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We discuss the nonrelativistic limit of quantum field theory in an inertial frame, in the Rindler
frame and in the presence of a weak gravitational field, and attempt to highlight and clarify several
subtleties. In particular, we study the following issues: (a) While the action for a relativistic free
particle is invariant under the Lorentz transformation, the corresponding action for a nonrelativistic
free particle is not invariant under the Galilean transformation, but picks up extra contributions at the
end points. This leads to an extra phase in the nonrelativistic wave function under a Galilean
transformation, which can be related to the rest energy of the particle even in the nonrelativistic
limit. We show that this is closely related to the peculiar fact that the relativistic action for a free
particle remains invariant even if we restrict ourselves to O(1/c?) in implementing the Lorentz
transformation. (b) We provide a brief critique of the principle of equivalence in the quantum
mechanical context. In particular, we show how solutions to the generally covariant Klein-Gordon
equation in a noninertial frame, which has a time-dependent acceleration, reduce to the nonrelativistic
wave function in the presence of an appropriate (time-dependent) gravitational field in the ¢ — oo
limit, and relate this fact to the validity of the principle of equivalence in a quantum mechanical
context. We also show that the extra phase acquired by the nonrelativistic wave function in an
accelerated frame, actually arises from the gravitational time dilation and survives in the nonrelativistic
limit. (c) While the solution of the Schrédinger equation can be given an interpretation as being the
probability amplitude for a single particle, such an interpretation fails in quantum field theory. We
show how, in spite of this, one can explicitly evaluate the path integral using the (nonquadratic) action
for a relativistic particle (involving a square root) and obtain the Feynman propagator. Further, we
describe how this propagator reduces to the standard path integral kernel in the nonrelativistic limit.
(d) We show that the limiting procedures for the propagators mentioned above work correctly even in
the presence of a weak gravitational field, or in the Rindler frame, and discuss the implications for the

principle of equivalence.
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L. INTRODUCTION

The fundamental principles of physics, as we under-
stand them today, emphasize the role of three constants:
G (Newton’s gravitational constant), ¢ (the speed of
light) and % (the Planck constant). By a suitable choice
of units, we can set the numerical value of all these
three to unity and the broad structure of physical theo-
ries can be represented using a three-dimensional space
in which each of the Cartesian coordinates is taken to
be one of the above mentioned fundamental constants
(see Fig. 1). It turns out to be convenient to use (1/c)
rather than c¢ in such a description, and the entire space
of physical theories will be confined within the unit
cube so formed.
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The examination of this diagram reveals several inter-
esting features.! The origin G = 0, A = 0, ¢ = oo repre-
sents an idealized nonrelativistic (point) mechanics (NRM)
with which many physics courses begin. Moving along the
speed of light axis to ¢! = 1, (keeping G = 0, h = 0),
will get us special relativistic mechanics. Similarly, mov-
ing along the G axis will lead to nonrelativistic, classical,
Newtonian gravity and travelling along the 7 axis will lead
to nonrelativistic quantum mechanics (QM). More exact
theoretical structures emerge when a pair of constants are
nonzero. The vertex ¢ !=1, G=1, h=0 represents
classical general relativity which combines the principles

'One of the authors (TP) has used this diagram during his
lectures in the mid-eighties. A somewhat similar diagram with a
tetrahedron rather than a cube appears in [1]. It is very likely that
many others have thought of such a description but we could not
find a published reference.
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of special relativity and gravity. Similarly, 2 = 1,c™!' = 1,
G = 0 leads to flat spacetime quantum field theory (QFT)
which combines the principles of special relativity and
quantum theory. The vertex at which all the three constants
are unity, ¢! =1, G =1, i = 1, should represent the
domain of quantum gravity but, more importantly for our
purpose, it also represents the study of quantum field theory
in curved space-time (QFT in CST), like, for example, the
study of radiation from black holes. (A description of the
thermal features of black holes requires all these three
constants to be nonzero.) While quantum gravity still
remains a distant dream, we do have a fair amount of
understanding of quantum field theory in curved spacetime
and, in this sense, this vertex (QFT in CST) can be con-
sidered as within our grasp.

While most of these limiting forms of physical theories
have attracted a reasonable amount of attention and made
it into textbooks, the above diagram brings out one limit-
ing case which probably has not been explored in com-
parable detail. This is the vertex with ¢c™' =0, G =1,
A =1, which corresponds to exploring the nature of
gravity in a quantum mechanical context (GQM). Much
of the discussion in this paper is devoted to the explora-
tion of this vertex and, more generally, to projecting the
theories to the G7 plane by taking the ¢ — oo limit in
different contexts.

This vertex is of interest for several reasons. First, there
are interesting questions related, for example, to the princi-
ple of equivalence and the free-fall of atomic systems in
Newtonian gravitational fields which are conceptually and
experimentally important [2,3]. This topic has received a
fair amount of attention in the context of neutron interfer-
ometry [4] as well as in the context of neutrino physics [5].
There are some controversies (and possible lack of clarity)
in the literature on this topic, which makes it worth studying.

Second, this vertex serves as an interesting test-bed for
several limiting processes. For example, note that one
can arrive at the GQM vertex from the quantum field
theory in curved spacetime (QFT in CST) vertex by
taking the limit ¢ — oo. It will be interesting to ask
what limiting forms the known results in quantum field
theory in curved spacetime take when we project (move)
along this direction and do a Taylor series expansion in
inverse powers of c. (For example, it would be interest-
ing to ask what is the lowest nontrivial order in ¢! one
should work at to reproduce, say, the thermal nature of
the inertial vacuum.)

Third, this limit also has interesting implications even in
the context of G = 0, viz., when we move from quantum
field theory to quantum mechanics. How does quantum field
theory reduce to single particle quantum mechanics when
we take the ¢ — oo limit, and how does this limiting
process get modified when we “switch on” G? We will
see that there are some subtleties even in the simplest
context of transition from special relativity to nonrelativistic
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mechanics because the symmetry groups—the Lorentz
group and the Galilean group—have very different struc-
tures [6].

Finally, it is interesting to investigate the role of the
principle of equivalence in quantum mechanical and field
theoretic phenomena. (This issue has attracted attention in
many of the papers quoted in [2,3]). We know that one can
mimic the local effects of gravity by a coordinate trans-
formation to a suitable noninertial frame. Therefore, a
corresponding transformation to a noninertial frame in
quantum mechanics must allow us to incorporate the ef-
fects of gravity and take us from the QM to the GQM
vertex. It is interesting to verify this explicitly and under-
stand the details.

The key new results in our paper are the following:

(i) We show that the reason for the noninvariance of the
Galilean action under Galilean transformations is
intimately connected to the existence of rest-mass
energy of the particle which leaves a residue even in
the nonrelativistic limit. The details of the calcula-
tion might help to clarify some controversial con-
clusions in the literature [7].

(i1)) We point out that the special relativistic action is
invariant under a Lorentz transformation even if we
ignore terms of order 1/c* and beyond, and discuss
the consequences of this result, which does not seem
to have been noticed previously in the literature.

(iii)) We show that the principle of equivalence does
hold good in quantum mechanics, if it is interpreted
as embodying the equivalence of the dynamical
equations in an accelerated frame and in a gravita-
tional field. We explicitly prove this equivalence for
the case of the Schrédinger equation in an inertial
and an accelerated frame of reference.

(iv) We show that the relativistic Feynman propagator
in quantum field theory can be obtained from a
path integral over exp(iA/#), just as in the case of
nonrelativistic quantum mechanics, but now with
the standard special relativistic action A which is
not quadratic. We also show explicitly how the
Feynman propagator reduces to the Feynman path
integral kernel in the nonrelativistic limit, not only
in the inertial frame, but also in the Rindler frame,
and in the more general context of a weak gravita-
tional field. This procedure also allows us to obtain
the leading relativistic correction to the Feynman
path integral.

(v) We show that the reason for the nontransitivity
property of the Feynman propagator is the same as
that for the nontransitivity of the corresponding
energy kernel in the nonrelativistic theory, and we
elaborate and discuss this connection.

Throughout the paper, we have tried to be as self-
contained as possible by giving the necessary pedagogical
details.
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FIG. 1. The “physics cube”. See text for discussion.

II. BEHAVIOR OF SYSTEMS UNDER LORENTZ
TRANSFORMATIONS AND GALILEAN
TRANSFORMATIONS

We begin by discussing the—apparently elementary—
situation of the transition from special relativity to NRM
by taking the limit ¢~! — 0 which involves moving along
special relativistic to NRM in Fig. 1. While text books
consider this limiting procedure as straightforward, we will
see that some curious features arise when we consider the
limiting form of the action functional in this context. (Not
surprisingly, this issue has led to some controversial con-
clusions in published literature [7] which we also hope to
clarify.) As is well known, special relativity is invariant
under a Lorentz transformation of the coordinates, while
nonrelativistic mechanics is invariant under a Galilean
transformation of the coordinates. Given the fact that one
recovers the Galilean coordinate transformation by setting
¢ = o0 in the Lorentz transformation equations, one would
have thought that any theory which is Lorentz invariant
will lead to a theory which is invariant under Galilean
transformations in the limit of ¢ — oo. As we shall see,
there are several subtleties in the manner by which
Galilean invariance of the theory arises in this limit from
Lorentz invariance. This topic is usually discussed in the
literature in relation to the structure of the Galilean group
and superselection rules in quantum mechanics (see e.g.,
[6]). We shall explore the issues in a more straightforward
and transparent manner.

A. Behavior of action functionals under Lorentz
and Galilean transformations

We begin by enquiring how the action functional for a
free particle changes under Lorentz transformations in
special relativity and Galilean transformations in nonrela-
tivistic mechanics. We note that the action A is given by
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A = fL(X, v, 1)dt (1)

where the Lagrangian L can be expressed as a function
L = L(v?) of the square of the magnitude of the particle’s
velocity, by taking into account the homogeneity of space
and time and the isotropy of space. This holds both in the
case of relativistic and nonrelativistic mechanics.

It is impossible to proceed further and determine the
explicit form of the Lagrangian, without making some
additional assumptions. We now have to make a distinction
between nonrelativistic and relativistic mechanics by pos-
tulating the invariance of physical laws under different sets
of coordinate transformations.

In nonrelativistic theory, we postulate that the equations
of motion should retain the same form when we make a
Galilean transformation:

x=x"+Vg t=1+¢ 2)
from the coordinates (x, ) of an inertial frame S to the
coordinates (x/, #) of another frame S’ moving with a
uniform velocity V along the positive x direction with
respect to S. (In this and what follows, we suppress the
two spatial dimensions and work in (1 + 1) dimensions for
simplicity.) The corresponding velocity transformation is
v = v’ + V where v and v’ are the velocities measured in
frames S and S’ respectively.

