®. For
this expression to be well-defined in any coordinate system, ¥ and ¢ must transform as scalar
densities of weight +1/2 on %, i.e.,

by (x) = ¥, (') = (det(@x'/3x7)) ¥ (x), (A.45)

'We thank Philip Schwartz for pointing this out to us.
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where the subscript indicates in which coordinates the wave function originated, i.e., for our
purposes below, we have (schematically) x” = Iso and x = Schw. Hence, for the transforma-
tion from Schwarzschild coordinates to isotropic coordinates, we get

A r? or /2 1 _
w;mxﬂ>=(;55;) oo () = o (r) + S (M) + O™, (A.46)
thus reproducing (A.43).

A.2.3 Schrodinger’s equation

Setting J = 0 in the equation for Kerr (146) gives rise to the following Schrodinger equation

in Schwarzschild coordinates up to order ¢ 2
A 1 . GmM GM _,. mG*M?
10, Usehw = —7— Alschw — Wsehw + 50 Wsanw = — 5 5 Wscw
GM 2 1 n GM P
+ oo AVsaw Wﬁz‘lfsmw + WA(F ¥schw (A.47)
GM A
+ o a2 O Ysc

We have the following useful relations between various quantities in Schwarzschild and
isotropic coordinates

1 1 GM 4

;=7—Czr/2+(’)(c ),

1 1 2GM .

2= 2 2 O,

dr\™' , r’2 L, » (A.48)
ar=(ﬁ) rlzwar,_a +O(C ),
2GM 2GM 2GM
Al p! / /
Af_Af_rxczAf c2r /zarf o f

where f(t,r,0,¢)= f'(t,r’,0,¢). Combining these with the relation (A.43) we get

1 P meé? ., 3A'9 .,
i0 leIso 2 A \Plso + cI) \IJIso 8c2m3 A \Ijlso 2C2 \Ijlso - 4mc2 \Ijlso (A 49)
, .
_ i gy’ T 3
2mc2 Iso 2mc2 r’ Iso 2

and thus turns the Schrodinger equation in Schwarzschild coordinates (A.47) into the
Schrodinger equation in isotropic coordinates we obtained in (A.17).
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