The sufficient (though not necessary) condition for the
equations of motion to retain the same form in both S and
S’ is that the action should be invariant under the trans-
formations in Eq. (2). It is straight forward to see that no
nontrivial function L(v?) has this property and hence we
fail to construct an action functional which remains invari-
ant under the Galilean transformation.

The usual procedure at this stage is to note that the
equations of motion will remain invariant even if the
Lagrangian is not, as long as the Lagrangian changes
only by the addition of a total time derivative of a function
of coordinates and time. It is again easy to show that this
requires the Lagrangian for the free particle to be propor-
tional to the square of the velocity i.e. L « v? or L =
(1/2)mv? where m is defined to be the mass of the particle.
In this case, the Lagrangians L and L’ in the frames of
reference S and S’ respectively are related by

2

d 1
L=-mvP=—-m@v +V)?=L+ E(mx’v + Em\/zt>.

3)

N =
N =

Hence, in the nonrelativistic theory, the Lagrangians L and
L' differ by a total time derivative of a function of coor-
dinates and time. The corresponding actions differ by
contributions at the end points:

2
A=A+ (mx’V + ;mVQI’)| . 4

1
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Note that the canonical momentum (p’ = p — mV) and
the energy (E' = E — pV + (1/2)mV?) are not invariant
when we transform from L to L'.

In special relativity, we replace Eq. (2) by the Lorentz
transformations between S and S’ of the form:

'+ VY t'+ Vx'/c?
x jo Ve

X=—"7——7; = .
(1 _ Vz/CZ)l/z (1 _ V2/c2)1/2
The transformation of velocities is now given by
v +V

=—— 6
v 1+v'V/e? ©

In the limit of ¢ — oo, the above equations reduce to the
corresponding ones for the Galilean transformation.

Curiously enough, it is now possible to construct an
action functional which is actually invariant (instead of
picking up an extra boundary term) under the transforma-
tions in Eq. (5). This is given by

A = af(l —v2/cA) 24t (7)

where « is a constant. The above form of the action
remains invariant under Lorentz transformations. It is not
possible to choose a such that Eq. (7) reduces to the action
for nonrelativistic mechanics when ¢ — 0. The best we
can do is to choose « in such a way that in the non-
relativistic limit, we get back the nonrelativistic form of
the action, apart from a constant term in the Lagrangian.
This amounts to setting @ = —mc?. Hence, in special
relativity, the action for a free particle is taken to be

A = —mc? f(l — v/ 24y, )

The above discussion raises a couple of questions which
require investigation.

First, we expect the nonrelativistic theory to arise as a
limiting case of the fully relativistic theory, in the limit of
¢ — oo. It is true that the Lorentz transformation equations
reduce to the Galilean transformation equations in the limit
of ¢ — oo. However, the special relativistic action does not
reduce to the nonrelativistic action in this limit, but instead
picks up an extra term, —mc?t evaluated at the end points.
As we shall see, this term—which is usually ignored in
textbooks as being due to ‘“‘just an addition of a constant to
a Lagrangian”—has some interesting implications for the
structure of special relativity and nonrelativistic mechan-
ics. This is already hinted at by the fact that the relativistic
action in Eq. (8) blows up in the limit of ¢ — oo and does
not have a valid limit in the strict mathematical sense.
If one can “renormalize” this action by adding a term
A, = mc’t to Eq. (8), then A + A, will have a proper
limit. But then, A is not Lorentz invariant, and hence this
“renormalization” is not a valid procedure. We will see
repeatedly that the term mc?t plays a crucial role in our
discussions.
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Second, we find that in the special relativistic theory,
which is the more exact theory, the action remains invariant
under special relativistic (Lorentz) transformations.
However, in the nonrelativistic limit, the corresponding
nonrelativistic action does not remain invariant under the
analogous nonrelativistic (Galilean) transformations, but
again picks up some extra terms. This is surprising, when
seen in the light of the Galilean transformation being a
limiting case of the Lorentz transformation.”

Both the above issues are usually ignored by noting that
the equations of motion do not change when a total time
derivative of a function of coordinates and time is added to
the Lagrangian, and hence such action functionals are
equivalent as far as physical phenomena are concerned.
This is true in classical physics, but in quantum theory,
the form of the action is closely related to the phase of the
wave function. Our analysis suggests that the phase of the
wave function of a free particle remains invariant under
Lorentz transformations, but in the ¢ — oo limit, this in-
variance gets broken. We will now explore this situation by
studying the phase of the free particle wave function in
relativistic quantum theory and its limiting form in non-
relativistic quantum mechanics.

B. Behavior of wave functions under Lorentz and
Galilean transformations

The key issue can be introduced by examining the
following argument which seems to allow one to find the
wave function of a moving free particle from that of a
stationary free particle. The argument runs as follows:
Consider a particle of mass m which is at rest in a frame
S’ that is moving with a velocity V along the x axis of
another inertial frame S. We postulate that (a) the phase of
the wave function in S’ should depend on the rest energy
mc? in the usual manner and hence the wave function
should be ¢ x exp(—imc?t'). If we also assume that
(b) ¢ is a scalar under Lorentz transformations, then the
wave function in S is given by

W = exp(—imc?t') « exp[—imc?y(t — Vx/c?)]
o exp[—iEt + ipx] 9

where the symbols have their usual meanings and
E = ymc? and p = ymV are the relativistic energy and

2As an aside, we note the following amusing fact: We imple-
mented homogeneity in time and space in the free particle
Lagrangian by excluding the explicit dependence of L on x or
t but incorporated Galilean invariance by allowing L to pick up a
total derivative. It is possible to do the converse. One can write
down free particle Lagrangians which are strictly invariant under
Galilean transformations but depend explicitly on ¢ and x
through a total time derivative. A simple example is L =
(1/2)m(v — x/t)*> which is invariant under a Galilean trans-
formation but depends on ¢ and x through a total time derivative;
L differs from Ly = (1/2)mv?* by the total time derivative
—d/dt((1/2)mx?/1).
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momentum of the particle in the frame S in which it is
moving with velocity V. Thus, given the postulates (a) and
(b) mentioned above, we can determine the wave function
of a moving particle from that of a particle at rest using the
Lorentz transformation.’

If we now take the limit of ¢ — oo, we find that p — mV
and E — mc? + p?/2m. Hence the wave function of a
nonrelativistic particle seems to be given by

g « exp[—imc?t]exp[—i(1/2)mV?t + imVx]. (10)

Thus we seem to have obtained the correct solution to free
particle Schrodinger equation “‘except for” the phase term
( — imc®t) which has no interpretation in nonrelativistic
mechanics. Again, strictly speaking, ) does not have a
limit when ¢ — 0. One needs to consider, instead, the
quantity ¢ exp[imc?t] to get the correct limit, but, just as
in the case of the action functional, this is not a valid
prescription. The correct ¢ in a relativistic theory is indeed
the one in Eq. (9) and not the one with an mc?t term
subtracted out from the phase.

The situation becomes more curious when we realize
that we could not have done any of these using Galilean
transformations alone. That is, there is no way of obtaining
the wave function of a moving particle from that of a
stationary particle by the application of a Galilean trans-
formation. To begin with, the postulate (a) above has no
meaning in nonrelativistic quantum mechanics and so we
cannot write down a wave function with a time-dependent
phase in its rest frame. Second, as we shall see, wave
functions do not transform as ‘“‘scalars” under Galilean
transformations. To get everything right, one has to add
an extra phase, the origin of which we will now discuss.

Let us again start with the phase of a relativistic wave
function (Et — px). We know that under a Lorentz trans-
formation, this goes over to

(Et — px) = (E'f' — p'x') (an

where E' = y(E—Vp); p'=vy(p—VE/c?). In this
transformation, we treat E, p as just two real numbers
parameterizing the wave function, and are not assuming
that they are components of a four-vector, etc. But once we
have applied the Lorentz transformation to the coordinates,
we can interpret the coefficients of ¢, x’ (which are E’, p’)
as the energy and momentum of the particle in §’, and this
interpretation, as we know, is correct.

None of this works with Galilean transformations and
nonrelativistic quantum mechanics. Under a Galilean
transformation, the phase of the free particle wave function
in nonrelativistic quantum mechanics transforms as

3Strictly speaking, quantum field theory does not allow the
notion of a single-particle wave function with a probabilistic
interpretation. We shall discuss this issue more rigorously in
Sec. V, but the key points mentioned here continue to hold even
when we take this fact into account. Hence we will not worry
about it in this section.
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2 2
P - px= (p_ - pV)t’ — px (12)
2m 2m
which does not allow us to read off the coefficients of ¢ and
x' as the physical energy and momentum of the nonrela-
tivistic particle in S’. So, unlike in the relativistic case, we
cannot identify the correct energy and momentum from the
phase of the wave function after a Galilean transformation.
We can, of course, introduce by hand the two parameters
pl=p—mV,E' = E—Vp+ (1/2)mV? and re-express
the right-hand side of Eq. (12) in terms of p’, E'. The result
is best presented in terms of the identity

2 2 1
(5— t - p’x’) - (%t - px) = (mVx - Eszt)
m m
1
= (mVx’ + Eszt’). (13)

So, if we express the phase in S’ in terms of E' and p/, then
the phase is not invariant and we need to add an extra
phase in the right-hand side of Eq. (13). This extra phase
is essentially the difference between the two actions in
Eq. (4). Since the phases of wave functions are classical
actions for a free particle, it is clear that the noninvariance
of the action under Galilean transformations reflects itself
in the additional phase that arises in the wave function.

These facts are also related to the contrasting behavior of
the Klein-Gordon equation and the Schrodinger equation
under Lorentz transformations and Galilean transforma-
tions, respectively. With future applications in mind, we
will consider the transformation of the Schrodinger equa-
tion under a more general coordinate transformation from a
frame of reference S = (f,x) to a frame S’ = (1, x') =
(t, x — £(r)) where £(r) is some arbitrary function of
time. (The Galilean transformation is a special case when
&(r) = Vi, when £(r) is not a linear function of ¢ this
represents a transformation to a noninertial frame.) Using
the fact that (9/0x), = (8/9x")y, (8/01), = (3/0t)y —
£(9/0x"), we can transform the free particle Schrodinger
equation

A N WA (14)
! ot 2m 9x?
into the (¢, x’) coordinates and obtain
ow 1 9*¥r .oV
S SN S 15
"ot 2m 9x'? i¢ ax' (15)

(We have set 2 =1 for convenience.) In the case of the
Galilean transformation, we have £(z) = Vt, leading to

v 1 ¥ ¥

oy T T amar TV (16)

Obviously the free particle Schrédinger equation is not
form invariant under the Galilean transformation if we
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consider W to be a scalar—unlike the Klein-Gordon equa-
tion, which is form invariant, with the wave function
remaining a scalar. It is the second term on the right-
hand side of Eq. (16) which requires an extra phase to be
added to the wave function for everything to be consistent.

Once again, all this is closely related to the fact that the
action in special relativity is invariant under Lorentz trans-
formations while the action in nonrelativistic mechanics
picks up an additional term under Galilean transforma-
tions. To see this explicitly, we will again consider the
behavior of the action for a free particle under the trans-
formation from a frame of reference § = (¢, x) to a frame
S"=(t,x') = (t, x — £(r)) as before, and relate it to the
extra phase in the wave function explicitly. The Lagrangian
of the free particle in S’ is given by

L' = (1/2)mx? = (1/2)mx® — mx & +(1/2)mé>  (17)

which can be written in the form

_ L9
L' =L+ b (18)
where
f=—mxé+ [(1/2)m§2dt (19)

and L is a new Lagrangian:
L = (1/2)mx* + mxé (20)

which is equivalent to L' as far as the equations of motion
are concerned, since the total time derivative df/dr does
not contribute to the equations of motion. This L represents
the Lagrangian for a particle acted upon by a force mé or,
equivalently, a particle located in a spatially homogeneous
but time-dependent gravitational field £. (In fact, the entire
phase f acquires a simple physical meaning when we take
gravitational time dilation into account; we will say more
about this in Sec. III.)

We recall that when we add df(x,r)/dr, to the
Lagrangian L, thus transforming it to L' = L + df/dt,
both the canonical momentum and the Hamiltonian
change, becoming p'=p+9df/ox and H = H —
df /ot respectively. In quantum mechanics, the time evo-
lution of the wave function is determined by the
Hamiltonian operator and hence, the form of the wave
function must change when we make a coordinate trans-
formation from the frame S to the frame S’. Let W/(z, x') be
the quantum mechanical wave function for the free particle
in the frame S’. Then, it can be shown that the correspond-
ing wave function W(, x) for the same particle in the frame
S is given by

PHYSICAL REVIEW D 84, 085018 (2011)

W(t, x) = W/(t, x — £(1))eI/h (21)
and it satisfies the equation
oW (z, x) A% 92W(s, x) .
ih =—— = W(z, 22
! at 2m  9x? mex Pt x) @2)

in the frame of reference S, which is just the Schrodinger
equation with a “pseudopotential” energy term, —méx.
This term arises because the frame S is an accelerated
frame of reference and has a close link with the principle
of equivalence, which we shall take up later on in Sec. III.
(This result has been derived numerous times in the litera-
ture; for completeness we reproduce the derivation in
Appendix A).

Coming back to the case of Galilean transformation, we
have &(r) = Vt and

1
f=—-mxV+ szzt. (23)
Therefore, Eq. (21) takes the form

W(t, x) = W'(t,x — V)exp[(—i/h)(—mxV + (1/2)mV?1)].
(24)

That is, we need to transform the wave function, treating it
as a scalar, and then add an extra phase which is consistent
with what we found in Eq. (13). As we have said before, all
this is perfectly consistent as regards the application of the
Galilean transformation in quantum mechanics.

How is it that the Klein-Gordon equation is invariant
under the Lorentz transformation, but the Schrodinger
equation—which is presumably obtained in the ¢ — o0
limit of the Klein-Gordon equation—is not invariant under
the Galilean transformation, given the fact that the Lorentz
transformation reduces to the Galilean transformation in
the appropriate limit?

This has to do with the manner in which one obtains the
Schrodinger equation from the Klein-Gordon equation and
brings to the center stage the role of the mc? term in the
phase. We will outline how the extra phase in Eq. (24) can
be obtained from a fully invariant Klein-Gordon equation.
Consider the wave function ®(z, x) which is the solution to
a free particle Klein-Gordon equation. We know that under
a Lorentz transformation, ®(z, x) = ®/(¢, x’), thus trans-
forming as a scalar. To obtain the Schrodinger equation for
a wave function (¢, x) we first have to separate the mc>t
term from the phase of the ® by writing

d(t, x) = (1, x) exp[ —imc?t]. (25)

It is then straightforward to show that in the limit of
¢ — oo, Y(r,x) will satisfy a free particle Schrodinger
equation. [We will demonstrate a more general result in
the presence of a gravitational field later on, and hence we
skip the algebraic details here; see Eq. (48).] To obtain the
Schrédinger equation in S/, we have to similarly write
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®'(¢, x') = ' (¢, x') exp(—imc?*t’). The fact that ® trans-
forms as a scalar can now be used to relate ¢ and ', and
we find that

' = exp[—imc*(t — 1))

We see that, in addition to the scalar transformation, the
wave function picks up a phase which is just mc?(t — t).
Incredibly enough, this expression has a finite, nonzero
limit when ¢ — oo! Evaluating this quantity in the limit
of c — o0, we get

(26)

Vx'!
mc2(t — 1) = mczy(t’ + —2) — mc2t
c
vx' 1 V3 1
_ 2 )
= mc |:t’+ = +§ 2 + @(c—4>] mc*t!

mV2t 1
— mVx' + +(9<—).
myvx B c2

(27)

This is precisely the mysterious phase which occurs in the
Schrodinger equation under a Galilean transformation. It
has a simple interpretation as being equal to mc>(t — t'),
thus emphasizing the role of rest energy even in the

A = —mc? j(l —v2/eH)2dr =
2 / v? 4
= —mc [dt(l +F+ O@1/c ))(1 ~5a

However, to the same order of approximation, we also
know that:

A = —me f dt(l - 2”—; + (9(1/c4)). 29)

Hence we find that A and ‘A’ are identical in form, even
to this order in (1/c)! (This is not at all an obvious result
and it occurs due to the cancellation of the (V?/2¢?) term
coming from the velocity transformation, with that coming
from the #' to ¢ transformation.) Clearly, when both these
transformations are carried out consistently, the action
remains form invariant, even if we disregard O(1/c*) and
higher terms!

Note that the action in Eq. (28) is what a text book would
have considered as being the ‘“same as the action in non-
relativistic mechanics except for a constant added to the
Lagrangian”. But we have proved that the action for a
nonrelativistic particle is not invariant under a Galilean
transformation, but picks up an extra term. If we express
the change in the nonrelativistic action under the Galilean
transformation as A A, we can write

dr'
_mc2[ — (Vz/cz)‘/
le V2

22
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nonrelativistic limit. We will see later that this interpre-
tation holds even in the presence of gravity, if we take the
gravitational time dilation effect into account.

C. A little surprise: Invariance under truncated
Lorentz transformation

There is another peculiar result closely related to the one
obtained above which deserves mention. We have already
seen that the action for a relativistic particle is invariant
under the Lorentz transformation while the action for the
nonrelativistic particle is not invariant under the Galilean
transformation. But it turns out—somewhat surprisingly—
that the action for the relativistic particle remains invariant
even if we only retain the terms in the action up to and
including O(1/c?) (and ignore terms of O(1/c*) and
higher) and also treat the Lorentz transformation to the
same order of approximation.

This may be seen as follows: In the expression for the
relativistic action for a free particle, we expand the inte-
grand in a power series retaining terms up to and including
order 1/c?, and ignoring all higher order terms. We then
find

1= (V2/c?) — (v?/c?) + O(1/c*)

2

+ (9(1/c4)> = —mc? /dt’(l - ;’ -+ (9(1/c4)). (28)

202
1 1
m[dtl:ivz - Ev’z]
» 2
= mczfdt<1 - v_z) — mc? /dt(l - v_z)
2c¢ 2c

(30)

We see that this difference A A bears a close resem-
blance to the difference between the corresponding rela-
tivistic action functionals, with the crucial difference being
that the time has been kept invariant in Eq. (30) while the
expressions in Eq. (28) and (29) have integrals over ¢ and 7.
This shows clearly that the reason for the noninvariance of
the Galilean transformation lies in equating ¢ to #. If we
take into account the difference between ¢ and ¢, even to
the lowest order in (1/c?), it will lead to invariance of the
nonrelativistic action functional.

The invariance of the approximate action in Eq. (28)
allows us to obtain the result

mc2(t—t) = %m[fdtvz — [dt’v’z]. 3D

The left-hand side can be interpreted as the difference in
the phase of a wave function arising due to the rest mass
energy in two coordinate systems. We see that this quantity

AA,
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is equal to the expression on the right-hand side which is
completely independent of ¢! In other words, this phase
difference which occurs in a wave function through the
factor exp[—imc?(t — t')] survives to a completely non-
relativistic expression in the ¢ — oo limit as already seen in
Eq. (27). This result, which is surprising at first sight, arises
from the fact that the difference between the coordinate
time and the proper time carried by a moving clock is given
by

1
Ar=1— [di(1 —v?/A)V?~_— [v2dr  (32)
2¢?

where the last equality holds to O(1/c*). It follows that the
phase difference term

mcrAr =~ % /v’zdt (33)

survives in the nonrelativistic limit even though it has no
simple interpretation in the nonrelativistic limit.

This algebraic fact (but not its origin or connection with
the limiting process, etc.) has been noted earlier and dis-
cussed in a different context in Ref. [7] where it was
concluded that there are some difficulties in reconciling
the Galilean transformation with quantum mechanics.
Our analysis shows that this is not the case and that such
a result is indeed expected when the Galilean transforma-
tion is used correctly in quantum mechanics. The real
surprises—for which we have no simple explanation—is
the result that the relativistic action remains form invariant
even when we work to the accuracy of O(1/c*).

The above result, as well as the invariance of the trun-
cated action in Eq. (28), rely crucially upon our retaining
the mc? term in all the expressions. In fact, if we define a
nonrelativistic energy as Exg = mc? + (1/2)mv?, then
one can again show that the phase of the wave function
given by (Exg? — px) transforms to (Ezt’ — p’x’) under a
Lorentz transformation, if we again retain terms only to the
accuracy of O(1/c*).

III1. PRINCIPLE OF EQUIVALENCE
IN QUANTUM MECHANICS

We next take up issues which arise when we switch on G
and move from quantum mechanics towards GQM in
Fig. 1. One of the key questions which has been debated
extensively in the literature is the validity of the principle
of equivalence in quantum mechanics [2,3]. In Newtonian
gravity, the principle of equivalence can be introduced in
many ways and it also leads to several different conclu-
sions. We cannot, a priori, expect all these descriptions of
the principle of equivalence (or the resulting conclusions)
to be equally applicable when we proceed from the vertex
QM to GQM in Fig. 1. We provide a brief critique of this
issue in this section, essentially arguing that much of the
debate can be settled by using an appropriate definition of
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the principle of equivalence in the quantum mechanical
domain.

A. The many facets of the principle of equivalence

Consider the following two versions of the principle of
equivalence: (a) The dynamics of a system in a spatially
homogeneous (but possibly time dependent) gravitational
field g(z) is the same as the dynamics of the same system
viewed in an accelerated frame with coordinates ¢ = ¢,
x' = x — &(t) and ¢ = g. (b) The accelerations of different
masses mj, m, ... in a gravitational field are independent
of the masses mj, m,.... Therefore, any measurement
based on the trajectories of a particle moving in a given
gravitational field cannot be used to determine its mass.

It is obvious that the statement (a) implies statement (b)
in nonrelativistic mechanics; we know that the acceleration
a produced in the noninertial frame is just @ = & which is
indeed independent of the mass of the particle. If the
dynamics in the noninertial frame is the same as that in a
gravitational field, then we must have a = g(r) in the
gravitational field implying statement (b). Further,
Newton’s law tells us that f = m;a(t) = m,g(t) implying
equality of inertial and gravitational masses. (In this paper,
the term ‘‘gravitational mass’ refers to the passive gravi-
tational mass of the object.) Obviously, a measurement of
the trajectory of the particle cannot be used to determine its
mass.

A moment of thought shows that the last statement
requires qualification in quantum theory. We do not have
trajectories in quantum theory but one assumes that opera-
tors like x, x2, etc. are observables in quantum mechanics.
If so, one should be able to devise a suitable experiment
which measures, say, the dispersion in the position: g% =
((x — (x))?). This quantity certainly depends on the mass of
the particle when the particle moves in a gravitational field
or even if the particle is free. In fact, the case of the free
particle drives home the point without clouding the issue
by involving acceleration, gravity etc. The trajectory of a
free particle in nonrelativistic mechanics is certainly inde-
pendent of its mass, and any observation related to the
trajectory cannot determine its mass. But consider two free
particles having masses m; and m, (m; # m,) with iden-
tical initially prepared states in which the wave functions
are Gaussian wave packets of mean zero and width Ax. If
we allow these wave packets to propagate in time, then the
widths Ax; and Ax, of these wave packets at any later time
At will be given by

h2(Ar)?

GO ST Gt
2 (Ar)?

(AXZ)Z = (Ax)2 + W

Hence, the width of the wave packet at any later time
depends on m, the mass of the free particle. By measuring
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the width at a later time and knowing the initial width, we
can deduce the mass of the particle. The same result holds
for particles moving under a gravitational field (see e.g.,
[8]). Clearly, this cannot be used to prove any violation of
the principle of equivalence.

Note that the Heisenberg equations of motion for the
quantum mechanical particle are identical in structure to
the classical equations of motion and read x= g(?), and
hence, are independent of mass. Nevertheless, the disper-
sion in particle position will depend on the mass, in gen-
eral. This shows that all the consequences which we derive
from a particular version of the principle of equivalence in
the classical domain may not hold in the quantum domain.

As another example illustrating the same result, con-
sider the context of the gravitational hydrogen atom, with
the Coulomb force between the proton and the electron
being replaced by the gravitational force between two
particles of masses m and M respectively, with m orbiting
around M and m << M. For this system, the energy levels
are given by

G*M*m?

En = " e

We see that the frequency of transition from one energy
state to another will also be proportional to m?, and hence
will depend on the mass of the orbiting particle. Thus, in
principle, this frequency can be used to determine m.
More generally, we can use the frequency of transitions
between successive energy levels of a system composed
of a massive particle orbiting around a ‘“nucleus”, to
determine the mass of the orbiting particle. This is clearly
impossible in the classical theory.

Again, this experimental determination of mass should
not be taken as a violation of the principle of equivalence.
To see what is involved, let us consider another example
consisting of a particle of mass m, moving under the action
of a potential

(35

V(x) = alx|™ (36)

This represents a ‘“‘non-Hookean’ spring when n # 2. We
will now choose the spring constant a such that it is
proportional to the mass of the particle: « « m = km.
Classically, the mass m cancels out of the equations of
motion, m¥ = knm|x|"~!, showing that the acceleration is
independent of the mass of the particle. (More elaborately,
one can consider several masses my, m,, ..., each moving
under a separate potential with the same n and k, so that
each potential scales with the corresponding mass.) Once
again, classically, we cannot determine the mass by obser-
vations of the trajectory. The situation is different in quan-
tum mechanics. We can evaluate the energy levels of this
“oscillator” in the WKB approximation using the Bohr-
Sommerfeld quantization rule

f podx = [ 2m(Ey — V(x)))2dx = Nh (37)
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where N is the quantum number corresponding to the
energy level Ey, and is assumed to be large compared to
unity. Using this integral we can determine the scaling of
Ey with N and m for different values of the exponent n. We
find (Appendix B) that

EN o N2n/(n+2)m(n—2)/(n+2). (38)

When n = 2, Ejy « N which is the case of the harmonic
oscillator; in this case, Ey is also independent of the mass
m. However, when n # 2 the energy levels Ey and hence
the spacing between energy levels depend on m. Therefore,
we can use quantum mechanical transitions between suc-
cessive energy levels of any of these oscillators to deter-
mine their mass m! Clearly, quantum mechanics allows
such a determination which is not possible in classical
theory based on measurements related to the trajectory of
a particle. As the above example shows, this fact has
nothing to do with gravity per se and is a general phe-
nomenon. (In fact, even in classical mechanics, if one
measures dynamical variables like momentum, energy,
etc., one can certainly determine the mass of a free
particle.)

B. Schrodinger equation in noninertial frames
and the principle of equivalence

We believe that issues related to the determination of the
inertial mass of a particle by quantum mechanical obser-
vations are red herrings to the proper formulation of the
principle of equivalence in quantum mechanics. Such a
formulation can be based on the statement (a) in the
beginning of the last section which embodies the mathe-
matical equivalence of dynamical equations in an acceler-
ated frame and in a gravitational field. Given the
Schrodinger equation for a free particle in one frame of
reference, if we transform it to any other arbitrarily accel-
erated frame of reference, we should obtain an equation
identical in form to the Schrodinger equation for a particle
in the presence of an appropriate, in general time-
dependent, gravitational field. For example, if we trans-
form from a frame S = (7, x) to an arbitrarily accelerated
frame S’ = (1, x — £(r)), where £(r) is a function of ¢, the
Schrodinger equation should pick up a “potential energy
term” V(x) = —mé&(t)x where —£&(7) is the instantaneous
acceleration of S’ with respect to S.

We have already demonstrated this result earlier in
Eq. (22). The only new feature is that the wave functions
in the two frames are not related by a scalar transformation,
but require an additional phase factor to be added. This
phase factor, as we demonstrated, was required for con-
sistency under Galilean transformations, but the situation is
less clear for the case of an accelerated transformation. In
what follows, we shall investigate this result in greater
detail from different perspectives.

085018-9



HAMSA PADMANABHAN AND T. PADMANABHAN

IV. THE NONRELATIVISTIC LIMIT IN THE
PRESENCE OF GRAVITY, AND THE PRINCIPLE
OF EQUIVALENCE

In Sec. I B, we showed that while the phase of the free
particle Klein-Gordon equation is Lorentz invariant, the
corresponding phase of the Schrodinger wave function is
not invariant under a Galilean transformation. We also
demonstrated that the transformation to an accelerated
frame in the nonrelativistic context leads to the
Schrodinger equation with a gravitational potential.
However, to obtain this result, we needed to explicitly
include a phase in the wave function in Eq. (24). The
question arises as to how we can understand this phase in
a general context when we are no longer dealing with the
Lorentz transformation, and the Galilean transformation as
its limiting form, but have to deal with noninertial frames.
It is important to obtain the result in Eq. (22) directly from
a fully generally covariant equation, just as we obtained the
results for the Galilean transformation by taking the ap-
propriate limit of the Klein-Gordon equation. We shall now
show how this can be done for a time-dependent accelera-
tion, which does not seem to have been discussed in the
literature before.

In the relativistic case, we have a quantum scalar field
satisfying the free particle Klein-Gordon equation in one
frame of reference, which we call (x, 7); the frame (x, 1)
being arbitrarily accelerated with time-dependent accelera-
tion g(¢) with respect to an inertial coordinate system S’ =
(X, T). In this frame (known as the generalized Rindler
frame) the metric is given by

ds®> = (1 + g(t)x/c*)dr* — dx>. (39)

The explicit coordinate transformation [9] between S and
the inertial frame S’ is given by

X = c[dt(l + g(t)x/c?) sinhy(2);

(40)
- [ di(1 + g(t)x/c?) coshy (1)
where x(z) is related to g(¢) by
dx
g(t) =c— ar 41)

The generally covariant Klein-Gordon equation for a scalar
field ®(x, 1) in this frame is given by

1 .
ﬁai(\/—_gg'kakq)) = —m2d. 42)

Hereafter, unless mentioned otherwise, we use units in
which ¢ = A = 1. Using the form of the metric as given
in Eq. (39), we find:
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B 1 P dg oD 1 32<I>
(1+ g(t)x)*> o i ot 1+ g(t)x)g
0P g o,

A — 43
dax (1 + g(0)x) (43)
We now substitute ®(x, t) = (x, 1)e” ™ and note the
following:

P .

— = —ime M (x, 1) + e

B

LY
ax ax
and
82(1) —im : —im 8¢ —im azl'b.
- = —mZe ™ ys(x, 1) — 2ime ’E+ e t—atz :
(45)
2 2
PP _ im Y (46)

a_xz 8x2

Substituting the above relations into Eq. (43), we find
(putting back the c- and # factors):

2im

[(1 + git)X)][_ mz;jt/f B 7 Wy

1 a2¢]

c? 92

() ()
c ax
(- (Yo

Retaining terms to the lowest order (up to but excluding
order gx/c?), we get on simplification:

a¢ > 9%y

ot 2m dx? +mg(0)xip (48)
which is identical to the Schrodinger equation for a particle
of mass m in an accelerated frame of reference moving
with acceleration —g(¢) or equivalently, in a time-
dependent gravitational field of strength g(z). Hence, we
see that the Klein-Gordon equation reduces in the appro-
priate limit to the Schrodinger equation, with the term
mg()x indicating the accelerated nature of the frame.

Notice that we have excluded the terms of 1/c¢? order.
This is consistent with our earlier comments on the
“accuracy” of the Galilean transformation. For the
Galilean transformation and the nonrelativistic limit to be
valid, one must keep only those terms up to order (1/c¢) and
not beyond.

In fact, the phase f acquired by the nonrelativistic wave
function acquires a direct physical meaning when we
consider the Schrodinger equation as a limit of the Klein-
Gordon equation. We can transform the free particle solu-
tion to the Klein-Gordon equation in the inertial frame,
®(T, X), as a scalar to the noninertial frame, thus obtaining

l - =
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®(t, x). The nonrelativistic limits of ®(T, X) and d(z, x)
will differ by a phase term mc*(t — T), which, in the
appropriate limit, will give the correct phase dependence
arrived at in Eq. (21) when we consider the effect of
gravitational time dilation. In the presence of a gravita-
tional potential ¢, the proper time lapse dT of a comoving
clock is related to the coordinate time lapse dt by

c2

= czdt2:<1 + @) - V—z] 49)

c? c?

2
ds? = c2dT? = c2<1 + —¢>dt2 — dx?

so that, when V = f, b= xé, we get

mc*(t—T) = —mcz-fdt<1 - 5—2 + 2L5>1/2 - t]

| C2 C‘2
=~ —m[dt(—%%—xé)
= —mxé + %m f dté? (50)

which is precisely the phase f found in Eq. (19)! Once
again we see that a result in nonrelativistic quantum me-
chanics acquires a simple interpretation when we treat
it as a limit of relativistic theory, thanks to the factor
mc?(t — T) in the phase. The result also shows that in the
instantaneous rest frame of the particle, the phase of the
wave function evolves as mc?dr, where 7 is the proper
time shown by the comoving clock, thereby again validat-
ing the principle of equivalence in quantum mechanics.
We conclude this section with a comment related to the
structure of the Schrodinger equation in Eq. (48) and its
relationship to quantum field theory in the Rindler frame.
For a general £(z), the potential in Eq. (48) depends ex-
plicitly on time, and hence it does not allow stationary state
solutions. The exception occurs in the case of a uniformly
accelerated frame for which £ = g is a constant. In that
case, Eq. (48) possesses stationary state solutions with the
energy eigenfunctions being Airy functions. A similar
situation arises in the fully relativistic context. For a time
dependent g(#), the metric in Eq. (39) is not stationary and
the Klein-Gordon equation does not possess mode func-
tions with an exp(—iEt) dependence. The exception is the
case of constant g, leading to the Rindler metric, when
such stationary solutions exist. (In fact, these solutions,
given in terms of Hankel functions, reduce to the corre-
sponding Airy functions in the ¢ — oo limit, as they
should.) We know, however, that the positive frequency
mode functions in the Rindler frame are a superposition of
positive and negative frequency mode functions in the
inertial frame, leading to [10] the well-known Davies-
Unruh temperature 7 = (7/c)(g/2m). (For a textbook
discussion, see Chap. 14 of Ref. [9].) When one takes the
¢ — oo limit, this effect vanishes at the lowest order (which
is independent of ¢) but leads to a nontrivial result at the
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next order. We hope to describe this and related features in
a separate publication [11].

V. PROPAGATORS IN RELATIVISTIC AND
NONRELATIVISTIC QUANTUM THEORIES

In the previous sections we dealt with the Klein-Gordon
equation and the Schrodinger equation without worrying
about the physical interpretation of their solutions in the
relativistic and nonrelativistic contexts. It is, however, well
known that while the nonrelativistic wave function has a
standard interpretation, as the probability amplitude in a
single particle theory, the solution to the Klein-Gordon
equation cannot be interpreted as a probability amplitude
for the relativistic particle. In fact, consistent interpretation
of quantum field theory requires us to recognize the exis-
tence of antiparticles and treating the solutions of relativ-
istic wave equations as operator-valued entities. This
requires a closer scrutiny of the limits which we studied
in the previous sections, which we shall now turn our
attention to.

The solution ¢(x’) of a Klein-Gordon equation treated
as an operator, can be expanded using creation (alt) and
annihilation (ay) operators in the second quantized
formalism:

() = Y (axfi + alfy) (51)
k

where fi(x') is a c-number solution to the Klein-
Gordon equation labeled by the momentum k. The
transition element (0|¢|1x) = fix between the standard
vacuum state |0) and the one-particle state |1,) with
momentum k is what we have taken to be the relativ-
istic analog of a wave function in the previous sections.
In the ¢ — oo limit, the combination = fi ™" will
reduce to the Schrodinger wave function for the free
particle. In a similar way, one can think of the state
¢(x)|0) as representing a state with a particle at posi-
tion x' and the quantity

Gr(x,y) = (OT[¢(x)$(»)]l0) (52)

as the amplitude for a particle to propagate from the
event y to event x with the time ordering operator T
to take care of the distinction between particles and
antiparticles.

Relativistic quantum field theory makes use of the
(Feynman) propagator G extensively and, in fact, all the
standard results of interacting field theory can be obtained
using this propagator. It is, of course, possible to introduce
a similar propagator in nonrelativistic quantum mechanics,
which can also be interpreted as the amplitude for a particle
to propagate from one event to another, even though it is
not as extensively used as the propagator in field theory.
Given the fact that the solutions to the Klein-Gordon
equation have no direct interpretation as probability am-
plitudes in quantum field theory, it is better to study the
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nonrelativistic limit of quantum field theory in terms of the
two propagators. In the present section, we shall consider
different aspects of this issue.

A. Path integral description of relativistic
and nonrelativistic particles

In nonrelativistic quantum mechanics, one can deter-
mine the wave function at r = ¢, from the wave function
att = t;, where 1, = t;, by a suitable integral kernel K via
the equation:

(X, 1) = jK(Xz’ 1 Xy, 1) (X, 1)dX;. (53)

This propagation kernel can be expressed formally as a
sum over paths x() of an amplitude exp(i A[x(¢)]) where
A[x(t)]is the action for the path satisfying the appropriate
boundary conditions at ¢ = (¢, t,). For a free particle of
mass my, the kernel is given by

i (ol
K= Zexp<i f ’Cm0|x|2dz). (54)
<P ), 2

The sum over paths can be rigorously defined by a time-
slicing procedure which assumes that at any intermediate
time ¢, with #; = ¢ =< t,, the particle has a unique position.
If the action is a quadratic functional, it can be shown that
(see e.g., [12]) the propagation kernel has the form:

i
K(x,, 1;Xy, 1) = N(ty, fz)eXPE A (ty, Xp5 11, X1)  (55)

where A . is the action for the classical path. In particular,
the kernel for a free particle is given by

my )D/2
27Tih([2 - tl)

img(x; — x,)° _
X expl:izh(t2 . ]0(l2 1)

= 0(t, — t))F(Xy, 15X, 1) (56)

K(xy, ty; Xy, 1)) = (

where D is the number of spatial dimensions. (The 6
function is just conventional; purely algebraically,
Eq. (53) holds even for ¢, < #,.) It is also often convenient
to define the propagator in the energy space by the
definition

G(E X3, xq) = /00 dTe'tTK(T, x5, X1)

- / Y ATeETF(T, x0, %) (57)
0

where T = t, — t;. This holds for any time-independent
action functional; for a free particle, we have the result
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1 I: |
——exp| —iy2myE|x, — X IQJ.
Xy — x| p \/ oL 1X3 1
(58)

G(E x5,X1) = (ﬂ>

2771

From Eq. (53), it also follows that

F(t3, X3;t1,X1) = deZF([3, X3;t2, Xz)F(tz, Xz;tl,xl)
(59)

which we will call the transitivity property of the kernel.
The same result, of course, holds for K as well but we
explicitly express it in the above form (using F) to stress
that—purely algebraically—this result is valid even with-
out any time ordering.

We do not expect something analogous to Eq. (53) to
hold in the relativistic case. A mathematical reason for this
fact is simple: The relativistic mode function satisfies a
second-order differential equation in time, unlike its non-
relativistic counterpart which satisfies the Schrodinger
equation that is first order in time. Hence the mode function
at time ¢, cannot be determined given only the mode
function at an earlier time, unlike in the case of Eq. (53).
In fact, if the mode function ¢ and its first time derivative
are known at some initial time #;, then, at some other time
t,, we have

d(xp, 1) = deXI[G(Xz, b Xy, ll)m
IG(xy, 13 Xy, 1)

Pt tl)] (60)

where G(x,, t,; X, 1;) is the retarded Green’s function. It is
obvious that both ¢ and its first derivative are required to
be known at the initial time #; in order to determine ¢ at the
later time #,.

Nevertheless, given the fact that we do have a valid
action functional for a relativistic particle, one can for-
mally define a kernel using the path integral as

K(x';y) = Y expliAlx(s))/n] (61)

all x'(s)

where

1 i \1/2
A =—mofV1—X2dt= —mof dn(dx @) .
0

dn dn
(62)

The second form of action expresses the trajectory x'(n) in
terms of a parameter 7 chosen such that x(0) =y,
x'(1) = x' are the boundary values. Unfortunately, this
action is not quadratic in the dynamical variables and
hence the standard procedure for evaluating the path inte-
gral fails.

It is, however, possible to evaluate the path integral in
Eq. (61) exactly by at least two other methods. The first
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involves utilizing the fact that the integral in Eq. (62) is just
the proper length of a given path connecting the end points.
We can implement the sum over paths in a Euclidean
lattice and take an appropriate limit to the continuum at
the end, thereby evaluating Eq. (61). This is worked out in
detail in Ref. [13].

A second procedure is more heuristic, but physically
transparent, and is based on the fact that even in non-
relativistic quantum mechanics, there exists an action
functional, called the Jacobi action, which has a structure
similar to the one in Eq. (62) involving a square root. We
shall briefly indicate how this procedure can be used to
explicitly evaluate the path integral in Eq. (61). We shall
essentially prove that the following relation holds:

Zexp fdsﬂZmo(E V)|x|?

all x

_[® i/RET i 2 _
—[0 dTeli/n {%CXPE/O dtl:zmox V:I}

(63)

(On either side of the equation, the overdot denotes
differentiation with respect to the integration variable
used.) The expression on the left-hand side is a path
integral defined using the Jacobi action for a particle
propagating from one spatial point to another with energy
E in an external potential V. The right-hand side involves
the Fourier transform of the usual path integral (given in
the curly brackets) which we know how to evaluate. This
relation allows us to give meaning to path integrals in-
volving reparameterization invariant action functionals
which have square roots in them. The proof of Eq. (63)
is given in Appendix C.

We can evaluate the path integral for the relativistic
particle involving a square root in the action using the
result in Eq. (63) by making the following substitutions
in Eq. (63): () E — m, (ii) my — m/2, (iii)) V = 0, and a
change of sign on the integration variable. Thus, Eq. (63)
becomes

Zexp——[ dsma %X

paths
= f: dre_iMT/h{g exp—% % ](;T )'cix,-ds}. (64)

On transforming the integration variable on the left-hand
side of the above equation from s to t = T's, we find that it
becomes

Z exp—iﬂ [Tdt %E
paths n Jo dt dt
1 T
=y exp—%/ a1 - %2 (65)
paths 0
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which is exactly the relativistic propagator with the square-
root action that we were interested in evaluating (Eq. (61)).

The sum over paths within the curly brackets on the
right-hand side of Eq. (64) can be evaluated by the standard
procedure for a free particle which allows the relativistic
kernel to be expressed as the integral

m L ds ) .2
K = =0 —im?s ,—il*)4s — (; Gp:
o2 ), 32 e e (im)Gp (66)
P=(x—-y;

where we have done a rescaling from 7 to s = (7/m) to
express it in the standard form. The Gy is the standard
Feynman propagator in Schwinger’s proper time represen-
tation, which differs from the kernel by an unimportant
constant. (Dimensionally, this constant is to be expected,
because the Feynman propagator has dimensions of square
of inverse length, while the kernel which we have eval-
uated has the dimensions of cube of inverse length). The
way we have obtained the relativistic kernel shows that it is
actually the result of evaluating a path integral, with the
action for a relativistic particle—as to be expected.
Hereafter, we shall work with the Feynman propagator
Grp, as it is the usual quantity of interest in quantum field
theory.

As usual, the factor exp—im~s is not strongly convergent
in the upper limit of the integration. This difficulty can be
tackled by interpreting m” as (m”> — i€) or by rotating the
integration contour to the imaginary axis by going over to
the Euclidean sector. The Euclidean propagator is given by

0
f dTE e m TEefx%/ﬁlTE

2

Gr = 1677'

(67)

- J_Kl(m 7)

where K, is the modified Bessel function of the second
kind.

The above expression can indeed be interpreted as the
amplitude for a relativistic particle to propagate from
one event y' to another event x’, and hence is equal to
0|T[p(x)(¥)]]0). But it does not propagate any ‘‘wave
function” in the relativistic theory for reasons explained
earlier. We, however, would expect this propagator to
reduce to the standard nonrelativistic kernel in the ¢ — oo
limit. We shall now describe how this comes about.

B. Nonrelativistic limit of Feynman propagator
in inertial frame

Let us first consider the nonrelativistic (¢ — o0) limit of
Eq. (66). It is easy to see that, in this limit, the integral in
Eq. (66) can be evaluated in the saddle point approxima-
tion. (In this section, we set # = 1.) To avoid mathematical
ambiguities, it is convenient to work in the Euclidean space
and start with Eq. (67):
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GF m [00 ﬁ e—mTEe—mxé/M'E (68)

= 2 2
167 Jo 7%

where we have rescaled 7 in Eq. (67) to 75/m so that 7
has the dimensions of length (or time). The stationary
phase of this integral occurs at 7% = (x%/4), where
x% = 1% + |x|?, so that the integral evaluates to

m
_ _ [ 2
Gp = N—47sz% exp—mcy/xg

2
oy m R f Ix|
= Nm exp—mc-tg 1+ % (69)

where we have put back the c-factors in the phase. The
prefactor is given by:

=\ /2
2 \1/2 Ty XE
N=\z7=] = 70
) = @
where 75 = \/)—cg/ 2 is the saddle point of the integrand
and f(7g) = —m7y — mx%/47; is the argument of the

exponential.

We now take the ¢ — oo limit of the above expression.
Noting that, in this limit, 72 = x%/4c* ~1%/4 where
x2 = 1% + |x|?, we get (relabeling G to K, the kernel):

1 3/
K= (5 )(5m) exptmety) expl—mix/ 21y
E
(71)

Finally, going back to Lorentzian time with t; = it, we
obtain

K =~ (Lx " >3/2 exp(—imc?t) exp(im|x|?/(21))  (72)
2m)\2 it
which matches exactly with the nonrelativistic path integral
kernel for a free particle in three dimensions, apart from two
standard factors: (i) The factor exp(—imc?t) is the standard
extra term in the action functional which arises on taking the
nonrelativistic limit of the fully relativistic action func-
tional. This is exactly the phase term which we factored
out in the wave function, while going from the Klein-
Gordon equation to the Schrodinger equation for an accel-
erated particle, previously in Sec. IV. (ii) The factor 1/2m
arises due to the difference in normalization conventions for
the relativistic and nonrelativistic mode functions. In non-
relativistic quantum mechanics, the free particle wave func-
tions are normalized with the factor (27r)~%/2, while in
quantum field theory, the mode functions are normalized
with the factor (277)"¥2(2E,) /2. Since the Feynman
propagator is bilinear in the mode functions, this leads to
an extra factor (1/2E,) in the Feynman propagator as

PHYSICAL REVIEW D 84, 085018 (2011)

compared to the path integral kernel. The factor (1/2E,)
in the nonrelativistic limit reduces to just (1/2m).

By the same procedure, we can also compute the first-
order relativistic correction to the path integral. To do
this, we retain one more order in (1/c¢) in the expansion of
(1 + |x|2/c22)"/? in Eq. (69) to obtain

2 4
31| +m|X| + (9(%)) (73)

K’=K<1—— mixl
4’2 8ty

This gives the correction to the nonrelativistic propagator
to one higher order in 1/c. We hope to discuss the physics
from these corrections in a future work.

The above analysis shows that the Feynman propagator
of the field theory does reduce to the correct free particle
propagator in nonrelativistic quantum mechanics in spite
of all the interpretational differences between the two
theories. This is related to the following facts.

(i) The time component of the conserved probability
current for the Klein-Gordon equation reduces to
|| in the appropriate limit, allowing for the stan-
dard probabilistic interpretation. Since, in this limit,
the Klein-Gordon equation becomes effectively first
order in time, we find that Eq. (53) also holds to the
correct order of approximation. More formally, the
second-order propagation equation for the mode
functions of the Klein-Gordon equation does reduce
to Eq. (53) (with G reducing to K) in the appro-
priate limit, making everything consistent.

(i) In the nonrelativistic path integral defining the
propagator K, we sum over paths which always go
forward in time. However, in the expression in the
curly bracket in Eq. (64) which gives the corre-
sponding path integral in four dimensions, particles
go forward in proper time but their paths may go
forward or backward in coordinate time. On the left-
hand side of Eq. (64), this will correspond to paths
with v > ¢ for which the amplitude is exponentially
suppressed. All these effects vanish in the ¢ — o
limit, thus allowing a single particle interpretation.

(iii)) The situation is very similar to that of paraxial

propagation in optics, which allows us to approxi-
mate the second-order wave equation into one
which involves only first derivatives with respect
to a given coordinate, viz., the coordinate along
which light is propagating. The mathematics is
identical in both the cases [14]. In the case involv-
ing a beam of light (of frequency w) traveling along
the z-axis from a slit located at (z;, x{'), say, to a
point on a screen with coordinates (z,, x5 ), with
(zo — z1) > x5 — xi| (“paraxial propagation™),
the relevant physics is contained in the phase dif-
ference acquired by the beam corresponding to a
path difference Al:
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) 1)
(£)ar=40 — 2 + 0 =717 = (=2}
(& —xp ) (74)
C 2(Z2 - Zl)
For a relativistic particle of mass m, the corre-
sponding phase is related to the proper time lapse
A7 and is given by

2
T AT =T — 1)~ (6 x)°]

- C(tz - tl)} (75)

which reduces, in the ¢ — oo limit (which implies

the paraxial propagation condition: c(z, — #;) >
|(x, — x;)| along the time axis), to
me? . m(xp — x;)? (76)

AT —— "
/7] h 2(t, — 1)

which is precisely the phase of the quantum me-
chanical kernel for the nonrelativistic particle, aris-
ing again from the rest mass energy term in the
appropriate limit. Just as in paraxial optics we
retain the propagation of light along the forward z
direction (from slit to screen, say), ignoring back-
ward propagation, in arriving at nonrelativistic
quantum mechanics from field theory, we retain
the propagation of the particle forward in the time
axis, ignoring backward propagation. In both the
contexts, the approximation effectively reduces the
degree of the relevant differential equation from
two to one in the appropriate independent variable
(which is z in optics and ¢ in quantum theory). That
is, in arriving at nonrelativistic quantum mechanics
from quantum field theory, one considers paraxial
propagation of the Klein-Gordon modes with the
axis now being along the time direction.

C. Nonrelativistic limit of the Feynman propagator
in the Rindler frame

We have already seen in Sec. IV that, at the level of
differential equations, the relevant limits work out cor-
rectly: The ¢ — oo limit of the Klein-Gordon equation in
a homogeneous, time dependent, gravitational field gives
us the correct Schrodinger equation. Further, except
for a phase whose origin we can understand, the same
Schrédinger equation is obtained in a noninertial frame
mimicking the same gravitational field. This establishes
the principle of equivalence in the context of quantum
mechanics at the level of the field equations.

But, as mentioned earlier, there is a significant differ-
ence in the interpretation of the solutions of the Klein-
Gordon and Schrodinger equations in the two contexts.
Therefore, it is not clear whether the formal equivalence
of the two differential equations in the appropriate limit
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ensures the validity of the principle of equivalence. A more
rigorous way of establishing this result would be to work at
the level of propagators, and show that the Feynman
Green’s function in a noninertial frame reduces in the
¢ — oo limit to the nonrelativistic kernel for the appro-
priate gravitational field. We shall now describe how this
comes about in the case of a constant acceleration g(r) =
g in the negative x direction, or equivalently, a constant
gravitational field g in the +x direction. The nonrelativ-
istic kernel for this case is given by ([12])

m im
K(xy, Ty; x,,0) = - X, 2
(65 T X, 0) <2m'th)eXp2th <(xb *o)

1
3¢ g T} — gT2(x), + x ))

(77)

The transformation from an inertial frame (7, X) to an
accelerated frame (7, x) is given by
gT = (1 + gx) sinh(g?);

(78)
1+ gX = (1+ gx)cosh(g?).

The Feynman propagator in this uniformly accelerated
frame can be obtained from the propagator in the inertial
frame, given by

ds
(4)%s2

by expressing the line interval /> in terms of the Rindler
coordinates. (This result holds because of the bi-scalar
nature of the Feynman propagator.) Elementary algebra
using Eq. (78) gives the line interval between the two
events (t,, x,) and (t;, x;,) to be

g
- 2(1 + @X g:;“>coshg(tb - ra)] (80)

so that the propagator becomes

GF — _ —imzse—ilz/4s (79)

Gr(xp, th; Xq, t4)

[ [ () ()

- 2<1 + &X )coshg( —t,) — im s]

1)
The above integral can be again approximated by the
method of stationary phase. The phase of the integrand
becomes stationary for the value of s given by

=4{Oﬁ% (1) o 2)
2gm c? c c?

( ) coshg(z, — ta):ll/2

(82)
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Substituting for s in Eq. (81), we get:

3 2 2
=o' (( —) (1)

—2(1+g"”)( >coshg(tb za))]m (83)

where N is the standard normalization factor arising from
the saddle point approximation.

‘We will now obtain the nonrelativistic (¢ — o0) limit of
the above expression by expanding the exponent in a power
series retaining terms up to order (1/c*) inside the radical.
This gives

h

+ =
& g & g &

_2 gxb 8Xa | & XpXq gty — 1,)°
2 4 1+ 2
g c? c c 2c

+ —847(%4:4%)4 + (9(0—16)]]1/ g (84)

mc3[2 2x, x5 2x, X2

On simplification, ignoring all terms of order 1/c® and
higher inside the bracket, we obtain

(xb - xa)2 g(xb + xa)
20%(t, — t,) 2c?

imc*(t, — t,)
et )
gz(tb B ta)z]

+ (85)

24¢2
which simplifies to: (with (¢, — 1,) = T)
_imcTim(x, — x,)* img(x, + x,)T  img*T?

h 2hT 2h 24h
(86)

which, apart from the term —imczT/ 1, is identical to the
phase of the standard, nonrelativistic Feynman path inte-
gral for a particle of mass m, moving with a constant
acceleration g in the negative x direction, or equivalently,
situated in a uniform gravitational field of strength g in the
positive x direction, as given in Eq. (77); see also Eq. (D7)
in Appendix D with £ replaced by —g. The normalization
factor N also works out correctly just as in the case of the
free particle. Hence, we have shown that the relativistic
Feynman propagator in the Rindler frame reduces, in the
appropriate limit, to the corresponding nonrelativistic
Feynman path integral for the case of a particle moving
with uniform acceleration.

D. Nonrelativistic limit of Feynman propagator
in a weak gravitational field

We now generalize the above result and formally show
how the limiting form of the nonrelativistic propagator can
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be obtained for any weak Newtonian gravitational field,
starting from a fully relativistic description. Such a weak
field is described by a metric of the form

2
ds? = (1 + —‘f)czdﬂ — dx? (87)
c

where ¢ is the Newtonian potential. The Feynman propa-
gator again has the integral representation

Gx,y) = foo dse ™K (x, s y,0)

fmds Z —im? s/h7 —il%(x,y)/4s (88)

paths

where 1> now represents the proper length of a path be-
tween two events evaluated using the metric in Eq. (87).
Assuming that we can formally interchange the sum over
paths and the integration over s, we can express the above
result as

222
x y) dse im*c*s/h
paths

Xexp{ 4[ dr[ ( +2C—(f)i2—5(2]}
[ dseim*c*s/n? xp{ 42 / thz}F(s)

(89)

paths

where

F(s) = exp{% jos drx }exp{ 2] dr¢t2} (90)

is treated as a function of the parameter s. Thus, we can
write the expression for the propagator as

Gx,y) = /Dx@t foo dse~im*c’s/h*
0

Xexp{ 42[d7t2}F(s) 91)

where we have identified the sum over paths as functional
integrals over spatial and time coordinates:

Y = f DxDt. (92)

In order to estimate the above integral in the ¢ — oo
limit, we note that this limit is equivalent to taking a saddle
point on the integrand treated as a function of the parame-
ter s. The saddle point of the integrand is given by
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2ms

t=— 93
T ©3

m2c? N c? (dt\2
w4 (dT)
We now evaluate the integral in Eq. (91) in the saddle point
limit given by Eq. (93). The functional integral over all
paths Dt reduces, in saddle point, to the condition that
i = constant. From our preceding argument for the saddle

point of s, we see that the value of this constant is
(2m/h). If we use these results in the expression for

G(x,y), we find
i o e
4 2m\ n?

o2
G(x,y) = fﬂxexp[—m;; t]exp[—

X exp[—ifs dr(2¢i*> — 5(2)]

fDxe ime* t/f‘exp{ 4[ d7t2|:2¢ (CZ) ]}

(94)

With these, admittedly formal, manipulations we have
succeeded in converting a four-dimensional functional
integral (over ¢t and x) and an ordinary integral over s
into the standard three-dimensional functional integral
over X which is appropriate for the nonrelativistic limit.
According to our previous arguments, the validity con-
dition for the saddle point approximation is that 7 is a
constant, and hence, it can be taken out of the integral in
the phase of the exponential, and substituted by (2m/#).
We also change the variable of integration form 7 to ¢
(noting that the entire operation is performed under the
condition that, at 7 = s, (dt/d7) = 2m/h). We get

Gx,y) = f@xe imc®1/h exp{ 4<4;Z; )

Sl ()]

0 2m dt
= f’Dxef"’”CZ’/" exp{—ﬂ [l pdt
n Jo

tim (dx\?2

+ - | —

Jyza () )

_ —imet/n gyl L ’ﬂ(d_")z
f@xe exp{h[[o >\ dt
- [tmd)dt]}.

0

The above expression is identical in form (except, of
course, for the standard exp—imc?t/h phase) to the non-
relativistic Feynman path integral for a particle of mass m
in an external potential ¢. This proves that in the ¢ — oo
limit, the Feynman propagator does indeed reduce to the
nonrelativistic Feynman path integral for the case of an
external weak gravitational potential.

(95)
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VI. LACK OF TRANSITIVITY OF THE
FEYNMAN PROPAGATOR IN RELATIVISTIC
FIELD THEORY

In nonrelativistic quantum mechanics, the kernel satis-
fies the transitivity condition given by Eq. (59). This rep-
resents the fact that a particle which propagates from
(x1, ;) to (x3, 13) must exist at some unique spatial location
X, at any intermediate time #,. We cannot have a similar
transitivity condition obeyed in terms of spatial coordi-
nates, which is apparent from the fact that time and space
coordinates enter differently in the kernel. In the path
integral, one evaluates paths which go forward in time
but can go forward or backward in spatial coordinates.

In the case of the Feynman propagator, we instead work
with the path integral in Eq. (64) in which the particles go
forward in the proper time s, but can go forward or back-
ward both in coordinate time and spatial coordinates. After
evaluating the path integral, we do a Fourier transform with
respect to the proper time to obtain the Feynman Green’s
function. It is obvious that, just as we cannot have tran-
sitivity vis-a-vis spatial coordinates in the nonrelativistic
kernel, we cannot have transitivity in spatial or time coor-
dinates for the Feynman propagator. One can, in fact, prove
that the transitivity integral for the Feynman propagator
leads to the result

f_ GF(X3§X2)GF(X2;X1)d4X2 GF(X3,X1)

8( a(m?)

- GF(x3;x1)[i lnGF(xg;xl)] (96)

d
d(m?)
where the factor in square brackets expresses the lack of
transitivity. We shall provide a simple demonstration of
this result since we have not seen it discussed in the
literature.

The result can be obtained from the Schwinger repre-
sentation of the propagator by straightforward integration
(as shown in Appendix E). However, it is somewhat easier
to prove the result using the well-known momentum space
representation of the Feynman propagator given by

d*p e~ ip(x—y)
Grlx,y) =1 .
r(53) ‘j Qm)* (P2 — m2 + ie)

7)

Explicit substitution of Eq. (97) in Eq. (96) gives

o0
j Gr(t3, X33 1y, X2) G p(ty, Xo3 11, X1 )d*x,
—0o0

B [oo o [ d*p ie Pl :“: d*k  ie ikbn—x) :I
coo LR P2 —mE +iellm)t K2 —m? ¥ ie

1 j- d* pe~irts—x)
Qm* ) (p? — m? +ie)*’

(98)
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Since
d d4p e~ Pl —x1)

am?) Crie ¥ =1 | o ey

99)

we immediately get the result in Eq. (96). Once again, in
the nonrelativistic limit, the extra factor in Eq. (96) reduces
to unity which can be demonstrated by straightforward
manipulation. It is also interesting to notice that the kernel
in Eq. (73), which contains the first-order relativistic cor-
rection to the nonrelativistic path integral, does not possess
the transitivity property due to the presence of additional
terms in the integrand.

The origin of this nontransitivity can be understood from
the fact that, even in the nonrelativistic case, the energy
kernel is not transitive. This is to be expected purely from
dimensional analysis and can be seen as follows. The
energy kernel in nonrelativistic quantum mechanics is
given by

(o]
G(E, x,, X;) = j dTe'*TK(T, x,, x;) (100)
— 00
so that G has the dimensions of [TL3]. If G is to be
transitive, we must have

f Fx,G(E, x5, %) G(E, %0, %)) % G(E, x5, x1)  (101)

which is clearly impossible since the left-hand side has
dimensions of [L™3T?] and the right-hand side, that of
[TL3]. Clearly, one needs a factor having dimensions of
time (or equivalently, of inverse energy) on the right-hand
side of Eq. (101) to make it dimensionally consistent.

The correct result can be easily obtained when the action
has no explicit time dependence. The nonrelativistic en-
ergy kernel can be expressed as

G(E xp,x;) = /oo dTetTK(T, x5, X)

- / " AT TS BT (%)) (X))
0 n

— Zl(ﬁn(xz)(ﬁn()‘(l) (102)
E—-FE, +ie

where ¢, is the energy eigenfunction corresponding to the

eigenvalue E,. Hence, we get, on using the orthonormality

of energy eigenfunctions:

fd3xG(E, X,, X)G(E, X, X)

! 0G
B _gm%(!ﬁz)(ﬁn(xl) =i

= G[—ii lnG]

3F (103)
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which is similar in form to the result we obtained above in
Eq. (96) for the Feynman propagator. In fact, the equiva-
lence arises from the fact that the Feynman propagator is
just the energy Fourier transform (with E replaced by mc?)
of the path integral with the relativistic quadratic action, as
is clear from Eq. (64). (The sign flip between the right-
hand sides of Eq. (103) and (96) is unimportant, being the
result of the difference in the Fourier transform conven-
tions used in their derivations.) Hence, the nontransitivity
of the Feynman propagator can be understood directly
from this fact, and the result does not require any deeper
quantum field theoretic concepts (like that of antiparticles)
for its explanation.

VII. CONCLUSIONS

We have discussed several aspects of the nonrelativistic
limit of quantum field theory in both inertial and non-
inertial frames and in weak gravitational fields. Starting
from curious subtleties in the transition from special rela-
tivity to classical mechanics, we have explained the physi-
cal origin of the extra term in the nonrelativistic action
under Galilean transformations, thereby clarifying some
points discussed previously in the literature. We have
taken the nonrelativistic limit of the generally covariant
Klein-Gordon equation, and shown that it reduces to the
Schrédinger equation in the presence of the corresponding
gravitational field, thus providing an interpretation of the
principle of equivalence in quantum mechanics. We also
showed how such limiting processes can be described,
fairly rigorously, in the language of propagators, which is
essential because relativistic field theory does not allow an
interpretation in terms of a single particle wave function.
Along the way, we have indicated how the relativistic
Feynman propagator can be explicitly obtained from the
standard special relativistic square-root action functional
and connected it up with the Schwinger proper time de-
scription. We have also obtained the nonrelativistic limit of
the Feynman propagator in the inertial and Rindler frames,
and in a weak gravitational field, and demonstrated its
reduction to the corresponding path integral kernels.
Thus, we have effectively explored the GQM vertex of
the physics cube (Fig. 1), and studied the ¢! = 0 plane as
a projection from other parts of the cube. While some of
these results are obvious with hindsight, we were per-
suaded to present the details because we have not seen
them discussed properly in textbooks or in published
literature.

As Fig. 1 shows, the exact theories of physics allow
useful, but approximate, limiting forms. Sometimes, these
approximate versions—though incorrect—can be inter-
nally consistent with all their features being understand-
able within the approximation. But in some other contexts,
approximate theories can host features which are residues
of the more exact description. This paper highlights some
features of the nonrelativistic limit which belong to the
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latter class. We saw that the behavior of the action func-
tional and the phase of the wave function in the nonrela-
tivistic limit have no simple explanation within the
nonrelativistic theory. But they emerge very naturally
from the nonrelativistic limit of the term mc2(r — 1),
thereby acquiring a direct physical meaning in the relativ-
istic domain. This interpretation, as we saw, holds even in a
noninertial frame and in the presence of a weak gravita-
tional field. What is curious is the fact that this phase
has a nonzero, finite, limit even when ¢ — oo. This is
essential to make quantum mechanics and Galilean rela-
tivity consistent; essentially, one needs to start with rela-
tivistic quantum theory and Lorentz transformations, and
take appropriate limits to understand what happens when
one combines quantum mechanics with Galilean relativity!
This is an example of a more exact theory leading to
curious residues in its approximate version.
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APPENDIX A

In this appendix we prove that the wave function
Eq. (21) satisfies the Schrodinger equation, Eq. (22). We
set m = h = 1 for convenience, so that Eq. (22) becomes

a\];' 102V
Tor T2 0x
The coordinate transformation is given by x’ = x — £(¥),
' = t. We now substitute W(x, 1) = ¥/ (x’, ')e "/ into the
above equation, where f = —x& + 1 f £%dt. We have the

following relations:

— &xV. (A1)

(W e~if ow )
i(a—i) =is—ei 4 e*’f\p’a—]; (A2)
and
o’ 0
(\I" —ify = el ™ ie"fa—f\lf’. (A3)
X
Hence,

2 2 ! !
a—(‘I”e_"f)=e_"f—a v B\I’ of _if—e_if(a—Jv)Z\I”
dx? dx"? Tox ox dx

(A4)

where we have used the facts that 9%’/ /dx = 9¥’'/9x’ and
02f/dx* = 0. Using these relations, Eq. (A1) becomes

v of

/! 2 /
'ﬂ—i— ,8_f=_1a\I’ ov'of 1 <f)
8x ox 2

—— W — Wy,
o ot 2 ox”? eV

(AS5)

PHYSICAL REVIEW D 84, 085018 (2011)
We also know that

/ ov oW/
o _ - —E— (A6)
ot at ox
and
af ; af . 1,
=L =-¢ — = —&x+ =& A7
b = b ()

Using the above relations in Eq. (AS), it readily transforms
to

oW’ 1 92w/
2t _ 9= A8
Yor 2 9x? (A8)

which is satisfied identically, since we know that W/ (x/, ')
is a solution to the free particle Schrodinger equation in the
(x', t') frame of reference. Hence, we see that the wave
function in Eq. (21) satisfies Eq. (22).

APPENDIX B

In this appendix we determine the scaling of the energy
levels Ey of the (in general) non-Hookean oscillator with
the quantum number N. Consider Eq. (37) which, for the
case of the power-law potential (36), becomes:

[(Zm(EN — alx|"))/2dx = Nh. (B1)

This integral is to be evaluated between the two turning
points. As the potential is symmetric in x, we can write

n\1/2
ax ) dx.
Ey

(B2)

(Ew/a)'/"
Noc,/mENf e (1—
0

Substituting y = ax"/Ey, we get

1/n
1/2 (n+2)/2n a
N x Ey ( . )f o l)/n J1—y. (B3
Since we are only interested in the scaling of Ey with N
and m, we can see that (using the fact that o « m):

N N2n/(n+2)m(n72)/(n+2)' (B4)

Hence, we see that, only in the case n =2, we have
Ey = N, with the mass dependence scaling out. In all
other cases, the energy levels Ey, and consequently, the
transition frequency between successive energy levels,
will depend on m, the mass of the oscillator. [The full
expression for Ey in the WKB approximation has been
worked out in, for e.g., [15].]
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APPENDIX C

The result in Eq. (63) can be proved by using the
Hamiltonian form of the Feynman path integral and con-
verting the path integral sums over the coordinates and
momenta in an appropriate form. We will need to use the
following three standard results in functional integration:

8(£) = ¥ expi [ diawyf (o)

A1)

(CDH

Zexpz /dl[p X + a(t)p?] = expi /dt (C2)

4a(r)

b(1)

S expi [ draa(o) + o

—) = expz[dt[ 4ab]'/?,
Al

(C3)

The Eq. (C1) is just the definition of delta functional;
Eq. (C2) and (C3) can be easily obtained in the Euclidean
sector by usual time-slicing techniques and can be analyti-
cally continued. They represent direct generalizations of
the corresponding results for ordinary integrals.

To prove Eq. (63), we begin by writing the standard
Feynman path integral in the Hamiltonian form:

Koo xiT) = 3 expy [ ditpx — Hp )
all x all p
p2
H=—+V(x) (C4)
2my
|
Bix.£) = ¥ 3 expi [dr[V(x) -

X A1)

= Z Zexpz [dt/\(t)[V X) —

X A1)

— ZZexpifdt[)t(l)(V(X)

X A1)

— Zexpi/dl‘m~

The left-hand side is just the propagator for a particle with
energy E, which now has an explicit path integral repre-
sentation in terms of a square-root action. Using this result
in Eq. (C7), we obtain Eq. (63).

APPENDIX D

In this appendix, we describe how the nonrelativistic
kernel transforms when one goes over from an inertial

PHYSICAL REVIEW D 84, 085018 (2011)

where the sum is over all functions p(z) but only those
functions x(#) which satisfy the boundary conditions. (We
will assume H = 0.) We now introduce inside the func-
tional integral, the factor unity in the form:

| = f ¥ dES(E — H(p, x)) (C5)
0

leading to
Kot = [TdES S 6(E ~ H(p.x)
0 ~ %

X exp% ]dt(p-x — H(p, x)

= foo dEZ Z S(E — H)e ' expi fdt(p-f().
0 ~ %
(Co)
So

foo K(x, t)e'f'dt = B(x, E)
)

_zz (——l—\/(x

We now express the delta functional using Eq. (C1):

5(;’; +V(x) ~ E) = Yexpi [ A(t)[;; V)~ E Jar

A1)

)expi/dt(p-x). (C7)

(C8)

We then get, by straightforward manipulations, the result

E]Zexpzfdtl:p X + AW 2]

E]expi [dtz mx

2)\(t) 2]

(€9)

[

frame to an accelerating frame, and use our general result
to verify explicitly the form of the kernel for the case of a
particle moving with uniform acceleration.

We consider the two frames of reference S and §,
where the particle is free in 8’ = (x/, ¥) and accelerated
in the frame S = (x,7); S and S’ being related by the
transformation x' =x — &(r); with ¢ =1t  Let
K'(x), t,;xl,, 1,) be the nonrelativistic propagator in §’,
where (x}, #,) and (x], t,) are the coordinates of the final
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and initial points, respectively. Then, it turns out that in
the frame S, in which the particle has an acceleration &,
the propagator K(x;, t,; x,, t,) takes the form:

K(xp, 13X, 1) = K'(x), 15 %), t,)e A" (D1)

where
A = (—mx,é, + mx,é,) + (1/2)m f”’ &de.  (D2)

Here, the overdot denotes differentiation with respect to
time, and an expression like £, denotes the time deriva-
tive of ¢ evaluated at 7.

The above relationship is easy to understand along the
following lines: Recall that the Lagrangian picks up a total
time derivative term as we go from frame S’ to frame S (or
vice versa). Since we are dealing with a free particle, the
Lagrangian is a quadratic function of the coordinates and
velocities, and the transformation preserves the quadratic
nature of the Lagrangian. We know that, for quadratic
Lagrangians, the propagator contains a phase term that is
proportional to the action functional for the classical tra-
jectory between the initial and the final points. From
Eq. (18), we see that A and A’, the classical action
functionals in the two frames, are related by A’ = A +
f(x, ). Hence, we would expect that the propagators in the
same two frames are related by K(x, 1) = K'(x, 1) X
expl—i(f, — fa)/h] where f, = f(x,,1,) and f, =
(x4 t,). From Eq. (19) we can see that

(fb - fa) = m(xaéza - xbézb) + (1/2) [tb mfzdt =

[

(D3)

from which the result (D1) follows.

We now specialize to the case of uniform acceleration.
We have a free particle in the frame of reference S’ =
(x', ¢') and we transform from this frame to frame S = (x, 1)
where x' =x — (1/2)é2, ¥ =1, and & is a constant.
Consider first the free particle kernel K’ in the frame
(x/, ') which is given by:

(xb_xa)2
ho(t, —t,)

where N is a normalization constant, which depends on the
initial and final time coordinates 7, and ¢, respectively, and
we have used the fact that ' = 7. Since we have transla-
tional invariance as far as the time coordinate is concerned,
we can replace ¢, and ¢, by 0 and T respectively.

We now substitute for the coordinate x’ in terms of x and
also add the phase factor e /% Here, A is given by

K'(x}, ty;xl, t,) = N(ty, 1, )exp( ) (D4)

A = m(xagfa - xbé:b) + % /()Tmf2dt

= m(—x,,gT + é§2T3). (D5)
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Substituting Eq. (D4) and (D5) into Eq. (D1), we find

K(xp, T;x,,0) =

1. ) 2
_ - 2
(T)expzh [(xb 2§T) + x2

— 2xa(xb — 55#) + 2x, ET? — %52#].

(D6)
On simplification, we get
K(xp, T;x,,0) = N(T) epoh—T ((xh —x,)? — B EQT“
+ ET%(x), + xa)) (D7)

which matches identically with the standard expression
for the propagator for a uniformly accelerated particle
moving with acceleration £ [12]. Hence, we have verified
the validity of our general formula Eq. (D1) for the special
case of the frame (x,7) being a uniformly accelerated
frame of reference.

APPENDIX E

We provide a direct proof of Eq. (96) working in the
Euclidean sector and evaluating the integral on the left-
hand side explicitly. From the expression for the Euclidean
Feynman propagator:

Gr(z:y) = (41)2 . dA e Mo (EL)
in the left-hand side of Eq. (96), we get
" GrenGetiodty
- [ e e e
xS e (E2)

Now, using the standard result

[ ‘/7 J:e—a<x WP g b3 gy,
Vﬂ'(a +b)° p(_

(- y)z) (E3)

we find that
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/ﬁ Gr(z;y)Gp(y; x)dty = —

4m)* Jo

i /oo dAd e Atmm®
(w + 2)?

Transforming the variables to « = w + A and 8 = u — A gives

[ GranGrtaaty = - 2(4;77)2 NS

[wda
—e
0 «

1

.0
Yo(m?)

This demonstrates the result in Eq. (96).

(1]
(2]

(31

@m?

Gr(z;x).

1
S E4
exp[ 4()\ + ILL) ('xE ZE) ] ( )
dﬁﬁzla oo o= (xg—2p)/da
o
—amze—(xE—zE)z/éla
(E5)
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